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Abstract 

Abstract 

A new control method for active power filters in conjunction with a passive filter circuit are 

presented and analysed in this thesis. A new technique for load modelling is introduced in 

order to enable the design of compensators to improve the power factor and to reduce 

harmonic levels in electrical power systems. The principles of analysis, design, operation and 

control of the new circuit equipped with IGBTs are presented. This enables the compensation 

of rapidly changing loads and reactive power. 

A special circuit equipped with IGBTs is able to compensate for the reactive power and 

harmonic currents of different orders. The important aspect of the present work is based on 

the compensator control circuit for power factor correction and harmonic elimination, and its 

application. This new configuration improves the rating of the active power filter, reducing 

power losses in the switches compared to existing and newly developed active filters. 

Furthermore, it is very stable in operation and much faster by a factor of 20. The thesis also 

presents a detailed mathematical modelling of the proposed system with frequency and time 

domain equations. The frequency response of the proposed system is also discussed. 

This new proposal has been checked using a dedicated software simulation program, which 

was specifically developed for this purpose. An experimental set-up has been designed and 

implemented in order to apply the new method using IGBTs as well as some other devices. 

This thesis also presents a critical literature survey, which provides a critical overVIew of 

previous work relevant to the power quality improvement reactive power compensation and 

active filtering. 
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Chapter] 

1.1 Problem Overview 

Chapter 1 

Introduction 

Introduction 

Power factor improvement, reactive power compensation and hannonics in electrical 

power systems with non-sinusoidal supply have been subjects of concern for a long time 

[1-5]. As a consequence, various types of compensators have been developed to 

improve the efficiency of power transmission and to increase the power factor [2-9]. 

On the load side, the number of power and commercial electronic circuits are increasing. 

Because of this, the harmonics are also increasing on the low and medium voltage 

power system. 

To meet regulations oflEC 1000-2-2 and lEEE Std. 519 [10,l1], power systems must be 

free of harmonics and electrical pollution. This dictates the use of special equipment to 

overcome these problems. 

The task of the electrical power system is transmission of energy economically and "ith 

low loss from the generation to the end-user. The whole power supply system (mains. 

cables and other equipment) should be designed for optimum efficiency. The 

performance of the loads can not be guaranteed if the supply voltage is not sinusoidal. 

unsymmetrical or deviates from the rated value. 

ISII/ail I\(/sikci 



Chapter 1 Introdllction 

As matter of fact, the power network is polluted, carrymg non-linear currents and 

voltages. The result is that the frequency dependent impedance has a distorted supply 

and the load then operates as a noise source [12]. The effects of disturbances on the 

mains occur due to the absorption and/or generation of reactive power. harmonic 

currents and asymmetrical loads [13]. 

The network impedance shows high inductive properties. Hence, the capacitors and 

filters should be connected in shunt at different points in the power supply network in 

order to get the same values of impedance at every node [14]. 

Changes in the reactive power in the network cause voltage fluctuations which, in tum, 

lead to failures and flicker. Controllable-compensation [3] limits these over-voltages 

but themselves cause harmonics, high power losses and excessive noise levels. 

This thesis presents a new controller system equipped with IGBTs for power factor 

improvement as well as harmonic compensation. The operating principles and 

applications of the proposed system are discussed and a new harmonic compensation 

method, generating optimal switching control algorithms and patterns usmg real 

situations in power networks, is presented. 

I'dge ~ 
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Ch{{pter J 
Introdllction 

1.2 Layout of this Thesis 

The thesis is organised as follows: 

Chapter 1 briefly introduces the power quality problems in three-phase systems and their 

solutions. 

Chapter 2 presents an overall literature reVIew and explains most of the common 

compensation methods and disturbances in electrical systems. Furthermore, it presents 

various reactions of the power quality problem on the power systems. 

Chapter 3 describes a new control method with IGBTs for power factor improvement, 

its principle of operation, its application and a new harmonic compensation method in 

power systems generating optimal switching patterns using real power system data and 

waveforms. The control systems are explained and described. 

As an example, design steps are introduced to show the procedure for evaluating the 

filter parameters for specific requirements. 

Chapter 4 deals with the analytical load modelling for reacti ve power compensation. It 

introduces a software program for computing the network impedance and harmonics and 

calculates the compensation and filter circuit characteristics of the new method for 

analysis purposes of the power system. 

Chapter 5 presents the simulation results of the implementation of the proposed 

controller with data e\.tracted from real power system situations. The simulation 

- -- ---------

ISII/ail K{[sikci 
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Chapter J Introduction 

includes the analysis of several aspects of the proposed controller and control and 

switching algorithms, which are explained during the course of the chapter. 

The practical implementation of the proposed system is performed in a laboratory 

prototype. The description of the implementation process is presented in chapter 6, in 

conjunction with the practical results. 

Chapter 7 concludes the thesis with the discussion of the results obtained from the 

investigation and their applications. Suggestions for future work are also included. 

/'ligt.: ..J 
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Chapter 2 

Literature Review and Previous Compensation Methods 

2.1 Introduction 

In the past, many publications attempted to solve the problem of reactive power 

compensation and harmonics in electric power systems and there is a requirement for 

this work to be continued [1-3]. The previous work can be summarised as: 

1. Practical definitions for power with non-sinusoidal waveforms and unbalanced 

loads 

2. Real power loss minimisation 

3. Improvements in voltage profiles 

4. Optimal reacti ve power control 

5. Estimation of harmonic components 

6. Reduction of harmonic distortion in the networks 

The following is a detailed review of the published papers and the literature on this 

subject. 

Reactive power appears in every AC power system. Many loads consume not only 

active but also reactive power. The electric grid itself both consumes and produces 

reacti ve power. Transmission and disttibution of electtic powcr invohcs reacti \l' 

power losses due to the seties inductance of transformers. overhcad lincs and 

underground cables. Lines and cables also generate reacti\c power due to their shunt 

capacitancc: this gcncration of reacti\c power is. ho\\c\cr, only of significance at 

---- - - --- ----
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Chapter 2 Literatllre Reviel\ and Pre\'iolls Compensation .\!etllOds 

high system voltages. During the steady-state operation of an AC power system. the 

active power production must match the consumption plus the losses, othen\ ise the 

frequency will change [10]. There is an equally strong coupling between the reacti\C~ 

power balance of a power system and the voltages. In itself, a reactive power balance 

will always inherently be present, but with unacceptable voltages if the balance is not 

a proper one. The reactive power balance of an electrical power system also 

influences the active losses of the network, the heating of components and, in some 

cases, the stability of the system. 

In contrast to the active power balance, which has to be effected by means of the 

generators only, a proper reactive power balance can, and often must be, effected both 

by the generators and by dispersed special reactive devices, producing or absorbing 

reactive power. The use of shunt reactive devices, i.e. shunt compensation, is a 

straightforward reactive power compensation method. The use of series capacitors, 

i.e. series compensation, is a line reactance compensation method. 

No special reactive compensation devices were used in the early AC power systems, 

because the generators were located close to the loads. As networks became more 

extensive, synchronous motors, small synchronous condensers and static shunt 

capacitors were adopted for power-factor correction. Larger synchronous condensers 

were installed in transmission systems. Along with the development of more efficient 

and economic capacitors, there has been a phenomenal growth in the use of shunt 

capacitors as a means of furnishing reactive power. particularly within distribution 

systems. With the introduction of extra-high voltage lines, shunt reactors and series 

capacitors became important compensation devices [3]. The latest de\ c\opment is the 

------.. ~-----
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thyristor-controlled static compensator, which is now a well-established de\iCe not 

only in high-power industrial networks but also in transmission systems. Fig. ~.l 

shows how different compensation devices are often installed in power systems. 
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Chapter 2 Literature Revie'rv and Pre\'iolls Compensation .\fetlzods 

distribution systems and interconnect various parts of the power system. Distribution 

systems form the continuous links to the consumer. 

2.2 Fundamentals of reactive power 

With phasor description of voltage and current, the reactive power supplied to an AC 

circuit is the product of the voltage and the reactive component of the current, this 

reactive current component being in quadrate with the voltage. Using the IEC sign 

convention, reactive power is said to be produced or generated by over-excited 

synchronous machines and capacitors, and consumed or absorbed by under-excited 

synchronous machines and inductors. 

Reactive power can be considered as a convenient calculation quantity, gIVIng 

information about the watt-less current, which greatly influences voltages and active 

losses [15-16]. 

Individual loads may, of course, vary over shorter or longer time spans. The 

composites loads on a power system (each one being the total load of a certain area), 

usually vary with the time of the day, the day of the week and the season of the year, 

and may also grow from year to year. The consumer demand for reactive power 

varies in a somewhat similar way to the demand for active power. 

The resultant active power demand of a power system vaties as the \ariation of the 

total load. The resultant reactive power demand may vary considerably more due to 

the changing series reactivc powcr losses in the nct\\orks. 

P(/ge S 
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2.3 Network component characteristics 

The characteristics of particular network components will help to explain reacti\e 

power problems. The series reactance is usually within the range 0.05 to 0.15 p.u., 

depending on the transformer power rating, with low values for small transformers 

and high values for large ones [13]. The resistance is usually negligible. The total 

reactive power losses due to the magnetising shunt reactance XM of many small 

transformers within a distribution system can, however, be of some importance. The 

magnetising reactive power may also increase rapidly with the voltage level, due to 

core saturation. 

Overhead lines and underground cables have their series resistances, series inductance 

and shunt capacitances distributed uniformly along their length. 

If a constant operating voltages is assumed at the ends of the transmission line, the 

reactive power generated due to the capacitance (the charging reactive power), is 

practically independent of the power transmitted, while the reactive power loss due to 

the inductance varies with the power transferred. 

A loss-less line (a reasonable approximation of a high voltage line) transferring an 

active power P and with equal voltages at the line ends is in reactive po\ver balance. 

The reactive power loss due to the line inductance is equal to the reactive po\\er 

generated by the line capacitance. 

Page <} 
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2.4 Relationship between voltage and reactive power 

As regards to the terminal voltages of a transmission or distribution link, the link can 

be represented by the series impedance, if the shunt admittances of the equivalent 

circuit are included in the treatment of the connecting parts of the power system. The 

link may be an overhead line, an underground cable, a transformer or, possibly, a 

combination of such elements. 

For transmission (not distribution) lines and cables, the reactance X is usually much 

larger than the resistance R and there will evidently be a much greater influence on 

voltage drop. 

There are three major methods of power system voltage control [17]: 

• Varying the excitation of the generators by means of their excitation systems. 

• Varying the tum ratio of transformers by means of their on-load tap changers. 

• Varying the shunt compensation, where applicable. 

Shunt compensation means drawing or injecting reactive power at a particular point in 

a power system, by means of a shunt-connected device, which is installed for this 

purpose. 

Drawing reactive power, e.g. absorption by means of a shunt reactor, affects the 

voltage reduction. Injection of reactive power, e.g. by means of a shunt capacitor, 
'--

affects the voltage rise. The signs of the voltage changes mentioned arise because the 

network equivalent impedance has an inducti\e characteristic at the fundamental 

----------- -_ .. _---- - -_._--- -------_. 
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frequency. The shunt compensation may be fixed, switchable in steps or continuously 

controllable. The voltage changes around the nominal voltage when the shunt 

compensation is changed in a step-wise fashion. 

Series compensation has been employed to a limited extent for reducing the voltage 

drop on sub-transmission and distribution circuits. By series compensation is meant 

partial compensation of the line series reactance, by means of a fixed capacitor in 

series with the line, thus reducing the effective reactance and the voltage difference 

[3]. 

Series compensation is mostly employed on long transmission lines. The main reason 

is to improve the transient stability or to obtain a desired load di vision among parallel 

circuits. At the same time, however, series compensation has a beneficial effect on 

the control of voltages and reactive power balance, because of the reduced variations 

in the network reactive power balances of the line [3]. 

Active power must, of course, be transmitted from the generators to the loads. 

Reactive power need not; and with regard to voltage differences, losses and thermal 

loading, it should not be unnecessarily transferred. 

The subject of reactive compensation is easy to understand if a single link of a power 

system is considered, but quite complex when an entire power system is considered 

with its varied conditions and behaviours. 
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2.5 Reactions on the mains 

2.5.1 Fundamental concepts 

Reactions on the mains can be described as the response of different types of distortions 

to the power system. The continually increasing number of electrical appliances with 

non-linear or non-stationary operating performance, like power units in electtical 

components, leads to more and more reactions which affect the voltage quality in public 

networks (Fig.2.2). These network reactions appear as voltage regulations, voltage 

asymmetries in three phase current networks, harmonic oscillations and intetmediate 

harmonics [1-3,18-20]. 

Network 
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Fig. 2.2: Voltage Quality in Networks 

ISlIIail K(/sikci 

Network 

Load 

Load 

Unbalance 
Harmonic Currents 

Reacti ve Power 

Page I~ 

i 



Chapter 2 Literatllre Review and Pre\'iOllS Compensation MeThods 

Network reactions lead to the following problems [10]: 

- increased transmission losses 

- worsening power factor 

- impaired ground-fault neutralisation 

- flickering 

- disturbance of telecommunication networks 

- effects on switchgear tripping 

- malfunction of centralised control systems 

- malfunction of electronic controls 

In order to limit network reactions, regulations are being imposed which will stipulate 

the limiting values of appliances and determine permissible interference [10,11]. The 

network reactions (Fig. 2.3) of an electrical system increase with the rated connected 

power at the pee, S;(~':~:('ted' and fall with the short-circuit capacity SIC' which is 

dependent on the capacity of the transformer used and the distance of the pee from 

the local network station. For the permissible interference rating, the maximum 

system capacity and the minimum short-circuit capacity must always be applied. 

Network reactions are determined by the following factors [10]: 

- short-circuit capacity at the pee 

_ system reference power 

- maximum capacity of system component 

- system assembly 

- existence of several facilities at the pee and supply network 

Fig. 2.-+: shows the influences of harmonics on the mains and their remedies in po\\'er 

systems. 
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2.5.2 Voltage asymmetries 

Asymmetric loads on the three conductors of a three-phase network cause asymmetlic 

currents, and thus asymmetric voltages in the supply network [13]. At the same 

resistive rating as a single-phase load in a low-voltage network, the current load of 

electrical equipment in a three-phase network can be three times higher than the 

asymmetric load. If the single-phase apparent power, Ssp, does not exceed 5% of the 

connecting power SCollnected of a consumer system, the effects of asymmetric loads can 

be neglected. The maximum acceptable impairment of the electrical equipment of other 

consumers determines the upper limit on degree of voltage asymmetry [21,22]. 

The degree of asymmetry is defined as the ratio of voltage in the positive sequence 

system to the voltage in the negative sequence system of symmetric components. 

Consequently, the asymmetric load of a system should not cause a higher degree of 

voltage asymmetry than (T < 10 min) at the PCC. To balance the resistive load, a 

susceptance must be added from the loaded to the unloaded conductors. The 

necessary compensating elements can be determined by means of the symmetric 

components (Fig.2.5). 

2.5.3 Voltage fluctuations 

Insignificant voltage fluctuations due to pulsating or considerably oscillating power 

input or output can cause disturbances in connected equipment and facilities, 

paIticularly annoying flickering in lamps. A dynamic compensation system (Fig. 2.6) is 

permitted i r it can be proven that the following conditions are met at the pce 

[10,21,23]. 
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1. Compensation of the reactive power 

2. Stabilisation of voltage on the low voltage side 

3. Stabilisation of voltage on the medium voltage side 
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Fig.2.S Schematic diagram of the voltage Asymmetries 
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2.5.4 Harmonic oscillations 

Hannonic currents will produce higher hannonic voltages in the impendanccs of the 

Supply network, which interfere with the 50 Hz network voltage [10]. If these higher 

hannonic voltages surpass the resistance of the connected electrical equipment, the 

service life of capacitors and motors will be considerably diminished due to thelmal 

overload. Pennissible interference is stipulated in the regulating standards. Only 

systems, which comply with the stipulated maximum hannonic currents, are allowed. 

2.5.5 Voltage drop in the networks 

Essentially, the voltage rating is detennined by the product of power reactance and 

Reactive power. Reactive power compensation thus improves voltage maintenance in 

the network [10]. 

2.5.6 Voltage distortions 

Non-linear load in a sinusoidal voltage generates hannonic currents, which lead to 

voltage drops in the internal impedance of the system and to the distorted supply 

voltages [10,15,16]. 

2.6 Reactive power compensation in transmission systems 

Well-planned and co-ordinated reactive power compensation IS an indispensable 

element in the design and operation of a reliable power system. The effectiveness of 

reactive power control on a power system may be of the utmost imp0l1ance not only 

under normal conditions, but also during major system disturbances, 
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It is often advantageous to operate the transmission parts of a power system [5.2-+]: 

• With a fairly flat voltage profile, in order to avoid unnecessary reacti \'e power 

flows 

• With relatively little supply of reactive power into the distribution systems 

• With reactive power capacity reserves available for use in connection with major 

disturbances and under generator, transformer or line outage conditions 

A detailed discussion of the above is presented in the following five sections. 

2.6.1 Steady-state voltage control 

The aim of steady-state voltage control is to keep the transmission bus voltages within 

narrow limits, while the load transferred varies. The desirable voltage range could be 

a few percents around a chosen nominal voltage. The set voltages of the different 

buses should always be such that the reactive power flows are minimised. 

Since the active power transmitted may vary greatly hour by hour, the variation in the 

reactive power balance of a line may be considerable. In the case of a long 

transmission, where variations of hundreds of MY ARs per line are involved, this has 

a large influence on the reactive power balance of the entire transmission system. If 

there is an outage, either forced or scheduled, of one line out of a number of heavily 

loaded parallel lines, a great increase in reactive power demand may be created. The 

line generation of reactive power is reduced and the line consumption of reacti \e 

power is greatly increased [25]. 

Large generators provide the basic voltage control of a power system. each ha\ing its 

own excitation system with an automatic \'oltage regulator. The generators are used 

-~ ~--~ -~ ----- ----
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for voltage control at the terminals to which they are connected. Reactive po\\er is 

generated or absorbed, depending on the load connections. Transfer of reacti\'e power 

from the generators to electrically remote points of the power system, or vice versa, is 

usually avoided under normal operating conditions. Generators are, however, very 

important as reserve sources of reactive power, even when it is sometimes needed 

from the generators, e.g. after contingencies such as the sudden loss of a main 

generator or a major line section. The short-time reactive overload capability of 

generators may also be valuable on such occasions. In addition, pure synchronous 

condenser operation of generators can be valuable under unusual system operating 

conditions. 

Large generators are usually connected directly to transmission networks via step-up 

transformers. The terminal voltage of a large generator is usually controlled within 

5% range around the nominal voltage at rated load. Under light load conditions on a 

long transmission line, the excessive line-generated reactive power must be drawn out 

at the buses in order to keep down the voltages. Shunt reactors are frequently used on 

transmission line [26]. 

They are also needed on shorter lines, if these are supplied from weak systems. There 

is a trend towards the highest degrees of compensation for the highest system voltages 

and the longest lines. 

Shunt reactors in transmission systems are usually connected either to tertian' 

\vindings of transformers, for instance at 10 kY, or direct at line potential: in a fc\\ 

t d t t t ~ N')\\'ad:l\'s. most ne\\ transmIssIon cascs they may )e connecte 0 genera or )llSCS. \. ~ - - -
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system reactor installations are at line potential. Shunt reactors are also used in HV 

transmissions with long lines or cables [3]. 

By increasing the load transferred through a long transmission line, the excessive line­

generated reactive power decreases and reactive power absorption has to be reduced. 

At least some of the shunt reactors are usually disconnected so as not to cause an 

unnecessary voltage drop. 

Transmission lines with senes compensation, which can be much more heavily 

loaded, have lower reactive power losses because of the senes reactance 

compensation. This results in a smaller variation in the reactive power balance. The 

reactive power injections, which may be needed under heavy load conditions, are 

supplied from generators, synchronous condensers, thyristor-controlled static 

compensators and shunt capacitors. Shunt capacitors, however, are not often used in 

high voltage transmissions [3]. They are normally found in some transmission 

substations, especially those feeding into sub-transmission or distribution systems, 

and also within sub-transmission systems. In cases where the voltage has to be better 

controlled than is possible with breaker switched shunt reactors or shunt capacitors, 

the synchronous condenser has been the traditional means of absorbing or generating 

reactive power. Synchronous condensers are in use [3,25]: 

• at the receiving end of long radial transmissions 

• at main buses within a meshed transmission network with long lines, particularly 

in regions where there is only little generation 

ISlIIail f\usikci 
P(/ge ~u 



Chapter 2 Literatllre Re1'iew and Previolls Compensation .\1etllOds 

For new installations in such cases, a thyristor-controlled static compensator \\ill be 

used in preference to a synchronous condenser because of lower costs. This wi II lead 

naturally to superior voltage control. 

2.6.2 Reduction of temporary over-voltages 

Fundamental frequency over-voltages originate from switching operations and faults. 

If receiving end load-dropping occurs from a high load condition, leaving the line 

energised from the sending end only for a short period of time, a high fundamental­

frequency over-voltage will appear at the receiving end. The voltage rise is due to the 

change from activelinductive load to capacitive load - the so-called Ferranti effect. If 

the load dropping brings about a separation of systems, problems of frequency rise 

and of generator self-excitation may appear. The worst case is a single line-to-ground 

fault at the receiving end followed by load dropping. Fundamental-frequency over­

voltages, as discussed here, are usually most critical during the initial period of 

transmission development, when the short-circuit capacities and the number of 

interconnections are low [10]. 

The remedy for fundamental-frequency over-voltages, if they constitute a major 

problem for the pal1icular system, is reactive power consumption. The shunt reactors 

installed for the steady-state voltage control and the line energisation are usually 

sufficient. There is, however, a problem in that some or all of the reactors may be 

disconnected during heavy loading conditions. 

/slI/ai/I\{[sdci 
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2.6.3 Synchronous stability improvement 

The term synchronous stability denotes the ability of a power system to retain the 

synchronous machines in synchronism without sustained rotor oscillations, both 

during steady-state conditions, (steady-state stability) and after large disturbances 

(transient stability). By the term stability limit is meant the maximum power which 

can be continuously transmitted while maintaining a stable condition [15,16]. 

The critical transient stability limit is usually lower than the steady-state stability 

limit. From the economic point of view, transient stability, and in particular the first­

swing transient stability, is the most important type of stability, because it may 

influence the choice of high-power elements in the power system. The resistance can 

be disregarded in this respect. The voltage-angle difference of the link is determined 

under both steady-state and transient conditions. Without going into a discussion of 

the transient stability as such, which lies outside the scope of this thesis, the following 

statement is made: there is a strong interaction between the transient stability and the 

voltage-angle difference. In critical cases of transient stability of long transmissions 

lines (not all cases are critical), it is important to note that the contribution of to the 

total voltage-angle difference of the generators and the transmission system does not 

become too large. Both shunt compensation and series compensation can be used to 

reduce it, thereby raising the transient stability limits [27,28]. If a severe stability 

criterion is applied, such as a three-phase short-circuit or a double-line to ground 

fault, the first-swing transient stability may be critical and of main concern. Full 

advantage should, of course, be taken of low-cost countermeasures such as rapid fault 

clearing or rapid re-closing. but in critical cases this is usually not sufficient. Shunt 

reactive power injection by static compensator can be used. Due to the depresscu 
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voltages during the first power swing, the large nominal size of the compensators 

needed will generally make this method much less attractive than series 

compensation. Series compensation is, in many cases, the most cost-effective method 

of increasing the first-swing stability limit [29]. 

If a mmor stability criterion is applied, such as a single-line-to-ground fault, the 

damping of the subsequent electro-mechanical oscillations between generators may be 

of more concern than the first-swing stability. Oscillations may build up and lead to 

instability. In the network they show up as power and voltage oscillations. Damping 

might, of course, be of concern in cases of severe disturbance. The thyristor-

controlled static compensator constitutes an excellent means for further improvement 

in damping these oscillations. How the compensator should be controlled depends on 

the network configuration - where the loads are connected. In some cases a certain 

degree of damping can be achieved by keeping the voltage constant. In many cases 

the optimum damping effect will be achieved by controlling the compensator output 

in a proper relationship to oscillating active power [25]. 

2.6.4 Prevention of voltage collapse 

Voltage collapse means a severe voltage depression without inherent recovery. The 

voltaaes do not decrease to zero but to low values, making continued proper 
b 

operation, of a single load in the simplest case, impossible. This phenomenon may 

appear in both transmission and distribution systems. Generally. less attention is paid 

to voltage collapse than to synchronous instability, but it can be of great importance in 

particular cascs. The key cause of a voltage collapse is inadequate reacti\c powcr 

gcncration, One or more of the following factors are usual I y in\o!\'cu [17 .~~L~)]: 

---------- ----------------- ------------ ------- Page ~3 
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• High transfer reactance 

• Line outages 

• Insufficient reactive power generation reserves 

• High load content of induction motors 

• Automatic transformer tap-changing 

• The actions of excitation limiters on synchronous machines 

Voltage collapse can usually be prevented by installing sufficient reactive power 

generation sources, e.g. breaker-switched shunt capacitors when slow voltage collapse 

can be expected, and thyristor-controlled static compensators in cases of rapid voltage 

collapse [20]. 

2.6.5 Extensive cable networks 

Cables produce more reactive power than overhead lines. This creates voltage and 

reactive power control problems in some industrial areas with extensive underground 

transmission cables, particularly during light loading periods. Local generators and 

shunt reactors are used in the first place to absorb the excessive reactive power. 

It is possible that both shunt reactors and static compensators of pure thyristor­

controlled reactor type will be installed in the future to meet the needs for reactive 

power absorption in transmission cables; the latter is proposed due to the superior 

voltage control features [30]. 

--_._------------

ISl1lail Kmdci 
Page: ::'-1 



Chapter 2 Literatllre RevieH' and Prel'iolls Compensation Methods 

2.7 Reactive power compensation in distribution systems 

Distribution systems need to be supplied with reactive power to equalise the reacti\'e 

power consumption of the loads and the reactive power losses of the distribution 

network itself. The required reactive power is supplied through one or more of the 

following sources [23,31,32]: 

• Transmission system 

• Synchronous machines within the distribution system 

• Shunt capacitors 

• Static compensators 

Many electricity supply utilities are, for the reasons discussed in the previous sections, 

somewhat restrictive in supplying reactive power from transmission to distribution 

systems. This is often reflected in the supply tariffs to large consumers, such as retail 

distribution utilities and high-power industrial customers, with a penalty for low 

power factor. Under normal steady-state conditions, the voltage at the consumer 

terminals should lie within a given range around the nominal voltage. The term 

power-factor correction is used in conjunction with slowly varymg loads on 

distribution systems. It usually refers to the method of generating reactive power 

relatively close to the loads consuming it. 

Power-factor correction by means of fixed and switched shunt capacitors is often used 

in urban, residential and rural systems, and extensively in high-power industlial 

systems [21,33]. The objective is usually one or more of the following: 

• To reduce power costs by avoiding a low power-factor, if applicable . 

• To reduce active (F. R) and reacti\e (F. X) power losses in the distribution 

networks. 
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• To increase current capacity of transformers and cables (and, possibly, overhead 

lines). 

• To increase voltage levels and, in the cases of switched shunt capacitors, to 

improve voltage regulation (to reduce voltage variation from light to peak load 

conditions). 

In many existing systems the two latter points can postpone or even eliminate large 

investments in new equipment. An evaluation of the above gains versus the shunt 

capacitor costs has to be made, considering different constraints such as maximum 

size of switched banks with regard to voltage change and space availability [34]. 

The control of switched shunt capacitors is an area where many methods are in use: 

manual, time-switch, automatic regulator or relay control of voltage or current, or 

reactive power, or power factor. There are many different configurations (Urban, 

Residential and Rural Systems) of switched capacitors used to control reactive powers 

and voltages for these systems. One simple example: a 110/20(10) kV distribution 

substation transfers power from a 110 kV transmission to 20(10) kV distribution 

feeders (primary circuits). Each distribution feeder supplies a number of 20(10)/0.4 

kV distribution transformers, each of which supplies consumer feeders (secondary 

circuits) at the utilisation voltage [21]. 

The voltage level and voltage regulation (voltage drops) are usually considered when 

dimensioning the distribution circuits. Voltage control is actuated by means of on-

load tap changers on the distlibution substation transformers. Often, as the load 

increases, the controlling device raises the substation secondary voltage to 

compensate for the increased voltage drops in the distribution feeders [29]. 

---- --~--- ---------
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Shunt capacitors are much used in these distribution systems: in addition they serve 

for voltage control [27]. In spite of the difficulties in giving generally applicable 

rules, the following summarises are to be considered in locating shunt capacitors in 

these types of distribution system: 

• Locate the shunt capacitors as close to the loads as possible. 

• In the first place, install shunt capacitors, which can postpone an otherwise 

necessary reinforcement of the network. 

• Secondly, install low-voltage (utilisation voltage) fixed shunt capacitors in such a 

way that they compensate for the yearly minimum reactive load of the system. 

• Meet the remaining need by installing switchable shunt capacitors: in the first 

instance, low-voltage banks at large customers and medium-voltage banks at 

intermediate switching stations. 

2.8 High-power industrial systems 

Many major industrial plants purchase power at 20, 10 and 6 kV or above. The 

distribution systems usually have at least two lower voltages: a medium voltage, e.g. 

10 kV, for primary distribution and large loads, and a low voltage, e.g. 0.4 kV, for 

small loads. 

2.8.1 Supplying Steady-state reactive power and voltage control 

Induction motors are common loads, which consume reactive power. at a rate of 0.6 

to 1.1 reactive to active power at rated output. Static power conve11ers and 

uncompensated fluorescent lamps are other examples. Static powcr convertcrs for 
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rolling-mill DC motors and arc furnaces, in steel mills, have reactiYe power 

consumption with a large average value and subject to substantiaL rapid fluctuations 

[21]. 

Primary voltage control is usually achieved by means of on-load tap changers on the 

step-down transformers from the metering point [35]. Existing synchronous machines 

are also used for reactive power supply and voltage control, synchronous motors for 

reactive power supply. In a few cases, existing small synchronous condensers may 

possibly still be used [29]. Power-factor correction by means of fixed and switched 

shunt capacitors is in extensive use in industrial systems [27]. 

Static power converters and arc furnaces produce current harmonics, which must be 

considered during planning and design of shunt capacitor installations. In many 

cases, shunt capacitors are arranged for both reactive power production at the 

fundamental frequency and filtering of current harmonics [34]. 

2.8.2 Reduction of voltage fluctuations 

Rapidly fluctuating loads create voltage fluctuations, which may cause annoymg 

disturbances, particularly flicker of filament lamps in adjacent load areas. The most 

pronounced load of this kind is arc furnace, which is usually a large load connected 

directly to the power system [21]. 

It is characterised by: 

• Low power factor 

• Imbalance of phase ClllTents 
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• Rapid, large active and reactive power fluctuations of more or less random 

character 

• Current harmonics 

The mean reactive power consumption can be compensated for by means of a shunt 

capacitor. The voltage fluctuations remain, however, and are even somewhat 

magnified by the shunt capacitor at the arc furnace bus. The Point of Common 

Coupling (PCC) with other consumers is the critical one with regard to voltage 

fluctuations. Efficient reduction of voltage fluctuations means that it is possible to 

operate the arc furnace at a higher average voltage level without adverse effects, thus 

increasing the furnace active power and reducing the melt-down time. This was 

overlooked at first, but it later became an economic incentive for the installation of 

static compensators. Suitable types of thyristor-controlled static compensator are 

thyristor-switched capacitors operated in small steps as well as fixed capacitor in 

parallel with a thyristor-controlled reactor. 

2.8.3 Reduction of voltage drop during large motor starts 

Direct on-line starting is the simplest, most straightforward and cheapest of all the 

starting methods for induction motors. It creates, however, a high inrush current at 

low power factor,.which in tum causes a voltage drop. In cases where there are one or 

more large motors (in relation to the network short-circuit capacity), these voltage 

drops may be objectionable depending on their size and frequency of occurrence, 

They may disturb the performance of other loads in the plant and the loads of other 

consumers. In cases of very large starting load torque, the starting time of the motor 

itself might be critical [35]. One method of reducing the H)ltage drop is to use a 

starting shunt capacitor, which operates only during starting. :\ technicallv much 

------ ------- - ---------
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superior method is the use of a static compensator. Other application areas where 

static compensators could be used for this purpose are the auxiliary supply system of 

large thermal power stations and very large pumping motors fed by long sub-

transmission or distribution feeders. 

2.9 Reactive power compensation devices 

A synchronous generator produces reactive power when over-excited and absorbs 

reactive power when under-excited. The reactive power output is continuously 

controllable. The step-response time in voltage control is from several tenths of a 

second upwards, depending on various factors. 

The rated power factor of generators usually lies within the range 0.80 to 0.95. 

Generators installed remotely from load centres usually have higher power factors: 

this is often the case, for example, with large hydro-electric generators. With regard to 

severe outage conditions, it is not justified to choose a low power factor when 

installing a large steam-turbine generator close to load centres [3]. 

The shunt reactor, the shunt capacitor, the synchronous condenser and the static 

compensator are possible shunt compensation devices. These are discussed in the 

following sections. 

2.9.1 Shunt reactors 

A shunt reactor is a reactor connected in shunt with a power system for the purpose of 

absorbing reacti ve power [13]. In cases \\here voltage control requirements allow a 

fixcd or mechanically switched shunt rcactor to be used. it is usually the most 

---------------
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economIC means available for reactive power absorption. The majority of shunt 

reactors are used in conjunction with long overhead transmission lines. They are also 

used with high voltage and transmission underground cables in large urban areas. 

Shunt reactors in use range In size from a few MVARs at medium voltages up to 

hundreds of MV ARs with overhead transmission lines. Both single-phase and three-

phase transmission reactors are used, with a tendency to prefer single-phase reactors. 

2.9.2 Shunt capacitors 

A shunt capacitor is a single capacitor unit or, more frequently, a bank of capacitor 

units connected in shunt to a power system for the purpose of producing reactive 

power. In cases where voltage control requirements allow a fixed or mechanically 

switched shunt capacitor to be used, it is usually the most economic means available 

for reactive power production. The majority of shunt capacitors are applied within 

different types of distribution system: industrial, urban, residential and rural, where 

they find widespread use for power-factor correction [2]. Some shunt capacitors are 

installed in transmission substations. Shunt capacitors in use range in size from single 

units rated at a few KV ARs at low voltage up to banks of units rated at hundreds of 

MV ARs on transmission lines. The construction of a shunt capacitor bank is very 

flexible, since it is built up from modular components. The smallest primary 

component is the capacitor unit. This consists of capacitor elements connected in 

parallel-or in series. A bank usually consists of capacitor units connected in both 

parallel and series. Outstanding features of shunt capacitors are their low overall costs 

and their flexibility in application. An unfa\'orable characteristic. most impol1ant in 

connection \\ith major outages and disturbances. is that they pnwide the least support 

---- ----------
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at the very time when it may be most needed, because the reactive power output is 

proportional to the voltage squared. If used in a proper mix with other reacti ve power 

sources, however, this is no obstacle to an extensive use of shunt capacitors. The 

losses of modem shunt capacitors are of the order of 0.2 to 0.6 W/KV AR, including 

the losses of fuses and discharge resistors [3]. 

2.9.3 Synchronous condensers 

A synchronous condenser is an idle-running synchronous motor, used for the 

generation or absorption of reactive power. Synonymous terms are synchronous 

compensator and synchronous phase modifier. The synchronous condenser is the 

traditional means of continuous reactive power control. Synchronous condensers are 

used in transmission systems: at the receiving end of long transmissions, in important 

substations and in conjunction with HVDe inverter stations. Small synchronous 

condensers have also been installed in high-power industrial networks in steel mills; 

some of these might still be in use today. Synchronous condensers in use range in size 

from a few MV As up to hundreds of MV As. The rated voltage usually lies below 24 

kV. Modem synchronous condensers are generally equipped with a fast excitation 

system with a potential-source rectifier exciter. The size of a synchronous condenser 

refers to the continuous MV A rating for the generation of reactive power. In the 

generating mode of operation it usually has a fairly high short-time overload 

capability. The absorption capability is normally of the order of 60 percent of the 

MVA rating, which means that the control range is usually 160 percent of the MVA 

rating [3,13]. The reactive power output is continuously controllable. The step­

response time with closed-loop voltage control is from a fe\\ tenths of a second 

--~--~-
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upwards, depending on vanous factors. The active losses of hydrogen-cooled 

synchronous condensers are of the order of 10 W/KV AR at rated output [3]. 

In recent years, synchronous condensers have been largely superseded by thyristor­

controlled static compensator in new installations, due to cost, performance and 

reliability benefits. One exception is HVDC inverter stations, in cases where the 

short-circuit capacity has to be increased. The synchronous condenser can do this, but 

not the static compensator. 

2.9.4 Thyristor-controlled static compensators 

A thyristor-controlled static compensator is a static shunt reactive device. The reactive 

power absorption or generation of which can be varied by means of thyristor switches. 

Because it is a relatively new means of reactive compensation, it will be described 

and discussed in greater detail than the other devices. The term static compensator 

covers not only the thyristor-controlled compensator but also other types and, in 

particular, the self-saturated reactor type. Even though the self-saturated reactor 

compensator was introduced before the thyristor-controlled one, the latter completely 

dominates the market for transmission applications, making up more than 95 percent 

by MV AR of all compensators ordered [36-39]. Today, it is also dominant in high­

power industrial applications. Two types of thyristor-controlled elements are used in 

static compensators: the thyristor-switched capacitor (TSC) and the thyristor- (phase-

angle-) controlled reactor (TCR). 

From a fundamental frequency point of view. both can be considered as a \'ariable 

rcactance, the fonner being a variable capacitivc reactance and the latter a variable 
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inductive reactance. Switching off a capacitor is accomplished by suppression of the 

firing pulses to the thyristors so that they will block as soon as the CUlTent becomes 

zero. In principle, the capacitor will then remain charged to the positive or negati\'e 

peak voltage and be ready for a new transient-free switching on. 

2.9.4.1 Thyristor-switched capacitor compensator 

Static compensators of the thyristor-switched capacitor type (Fig.2.7) are 

characterised by [6,8,38-40]: 

• Stepwise control 

• One half-cycle average delay (maximum one cycle) in executing a command from 

the regulator, as seen for a single phase system 

• No annoying transients 

• No generation of harmonics 

• Low losses at low compensator reacti ve power output 

C 

1-

c 

Control 

Fig. 2.7 Tyhristor-switched capacitor compensator 
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2.9.4.2 Thyristor-controlled reactor compensator 

Static compensators of the thyristor-controlled reactor type (Fig.2.8) are characterised 

by [6,38-41]: 

• 

• 

Continuous control 

Maximum delay of one half-cycle delay In executing a command from the 

regulator, as seen for a single phase system 

• Practicall y no transients 

• Generation of harmonics 

Control 

Fig. 2.8 Tyhristor-controlled reactor compensator 

Irrespective of the reactive control range required, any static compensator can be built 

up from one or both of these elements and, if required, combined with an ordinary 

shunt capacitor bank or shunt reactor, fixed or breaker-switched. 

A compensator arrangement of a few large steps of thyristor-switched capacitors and 

one or two thyristor-controlled reactors is very attractive for many transmission 

applications. It combines the favourable properties of the t\\O thytistor schemes 

discussed. 

---~-----~~-------~~---- -------
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The compensator gives continuously variable reactive output from full lagging to full 

leading compensation. Advantages compared with other arrangements are: low 

losses, reduced harmonic generation and the ability to rapidly control the capacitor 

part. Most transmission applications require closed-loop bus voltage control by an 

automatic voltage regulator. Within the compensator operating range, and under 

optimum conditions, the response time is of the order of two to three cycles of the 

network voltage, including the V AR compensation. 

2.10 Series capacitors 

A series capacitor is not a reactive compensation device but a reactance compensation 

device. Since series capacitors (Fig.2.9) greatly influence the reactive power 

conditions of transmission systems, it is, however, proper to include them in the 

description of reactive compensation devices. Series compensation is mainly installed 

in high voltage transmission systems for one or both of the following two reasons. 

The first is to increase the transmission load capability as determined by transient 

stability limits. The other reason is to obtain a desired load division among parallel 

circuits. Furthermore, series capacitors influence the control of both the voltages and 

the reactive power balance. Series capacitor range is between 100 and 800 MY ARs 

[13]. The choice of location is important for economical reasons and system 

reliability, and should take into account voltage profiles, compensation efficiency. 

losses, fault currents and over-voltages. Most of the compensation devices can also 

be connected together. Shunt reactors are connected to 400 k Y busses or generator 

busses. Most shunt capacitors are to be found within distribution systems, including 

industrial plants [3]. 
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x x 

1-------1\\r----+--t ~\ t--\ ----I 

r---~t -------l\\I----------+-t-------l 

Fig. 2.9 Series capacitor 

2.11 Passive filter circuits 

Passive filters use L-C tuned components, which eliminate the unwanted harmonics in 

the system [1-5]. Fig. 2.10 shows the most common filter circuits. Single-tuned 1 st 

order filters are mostly used in the 220 Hz range [4]. In cases with high harmonic 

currents, high-pass damped filter circuits can be used. Double filters are applied in the 

case of low reactive power/high supply voltage. Passive filters are easy to design but 

they may produce resonance within the power system. 

Advantages of passive filters: 

1. easy to design 

! reliable operation 

3. can be used in filter banks 

4, very cheap configuration 

5. acts as power factor improvement de\iccs 

---- --_. __ ._-_._-
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Disadvantages of passive filters: 

1. depend on system impedance 

2. tuned only for one harmonic frequency 

3. resonance may occur 

4. affected by capacitor ageing 

5. has large number of passive components 

6. Bulky 

1 
·············································i····································1···················· 

1 c C L 

c 
c 

R L 
R I 

I 
I 
I 

c 

:R 

L 

I 
I 
I 
I 
I 
I 
I 
I L, .............. , ....... ,. ........... ,. ... ,..,.,. ... : ................................................................................ ,. ........................ ,. ............................................... l ..................... ,. ............... ,. ......................... ,. ............................................... . 

(a) (b) (c) 

Fig. 2.10 Passi ve filter circui ts 

a) Single tuned 1st order filter 

b) High pass damped 2nd order filter 

c) High pass damped 3rd order filter 

d) Double filter 

(d) 
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2.12 Shunt Active power filter 

Based on its application, the literature and published papers, it can be said that acti ve 

filtering has played a major role in reactive power compensation and harmonic 

elimination. Over the last thirty years, research has focused on active filteting circuit 

configurations and control systems. This chapter gives an overview of the 

classification of these techniques under the following subdivisions [9,42]. 

1. Power rating and its dynamic response for low and medium voltage power 

applications elements [44-47]. 

2. Power circuit configuration, such as shunt, series and other combinations of these 

circuit elements [6,8,9,38-40,42-64]. 

3. The compensated variables for the filtering techniques, I.e. harmonic 

compensation, V AR-compensation and balancing-three-phase-systems [6,43-

46,65-76]. 

4. The control technique, which can be classified into open-loop and closed-loop 

control systems [6-9,38,42,45-55,57-61,72,73,76-98] 

5. The current reference calculation, which uses the FFf algorithm and unity power 

factor algorithm [6,43-46,54,61,71-73,87,92,99-102]. 

2.12.1 Standard active filter circuits 

The current-fed converter filter (Fig. 2.11 a) injects predefined current harmonics at 

PCC [45.53-55,57-61,71 ,72}6,85,86,103]. This configuration is only used in high 

power applications. The control strategy is very complex and sensitive to CUlTent 

variations in the DC-link inductor. The voltage-fed inverter (Fig. 2.11b) is simple to 
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control and mostly used in low and medium power applications. The switching 

frequency in such systems is, however, high [43,59,73,76,85-87]. 

(a) 

Non-linear 
Load 

L 

(b) 

) 

Non-linear 
Load 

Fig. 2.11 Scheme of the Active Compensator Circuits 

(a) Current-fed Inverter 

(b) Voltage-fed Inverter 

c 

The configurations shown in Fig. 2.11 are a widely used types of filters. Three 

different configurations will be discussed further. 

2.12.2 Switched-capacitor active filter circuits 

This configuration (Fig. 2.12) was first developed by the power electronics group at 

BruneI University [8,39,40]. The circuit is very simple, using just one or two 

capacitors with very low values of current and limiting inductance. However. the 

control algOlithm is very complicated compared to the invel1er based fi Iter 

configuration and is only applicable to single-phase systems or three-phase systems 

with three single-phase compensators. 
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Linv 

Non-linear 
Load 

51 

57 
C 

~ 

v~ 

Linv 

Non-linear 
Load 

;-1 
C 

57 

~ 
Fig. 2.12 Scheme of the Switched-Capacitor Filter 

2.12.3 Lattice structured active filter circuit 

Another type of active filter (Fig. 2.13), based on the lattice structures, has also been 

developed by the power electronics group at BruneI University. The control of these 

systems is time-consuming [48-51] and they are only used in single-phase systems, as 

with the previous one. Another drawback is that the circuit itself depends on the 

resonance during its operation. 

Supply VI' Supply 

Non-linear Load Non-linear Load 

-/lc 
c 

Fig.2.13 Lattice acti vc pO\\cr filter 
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2.12.4 Voltage controller active filter circuit 

Recently, the power electronics group at BruneI University has developed a new 

configuration of shunt active power filter as shown in Fig 2.14 [42]. It has several 

advantages over the other configurations: 

1. It has low switching frequency 

2. The components are of acceptable sizes 

3. The reference signal is faster and better 

* 
Fig. 2.14 Shunt Active Power Filter 

Non-linear 
Load 

However, this circuit configuration seems to have a complicated control algorithm 

due to the number of installed components, which may increase the cost of 

implementation. 

2.13 Series active filter 

This type of filter is not very common In industry (Fig. 2,15) [6.7-L75,78.8 .. L10-1-]. 

The main drawback is that the fi Iter has to withstand high rated load cunents, which 

increascs copper losses in the coupling transfOImer as wc II as the size of the fi Iter. 
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The main advantage is that it can be used to eliminate voltage wavefonn hannonics 

and to balance three phase voltages. 

Supply Network 
impedance 

Coupling 
transfonner 

t---------I NLL 
L...-.,..--...J 

Active Filter 

Fig. 2.15 Series active filter 

2.14 Reactive power optimisation in power systems 

Optimal power flow techniques, which have appeared in the literature, use a non-

linear approach based on Newton's formula [l05-108]. The method works in large 

systems because of the supersparsity of the equations, with a large number of terms in 

the Hessian matrix, and sparsity techniques for adjusting control variables such as tap 

changing transformers and reactive power injections. These variables are changed 

based upon the sign of the associated dual variables to produce an acceptable solution. 

This requires a large CPU time to obtain an optimum solution. By breaking the 

problem down into active power and reactive power sub-problems, the classical 

optimal power was obtained [108]. Major drawbacks in Newton's method, which 

takes large steps at every iteration, have encouraged researchers to investigate the 

possibility of implementing gradient methods to solve the non-linear optimisation 

[109,110]. This method requires many inner loops to detennine the optimal step size 

of the variables. Some researchers [2-1-.11 L 112] have considered the application of 

non-linear formulae in solving the power dispatch. such as Volt/\' AR control on 

--~----
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radial distribution systems, USIng decomposition techniques which also had 

convergence problems. The method IS, however, efficient for the planning of a 

distribution system. This study produces the final solution and the voltage profile of 

the system. The authors [113-116] use a non-linear objective function to reflect 

system losses. The control variables are the generator terminal voltages and 

transformer tap ratios. Newton's method is used again for the dispatch. The method 

does not incorporate a step size in the procedure. 

In order to obtain satisfactory results within a reasonable CPU time, many methods 

have been tried to linearise the system of equations describing the relationships 

between controlled, controllable variables and loss sensitivity indices [117-119]. 

However, in large-scale systems, the incorporation of integer variables would require 

a large memory space. 

Another application of USIng linear programmIng to reactive power control 

calculations has been presented in [120-122]. This method incorporates the usual 

reactive power control devices and was particularly successful in rescheduling tap-

changing transformers. Solutions were constrained within limits set by bus voltages 

and network reactive power flows. 

To minimise the real power losses, an improved linear sensitivity matrix for V ARS 

and volts was presented in [123-125]. In [126,127] P-optimisation and Q-

optimisation methods for optimal real and reactive power dispatch in the economical 

operation of power systems was presented. The method was very time consuming 

because of a large number of calculations of Jacobian and sensitivity matrices . .... 
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Different programming methods were presented for optimising the reactive power to 

find the optimal voltage profile, which minimised power losses and satisfied cel1ain 

constraints [128]. 

In [129-131], the decomposition technique, in which the primary and dual solutions of 

the revised simplex method are utilised, reduced the required CPU time and memory 

space. The available algorithms implemented different mathematical programming 

methods for optimising the VAR [132-136]. The proposed methods treated normal 

operation and did not consider contingency cases. The system operation characteristics 

of new reactive power sources in [137-139] treated all variables as real, and integer 

variables have not been considered in the optimisation. 

Using most of the available methods, the operation sub-problem suffers from a long 

CPU solution time and large memory requirements, which means it cannot be 

implemented on large-scale systems. For the investment sub-problem, most of the 

methods presented have similar formulations except that the set of candidates (buses) 

on which the new reactive power sources would be imposed are different. Generally, 

proposed studies for the solution of the reactive power allocation problem have 

suffered from numerous drawbacks, and intensive work is still being done on 

developing algorithms that can be applied to large-scale systems. 

2.15 Expert systems, fuzzy logic and neural network applications in 

power systems 

The papers [140-143] present an aI1ificiai intelligence approach to the optimal 

reactive power control problem. The aI1ificiai neural network enhanced by fuzzy sets 
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is used to determine the memberships of control variables corresponding to the gi yen 

load values. In addition, a mathematical formulation for the reactive optimal power 

control problem using fuzzy set theory was presented. In [144] an interactive fuzzy 

method for optimal multi-objective V AR planning in power systems was proposed. 

taking into account economical operating conditions, the system security margin and 

voltage deviation. Paper [145] described a new approach to the design of a controller 

for a static fuzzy logic-based V AR stabiliser for power system control. Al1ificial 

intelligence (AI) tools such as expert systems, fuzzy logic and neural network 

applications in power electronics and motion control were presented in [146]. 

Theoretical principles of each system were given in a simple manner. In the later 

papers [147-149] harmonic source monitoring and identification using neural 

networks to estimate harmonic components in a power system, and a neural-network 

based method for predicting power system voltage harmonics were presented. Future 

control strategies for active filters can be seen in Fig. 2.16 

Harmonic 

{ ~ 
, Generating 
I 

Load 

• Artificial Neural Network 
• Fuzzy Logic 
• Expert systems 

AF andRPC 

Fig. 2.16 Future control strategies for active filters 
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2.16 Summary 

This chapter has described the state of the art for reactive power compensation and 

harmonics analysis, as presented in the literature and papers surveyed. From that 

point, the control strategy and performance of the proposed power circuit will be 

discussed in the following two chapters. 
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Chapter 3 

A New Method for Power Quality Improvement 

3.1 Introduction 

Power quality problems may originate from the network or from the consumer. The 

permissible limits for these disturbances are specified by standards and regulations. 

The basic requirements of the supply system are: 

• Power transmission must be economical. 

• Power system failure must be low. 

• The quality of the power supply must be high. 

Power factor improvement in power systems with non-sinusoidal supply voltage has 

been a subject of concern for a long time. As a consequence, various types of 

compensators have been developed to improve the efficiency of power transmission 

and distribution by increasing the power factor. At present many methods exist to 

eliminate or reduce the effects of harmonics on power systems [6,10]. 

Today, switching devices are increasingly used in the electric power system to 

increase productivity. On the other hand, these devices produce harmonics, voltage 

distortion and may cause reduction in power factor. 

The previous chapter discussed extensive research related to power factor conection, 

harmonic elimination and filter design [8,9,38-40.4~A8-5~]. Today, filter circuits. 

dynamic compensation and conventional capacitors are in use. although with some 
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problems. In this chapter, a new control method is proposed which eliminates 

harmonics and improves power factor; its control strategy is also described. The 

principles of design, analysis and calculation of the new IGBT -equipped are 

presented, and it is shown that this circuit is able to compensate rapidly for changing 

loads and reactive power. A single-phase control concept is discussed for simplicity, 

although the results can be implemented in three-phase systems without any 

problems. 

The proposed compensator for reactive power and harmonic compensation can be 

applied to medium and low voltage distribution systems. Design and analysis of the 

circuit is described. 

The block diagram, shown in Fig 3.1, represents the proposed active power filter 

combination. The block diagram shows ten main sections constituting the power 

active filter structure. The harmonic current generated by the non-linear load is 

detected and fed back to the reference current estimator, in conjunction with the other 

system variables. The resulting reference signal drives the overall system controller. 

which, in tum, generates the control output necessary for the switching pattern. The 

resulting filter current is also detected and fed back to the controller. The power and 

fi Iter circuits are then connected to the PCC. 

3.2 Proposed Circuit and its Control Strategy 

Fig. 3.2 shows the proposed active filter and circuit representation with the current 

controller. A non-linear load draws a load current from the network. The 
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compensator IS connected In parallel with the non-linear load and provides the 

compensator current. 

PCC 
Measurements 

r'·············································· .................................................................................................................................................................................................................. , 

Passi ve Filter 

r-__ --L-----=-i_····...1 ",::_::::_::::--, {~t.t:~~] 
~ Power Circuit ! I 

f) ~--~ 

t 
Switching 
Strategy 

1 
Overall 
System 

Controller 

Error 
Detection 

V,I, f} 

Actual current 
Feedback 

Reference 
Current 

Estimator 

: ........................................................................................................................................................................................................................................................................ : 

Fig.3.1: Proposed complete block diagram for shunt active power filters 

Non­
linear 
Load 

An energy storage capacitor and voltage source inverter is connected to an LCL-T-

Network-AC filter to supply a controlled inverter current iillV which is controlled by a 

hysterisis control system. This requires a variable hysterisis width, which depends on 

the filter inductance, Lim" the inverter DC voltage, VDC ' the desired switching 

frequency, Is, and the filter capacitance, CDC. The power switches of the inverter 

consist of IGBTs and diodes. At a given node (PCC), the supply system and non-

linear load (NLL) consists of various voltage sources. current sources. network 

impedances and load impedances. \\'hich are connected to other node. 

._-_.- -.-.. ---
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1 il1\' 1 IComp k IF 

RF 
Vld 

Vinl' VF Vs 

LF 

CDC S3 S4 CF 

AC-Passive Filter i Non-linear i Supply Voltage 

,--------- ------------- ------------- . 

::::,~:::,i::::: Current Controller :, (Actual current, Reference current, Switch conditions, PWM and Hysterisis 
controller, Supply voltage, Load current) 

.................................................................................................................................................................................................................................................................................................... : 

Fig.3.2: Single-Phase Full Bridge Inverter-Filter Scheme 

Knowing the load current harmonic-content, 1
17

, and network harmonic impedance, 

Z h ' the voltage distortion can be calculated as 

(3.1) 

(where i = 1, 2, 3, .. N HnrmOl1irs ) 

The network impedance Z h is expressed for each individual harmonic, i. as 

( 
ZF' ·Zs J Z = I i 

hi Z Z 
Fi + Si 

(3.2) 

where. Z F and Z s are the vectors of filter and supply impedance at each harmonic. i. 

respectively. 
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A voltage source inverter (YSI) is used to eliminate the harmonics and impro\e the 

power factor in the power system at the PCC. At the output of the YSI, an inductance 

Lillv is connected to reduce or eliminate the harmonics in the output inverter current, 

(11 V , which would reflect on the supply voltage waveform as a superimposed high 

frequency component. A passive filter is also included to smooth any remaining 

ripple in the inverter current and to reduce the power needed by the inverter to fulfil 

its designed task. The filter contains a filter resistance, RF , a filter capacitor, C F ' and 

a filter inductance, LF • The equivalent internal impedance of the main power system 

is given by the inductance, Ls ' (neglecting resistance). The YSI consists of two sets 

of IGBT switching devices connected in parallel (H-Bridge inverter) (Fig. 3.2). Each 

IGBT is connected to a free-wheeling diode in parallel. The two switches (top and 

bottom) are operated in anti-phase so that the inverter current (Ill' flows through the 

two branches alternately. 

v & i 

* , -! fIJi'" ~ 

~ ((Jldk--
:: : 

. I ! 

mt 

Fig.3.3: Magnitude and phase change between inve11er output current (1/\' and main 

supply current i, 
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Magnitude and phase changes between the desired inverter output current, (m*. and 

the main network current, is, is given in Fig.3.3: 

. * 
linv = 

N harmonics 

L ( . * ) l(f)t-1 (fJinvi 

A * I .' invi SIn (3.3) 
i= 1 

The actual supply current value, is' is measured with a constant sampling period, Ts . 

If the current reaches one of the limits, ito[, then inverter switching is required after the 

delay time TD (Fig.3.4). Normally, the mains network acts as an ohmic-inductive 

consumer and the computation can be performed with a given supply power PI and a 

power factor, cos (fJld' The peak value of the sinusoidal desired inverter current can 

then be calculated as in the following lines. 

. ... 

. ..... 
'.~. : 

............ . 
~ J ......... . 

.... ........ 
: ....... . 

.. ···i···(·· "'j:.:" 

..... I:.::::. ':::::......... !) Ts )1 II TD I 
~+- ~ 

~ l : 
{ 

{ 

s~ 
t 

t 

s" t 

{".J 

Fig,3A: PWM-hysterisis s\\itching technique 
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The current controlled by the inverter in the proposed circuit is the inverter current 

i;nv' The inverter in this case acts as a current source pumping (11\' through Lilli' and 

into the rest of the network. Since the impedance of the nonlinear load is much higher 

than the supply impedance, the load will not draw any of the inverter-injected current 

and hence the circuit reduces to the inverter current being forced back into the supply. 

The circuit reduces to two branches, namely the passive-filter branch and the supply-

impedance. The transfer ratio, mLCL ' for the inverter current to the supply side can be 

approximated by the following equation 

(3.4) 
ZF + (Zs + ZCOtnp) 

which can be simplified to the following equation for the individual harmonic i 

(3.5) 

The value of 11l LCI, i can be seen as a correction factor for the reference inverter 

current at each harmonic i. 

The phase angle correction for the harmonic i of the inverter current, qJil1\' i ' is defined 

as: 

* 
rp,'1Il'i = CPtd h i -

-I tan 
-I -tan 

\vhere, the value of qJlr/ h. is the load phase angle at the harmonic i. 
I 
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The peak value of this inverter current reference can now be calculated for the 

harmonic component i, as being 

A * I _ 
1111' I 

J2. lid h-
I 

(3,7) 

The individual harmonic components of the load current I IS calculated by 
, Id hi ' 

applying the Fourier analysis to the load current lid' The rms value of the 

fundamental component of the load current lid 1 can be calculated from the following 

equation. 

~d 
lid 1 = --------=.~----

[Vs . (cos (((Jld))' m LCL ] 
(3.8) 

The values of the inductors, the pattern of the switching functions and the filter 

characteristics define the network current. Basically the PWM pattern can be used for 

the control of the inverter so as to generate a desired output current waveform. 

According to the simulation results presented later on in this thesis, the hysterisis 

control method seems to be a more suitable solution because it guarantees stable 

operation. The degree of compliance to the EMC regulations as will be discussed in 

chapter 6, will favour the introduction of a PWM technique to modify the hysterisis 

controller. The hysterisis technique with PWM is discussed in the following sections 

and the performance analysis with the ordinary hysterisis control is presented later on 

in the simulation and in the practical results. 

Fig.3.4 shows the tracking strategy for the PWM modified hysterisis control. The 

controlled CUlTent is sampled \\ith a small tolerance bandwidth and is evaluated in the 

--------------------- --
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control unit. Referring to Fig.3.4, to achieve a hysterisis control band of width I t5. the 

tolerance current I to/' which is controlled, can be calculated from: 

(3.9) 

The switching modes of the inverter switches, shown in Fig.3.5, are given In 

Table.3.1. Direct switching from state I to state III must be avoided, in order to 

reduce the high rates of current change and the consequent necessity of higher 

switching frequency. Alternatively, Mode I must be followed only by mode II. If it is 

necessary to transfer to mode III, then mode IV must precede it first in order to ensure 

that the switching losses are reduced to minimum. In other words, the zero switching 

state for mode I (mode II) or the one for mode III (mode IV) is always to precede and 

succeed its active switching state. The four permissible switching states for switches 

S 1, S2, s.~ and S4 are presented in the following table 

Table.3.1: Switching pattern of the inverter 

mode S1 S2 S3 S,J Vinl t ) 

I 1 0 1 0 +VDc 

II 1 0 0 0 0 

III 0 1 0 1 -VDC 

IV 0 1 0 0 0 

The current paths for each of the four modes of operation are shown in Fig.3.5 with 

thick lines. 

--- --- -----
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(a) Mode I 

Positive output voltage 

~-----------------------
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S4 

(c) Mode III 

Negative output voltage 
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~-----------------------

VDC 

(b) Mode II 

Zero output voltage 

VDC 

------------------------

(d) Mode IV 

Zero output \' oltage 

Fig.3,): J\lodcs of operation of the in\t~rtcr circuit 
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To smooth high frequency harmonics in the mains supply current and supply voltage. 

a passive filter is designed and connected to the VSI. The filter resistance. RF , is 

inserted to restrain the oscillations of the network capacitor and inverter inductance. 

A lower value of RF gives the best smoothing of the network current and supply 

voltage. On the other hand, the filter capacitor C F must be large enough to absorb 

the current and voltage ripples. 

In order to ensure the circuit operation, the following inequalities must be satisfied: 

• First of all it has to be ensured that the overall sampling and delay periods are 

smaller than the time taken by the actual controlled inverter current, iilll' to cross 

half the boundary I r5' This can be formulated as: 

Is' (Ls + LCOn1p + Lim' ) ~ (T + T ) 
2. V S D 

DC 

(3.10) 

• The resonance frequency fr of the circuit diagram of Fig.3.2 is: 

• 

• 

1 
f:S;-· 

r 2n 
1 (3.11 ) 

To avoid the resonance frequency, the following assumption can be made with 

sampling frequency fs: 

(3.12) 

The filter capacitor C F can be calculated by substituting equation (3.11) into 

(3.12) and rearranging the resulting equations. 

(3.13) 
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• Then, the filter resistance RF can be expressed as In the following impelical 

equation 

c . (L + (Ls + Lcol11P ) • Lin\, J 
F F L L L 

s + COI11P + inv 

1 
(3.1-+) 

• The desired current control occurs in a time interval, T" with a constant length 

given by: 

2n T <_. 
s - 20 

(3.15) 

• The controller delay time TD of the switching circuit can be expressed by 

substituting the value of TI' into equation (3.10) and rearranging the terms of the 

resulting equation 

(3.16) 

A detailed system design combining both the inverter and the filter component value 

computation is presented in the block diagram of Fig.3.6. 
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Determination of the parameters for 
Filter circuit design 

Non-linear 
loads 

Network 
confi gurati on 

Predefined limits for the 
voltage and cunents 

Reactions on mains network and its calculations 

Evaluation of APF 
characteristics 

Design of the 
acti ve fi Iter 

Yes 

Passive Filter 
circuit design 

System design 

Fig.3,6: Flow chaI1 for the determination of harmonic evaluation and filter circuit design 
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00 

Calculate Vs = L Vi . sin( i (j) t - cP i ) at the PCC 
i=l 

Calculate C F and RF 

By calculating the filter characteristics, check the power factor at the output 

Estimate the implementation effect of the filter for the ith-harmonic by 

calculating IVi I = Vi' Ls J ~J2 
Ls + Lilli' ll' II 

Confirm all the waveforms of the circuit 

Check the harmonics by FFT and analyse the results 

Calculate the power consumed by the passive filter compared to the power 

consumed by the active filter 

Has the power reached No 

the opti mum ? 

Fig.3.6 (Cont.): Flow chart of the final filter circuit design 
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3.3 Operation of the Proposed Circuit 

Assuming single-phase analysis for simplicity, the following equations can be written 

for the system of Fig.3.7: 

i - i + i \ - ld COI11P 

The load current can be decomposed as 

hence, 

Supply 

ru r Vs 

Network 
Impedance 

~ 

ls iCol7lp 1 ~ 

lid 

Reacti ve/Harmonic 
Power 

Compensation 

Fig.3.7: Basic structure of shunt-active power-filter configurations 

The fi Iter current has the form 

I = -[ I 
( 'O/llp II - I Rc active 

\vhich when substituting yields 

is = i 1 + ill + i 1 Re actin' - I II - II Re acti\'(' 

and finally. 

IS11lail I\asikci 
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(3.22) 

As a conclusion, if the compensator current, iComp ' is the same as the fundamental 

. . 
harmonic current, l h , as well as the reacti ve component of current, lIRe actil'e . then 

full compensation is achieved. 

Referring to Fig.3.2, the current variation In the filter capacitor, CF, during one 

sampling interval from tk to thI, shown in Fig. 3.4, can be calculated as follows 

l1i = 1 
COI1lP L 

COI1lP 

tk+! f (V1d(t) - vF(t)) ·dt 
tk 

(3.23) 

which is very dependent on the equation 

* ~ iconzp = iconzp - iComp (3.24) 

The pertinent variations in the filter capacitor voltage is given by 

(3.25) 

The charging and discharging of the filter capacitors can be solved in subsequent time 

intervals 

(3.26) 

The fundamental active power, PF , for the filter circuit can be calculated as follows: 

(3,27) 

In the same way, the fundamental reacti \'c power. QF' is gi ven by: 

(3,28) 
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3.4 Exact Modelling of the Proposed Circuit 

For the purpose of controlling the proposed circuit and analysing its response, a 

mathematical modelling of the system is presented in this section. The model 

presented here will deal with the time and frequency domain analysis techniques. 

This modelling is in effect very useful in determining the internal characteristics of 

the filter and shows exactly the effects of introducing the passive filter circuit in 

between the inverter and the PCC of the supply. 

Consider the circuit diagram of Fig.3.2, if the inverter IS considered to operate 

satisfactorily in tracking the reference current set by its controller, it can be 

represented by a controllable current source. The same consideration can take place 

for the nonlinear load. This implies that the circuit of Fig.3.2 can be simplified to the 

one shown in Fig.3.8. 

Lcolllp & rComp PCC F 
Ls & rs 

( 

[Comp 

Inverter Passive Filter Non-Linear Load Supply 

Fig.3.8: Modelling of the proposed circuit 
~ 

--- -------------- -- -------------
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It is worthwhile to note that the current source shown here is the parallel superposition 

of all the current sources for the respective harmonics of either the load or the inverter 

currents. 

The modelling process for the proposed system will consider a two-input/three-output 

system as the one shown in Fig.3.9. The supply voltage and the nonlinear load 

current are considered to be the inputs of the system, while the filter, supply and 

compensator currents are the outputs of the system. Any other variable in the system 

can be calculated by knowing these three values for the proposed system. 

""" , IS 

""" , 
Proposed 

""-, lCo1llp 

System 
lid > 

""-
7 

Fig.3.9: Input/output relationship between the filter variables 

3.4.1 Frequency-Domain Modelling 

The equivalent circuit diagram of Fig.3.8 is analysed in the following paragraphs to 

show the effects of each of the compensator components on the performance and 

operational characteristics of the system. 

First of all consider the application of Kirchoff's current law at the point of common 

coupling. The current summation equation is the same as equation (3.17) and is 

repeated here for convenience. 

(3.29) 
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The same applies to the following equation taking at the passive filter node, F. 

(3.30) 

In order to complete the system model, a third equation is needed. This is obtained by 

applying Kirchoff's voltage law to the loop containing the supply voltage, supply 

inductance, compensator inductance and passive filter branch. The following 

equation results. 

. L dis· L dicml1P • di F 1 f' d 
Vs =rs 15 + 5 ·-+rComp1Comp + Comp' +RF 'ZF +LF ._+- IF' t 

dt dt dt CF 

(3.31) 

Taking the Laplace-Transformation of equations (3.29) to (3.31) and rearrangmg, 

yields 

Is - I Comp = lid (3.32) 

- I c' + IF = I III/I 1/11' 
(3.33) 

., . . ·1 + R +s·L + .] =V + ( ) 
( 

1 J 1 F (0) 
(rs + s Ls) ] s + } Camp + s L CanlP Camp F F S . C F F S C F 

(3.34) 

By assuming zero initial conditions, the last term of equation (3.34) can be neglected 

and the equation results in 

. ., . . .] + R +s·L + .] =V ) 
( 

1 J ( J s + s Ls) ] s + (} Comp + s Lcomp Comp F F S . C F F S 
(3.35) 

Equations (3.32), (3.33) and (3.34) represent the s-domain model of the proposed 

system. In order to construct the block diagram representation of this system. these 

equations have to be rewritten in the following fOlmat. 

(3.36) 

~.3 . .37) 
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I = Vs -(rs + soL,)oIs -( RF + soLF + SO~F lIF 

Comp 
( r +s·L ) Comp CIII1IP 

(3.38) 

The block diagram of Fig.3.10 is formed using the above three equations. It is to be 

noted that the system depends on the two inputs (lid and Vs ) mentioned above in 

addition to the inverter current (linv)' which is considered as an intermediate state 

between the input signals going through the controller and reference estimator block 

as well as through the inverter block. 

Is 
i + L hi Is 

'I' 
(rs + s . Ls) + I conlp 

VS (r +s·L ) COI1lP Comp 

Nonlinear 
Function -

1 
if 

j~l (s) ->0.. L , 
(rcol1lP + s· LCOIllp ) 'I: + 

f iJl \, -
+ 

I colllP 

-

L 

Controller 
(l + s· R . C + s2·L ·C ) Gc(s) F F F F 

~ S . C F . (rcolllP + s . LComp) 
l 

Inverter 
G1 (s) + I conlp 

L 
/, +' 

/Ill 

Internal Sub-System 

Fig.3.l0: Control Block Diagram Representation of the Proposed System 

It is w0I1hwhile to note here that the invel1er inductance. L,II\" does not appear in this 

block diagram since the inverter is assumed to be a current source controlling the 
~ 
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current through this inductor. This implies that the effect of this inductor is implicitly 

included in the inverter transfer function, GJ (s) , of Fig.3.IO. The controller transfer 

function, G( (s) includes the response characteristics of the chosen controller, which 

is normally a Proportional-Integral (P-I) controller. The actual inverter current is 

* compared to the desired reference, (/lV (s), generated from a nonlinear harmonic 

current calculation function, ill (s). This reduces the order of the system (excluding 

the inverter, controller and the nonlinear function) to fourth order. 

So far, the internal subsystem, formed in Fig.3.IO, by the external passive circuit and 

the supply with three inputs and three outputs, can now be modelled in a transfer 

matrix expressed in the s-domain (see Appendix A). This matrix system model takes 

the form 

Yes) = G(s) . X (s) 

where Yes) is the output matrix expressed as 

Is(s) 

yes) = IF(S) 

I Comp (S) 

The input vector X (s) is defined as 

lid (S) 

XeS) = Vs(s) 

1;J1l'(s) 

The transfer function matrix is defined by the following 

Gil (s) GI2 (s) GI3 (S) 

G(s) = G 21 (S) G 22 (s) G2:. (s) 

G31 (s) G:' 2 (s) G,,:,(S) 

where the clements of this function are defined as follo\\s. 
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(3'-+3) 

(3.-+4 ) 

(3.45) 

G
21

(S) = IF(S) = - S CF (rs ~ S LJ 
Ild(S) 1 + S (R F + rcomp + rs) C F +s- (LF + LClJIllp + Ls) CF 

(3.46) 

(3.47) 

GT~(S) = IF(s) = S CF · [(Rs + rcol11P ) + S (Ls + LcoIllP )] 

-- (I/I'(S) 1 + S (R F + rconJP + rs) CF +S2 (LF + LcolllP + Ls) CF 

(3.48) 

G ( ) 
= I COI1lP (s) _ - S C F (rs + S L\) 

11 s - --------~.....:........:-----.:.:....:...------

- lid (s) 1 + s (R F + rcol11p + rs) C F + S2 (LF + LcolllP + Ls) C F 

(3.49) 

(3.50) 

(3.51) 

The characteristic equation of the system is defined as 

(3.52) 

It is clear that this value is the same as the denominator of the above equations. The 

characteristic equation determines the performance of the system under different 

operating conditions. It is clear that for any values of resistors, inductors and 

capacitor, the poles of the charactelistic equation lie in the left-hand side of the s-

plane, which gi \'es an early indication of the stability of the system. 

-_.-----
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The inverter is assumed to be represented with a constant gam for lo\\' frequency 

operation «5000Hz for a 20kHz switching frequency). For higher frequencies. it 

possesses low pass filter characteristics. The transfer function, G[ (s), can be 

approximated as in the following transfer function. 

(3.53) 

where K/ is the inverter gain and TI is the inverter delay time constant. 

Introducing the effects of the terms ( G(' (s) . G1 (s) ) in conjunction with the nonlinear 

function, fh (s), into the above model would reduce the input variables to only two 

variables. 

The inverter reference current was modelled earlier in equations (3.3) to (3.7). The 

Laplace transform of the function in equation (3.3) will provide the desired nonlinear 

function for the reference current computation. 

(3.54 ) 

where, the values of 111 LeL i and qJ~1\'i are calculated from equations (3.5) and (3.6). 

Using the above models for the various transfer functions, it is now possible to study 

the performance of each of the system blocks. The frequency domain analysis for the 

various transfer functions is presented in Fig.3.11 to Fig.3.15 calculated using the 

system parameters given in appendix B and presented later on in this chapter. It is to 

be noted that 
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(3.55) 

(3.56) 

(3.57) 

which involve the plotting of only five transfer functions of the nine ones available. 

The negative signs in the transfer functions, G13 (s), G21 (s), G31 (s) and G33 (s), 

indicate a change of phase of 1800 (i.e., the two currents are in the reverse direction to 

their assumed ones). All the system poles are the same and are in the left-hand-side 

of the s-plane. 

20 

J\ 
-/ \, 

Gain 

-40 
0 ..----

( 
Phase 

I 

I 
U

l 

-180 1 F~quency 1ES 

10 10,000 

1000 

Fig.3.11 : Bode diagram of the transfer function G ll( s) 

The frequency domain Bode plots are performed for the open-loop transfer functions. 

Each figure shows the gain and phase relationships of the transfer function with 

respect to the frequency changing from 1 Hz up to 100kHz. All the five transfer 

functions exhibit resonance around 790 Hz, which is beyond the 15
th 

harmonic of the 
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power system. The inverter switching frequency is of course much larger than this 

value and is around 20 times higher which makes it in the safe side. 
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Fig.3.14: Bode diagram of the transfer function G2J( s) 
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It is also noted from the curves that the systems at higher frequencies will manifest 

the low-path filter characteristics by at least 20dB which is one tenth of the signal and 

henceforth the high switching ripple from the inverter side will not at all be 

transmitted to the power system to cause electromagnetic interference with 

communication systems or malfunction of protective devices. 

Fig.3.13 showing the transfer function the supply current to the inverter current, 

GJ3(s), implies that the proposed filter system is intrinsically capable of passing the 

inverter current to the supply side for the range of frequencies below 1kHz (3dB cut-

off frequency). This frequency enables the inverter to control the supply current up to 

and including the 20th harmonic, which is very sufficient for power system 

applications at low or medium voltages. As mentioned above, this Bode plot also 

shows that the filter system will ensure that the switching harmonics (normally 16-

20kHz) will not reach the supply side. The attenuation at 10kHz is approximately 

48dB. 

The phase shift angle of the Bode plot of the same transfer function in Fig.3.13 shows 

that the system does not exhibit any considerable phase shifts for current signals 

generated from the inverter up to frequencies above 650Hz which is equivalent to the 

13th harmonic. For higher frequencies, the passive filter circuit exhibits a 

considerable phase-shift between the input invet1er current and the output supply 

current. However this phase shift can be accounted for in the controller design which 

is not shown in the diagrams. This is presented in equation (3.5~). \\hich includes a 

Phase correction factor. rn * for the current reference, which is expressed in 
'r /111' i ' 

equation (3.6). 
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3.4.2 State-Space Modelling 

In order to put the system in the state space model, the instantaneous time equations 

(3.29) to (3.31) defined in the previous section, can be manipulated. The system is 

seen to be of second order and needs two state variables to be defined. Taking the 

system states as being Xl and X2. The variable Xl is defined as being the compensator 

current, icomp , while the variable X2 is defined as its time derivative. 

Putting the system in the general state space format 

(3.58) 

where the superscripted dot defines the time derivative of the variable and the state 

vector X is defined as 

x=[:;J 
the input vector V is 

The state matrix is 

o 

A= -1 

1 

-(RF + rs + rcolllp ) 

(LF + Ls + LcolllP ) 

The input coefficient matlices are 

0 0 0 
1 

Bo = 
( L F + r, + LcolllP ) 0 0 

C F 

-
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B, = 1 . [ 0 
( L F + Ls + LComp ) - rs 

B, = 1 . [ 0 
-- (LF + Ls + Lcomp ) - Ls 

The output equation is defined as 

Y=CX+DU 

The output matrix has the form 

1 0 

C= 1 0 

1 0 

0 

1 

0 

0 

and the input feedback matrix is given by 

100 

D= 0 0 0 

001 

-~J (3.63 ) 

-~J (3.64) 

(3.65) 

(3.66) 

(3.67) 

As mentioned earlier for the s-domain model, the effects of the controller and inverter 

transfer functions can also be added to the above system. The inclusion of the 

nonlinear current computation function will then determine the total transfer function 

of the system by eliminating the need for the 2nd input (i in,,)' 

3.5 Effect of Filter Connection to the Power System 

The following discussion outlines the fundamental compensation principle of the 

passive filter connected to the compensator inverter. The mains network and different 

compensation device circuits are analysed and discussed in detaiL in relation to 

Fig.3.16, in order to determine the effects of filter insertion into the power system. 
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Fig.3.16: Network Diagram, Compensation and Filter Circuit Consideration 

Fig. 3.16 shows a consumer load and compensation devices connected at the point of 

common coupling (PCC) to the secondary bus-bar of a distribution transformer (T). 

The operation of this load must not affect other appliances connected to the same low 

voltage (LV) or medium voltage (MV) bus-bars. This requires compliance with the 

connection rules of the supply-company and the international harmonic and reactive 

power compatibility levels. In order to ensure the correct operation, the user has to 

calculate his own permissible interference-emissions with the gi ven data of the mains 

feeders, transformers and short-circuit levels provided by the supply company. The 

following parameters are listed to estimate the effects of the load connection. 

1. Network plan of the new customer installation, rated power, maXImum power, 

operating times. 

2. The types of harmonic generating loads, their ratings and their occurrence of the 

load must be known. 

3. The Supply company must provide the transformer ratings and the short-circuit 

power level at the MV side of the transformer, in order to define the network 

impedance. 

-1-. The customer must take the power factor correction into consideration. 

Ismail Kasikci 



C/w/J!er 3 A ne1\' method for pOH'er (fz{(/lu\ /11111111, [)I,[. ' 

---- ~-- ~~~~~ 

Ismail I\{/sdc; 

Vs 

Xs Xr 
MV LV 

I 
I 
I 
I 
I 
I 
I ___ L __ 

---r--
I 
I 
I 
I 
I 
I 
I 
I 
I 

~------~---------. 

Supply Analysis 

(a) Single compensation on the MV bus-bar 

Xs Xr 
MV 

Vs 

LV 
~-------.----------. 

I 
I 
I 
I 
I 
I 
I ___ L __ 

---r--
I CUI 
I 
I 
I 
I 
I 
I 
I 
I 

Supply Analysis 

(b) Single compensation on the LV bus-bar 

Xs Xr 
MV LV 

Vs 
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(c) Consideration of the Filter Circuit 

Fig.J.l7: Equivalent circuit for different compensation cases 
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In order to appreciate the effect of the insertion of the proposed passive part of the 

filter at the PCC, consider the power system shown in Fig.3.16, when analysed \\'ith 

reference to the MV bus-bar, as shown in Fig.3.17-a. The arrow indicates the 

direction of analysis. In this figure, a MV compensation capacitor, CMV, is inserted at 

the MV bus-bar. The effect of the supply impedance is taken into consideration for 

the parallel resonance occurring with this MV capacitor, CMV. 

First, the network impedance X s is determined from Fig.3.17-a: 

Xs = OJ 1 Lv (3.68) 

Alternatively, the network impedance Xs can be calculated from the short circuit 

power S,H'oo at the PCC as: 

') 

X = Vs-
s S 00 

sc 

(3.69) 

The resonance in this case is uncontrollable and can occur at any frequency depending 

on the ever-changing supply impedance. 

Consider the case of a LV capacitor, CLV, insertion in the power system as shown in 

Fig.3.17 -b. The main influence on the network impedance in this case is the 

reactance of the transformer, X T' and by neglecting the transformer resistance, the 

transformer reactance can be gi ven as 

1 

X = V-,I "Rated 

T S Rated SI' 

T 

0.70) 

The variation is, however. in this reactance is \'ery dependent on the different loads 

and network topologies. If only the fundamental reactive po\\cr, Qc · compensation is 

-- .----
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considered, then the capacitance and network-inductance fonn a parallel resonant 

circuit. The ratio of the resonance frequency of the system to the fundamental 

frequency can be calculated from 

(3.71) 

The current may increase in connection with the parallel resonance and, consequently, 

a high harmonic voltage v /' appears across the network reactance and is given by 

(3.72) 

where QF is the quality factor of the resonance circuit and p is the ratio (in percent) of 

the reactance of the equivalent system inductance to that of the capacitor. In other 

words, p is a characteristic for the degree of harmonic absorption at network 

frequency and is normally equal to 5.67%, 7% and 14%. It is defined as 

(3.73) 

To avoid the parallel resonance, an inductance, LF , and a damping resistor, RF , can be 

connected in series to the filter capacitor, CF , (Fig.3.17-c), then the required 

inductance is defined by 

1 
L,. =-')-= , , 

orrC h-,.{(rIC 

1 (3.74 ) 

where L = L + T + L which alters the value of the resonance frequency of the 
'r 5 ~ F' 

system in this case. 

The relationship between p and the resonant frequency ,f,. given by 

1 
f,. = II' fP 

(3.75) 

--_.- -------
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The effect of this compensation case is that the resonance frequency of the supply is 

changed and is somehow controllable and the value of LF can be chosen to shift the 

resonance frequency away from the band of interest. 

3.6 Numerical Example 

In order to gam further understanding of the design of the proposed active filter 

system, at this stage, it is best to consider a numerical example of the computation of 

the filter parameters and the corresponding protective measures that ensure the 

operation of the proposed system. The inverter and passive filter parameters need to 

be specified from the design equations outlined earlier in this chapter. 

3.6.1 Connection of a motor drive load to the low voltage power system 

In an installation, it is intended to connect a motor drive, whose direct current motor 

is supplied from a rectifier. The following data is given. 

Transformer rating power 630 KV A, short circuit voltage 4%, 

Voltage at the PCC V~ = 400V, short circuit power S,~ = 500MVA, 

Maximum network power SMaills = 0.5 MV A 

Connection power of the consumer SDcllland = 0.3 MV A, 

Power of the drive P=20 kW, efficiency 1]=0.95, cos lp=0.95 

Pulse number of the rectifier p = 6 for inductive smoothing 

• Calculation of the sh0I1 circuit power at the PCC: 

X 
=_'_+_"_.\(_'_- 100(,7(, + -1-(';(, =6.5cc/J1\A 

S('(I'('(') S ,x' S Raled • \ 0 6'"2M\' \ 5001\/\ : . _1 : 
sc' T 

---------- --
--- -----
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S~(PCC) 
1 100 

X 6 
= 15.38MVA 

sI'(PCC) .5%/ MVA 

• Calculation of the Harmonic disturbance factor caused by a single customer 

appliance for each harmonic order (Table. 3.2): 

z . ~ k . i . S Rated 
B = h L.J hi hi COl1llected i 

h V 
h /'((' 

Table. 3.2: Calculation of the disturbance factor 

h kh lh Vh,PCC zh=h.XSC(PCC) Bh 

for 20 KV (%) (%) %/MVA 

5 0.5 27 6 32.5 0.038 

7 0.3 11 5 45.5 0.022 

11 0.2 9 3.5 71.5 0.02 

13 0.2 6 3 84.5 0.02 

For the 20 kW Motor drive is 

sRated = p = 22.2kVA 
CO/lnecled rJ . cos ¢ 

sRnted 222KVA 
COIIII('({Cr/ =' =0.00144 
S;c 15.38MVA 

The sum of three harmonic currents, hV,h, IMv,/z, IHv,h, produce the resultant harmonic 

voltages in the power system. In order to maintain the EMC, the resultant voltage 

must be less than or equal to the EMC level for the corresponding harmonic. Each of 

these harmonic currents therefore contributes a proportion towards the harmonic 

loading of the power system. Then the network voltage level factor, ky for the 10\\ 

voltage system can be given as 

k:v = 0.2-0.J 

----- .- ---- ._---
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In order to ensure that the permissible sum current is not exceeded, the proportion 

assigned to an individual customer is determined by the connection factor, kc, which 

is a ratio of connection power to the main power for which the system is designed, 

kc = S Demand = 300kVA = 0.6 
SMail1s 500kVA 

Evaluation of the interference transmission, which is required as 

Bmax < kc . kN = 0.18 is satisfied for all harmonic order. 

where BlIlax > BII, then the connection may be approved. 

3.6.2 Compensator parameter determination 

In order to perform the design of the proposed compensator for the above load, a 3-

phase compensator is needed. This implies that the current rating for a 400V line 

voltage per phase is approximately 32A rms. The peak value of the current in that 

case would be around 45A. A compensator tolerating this rating is to be designed. 

In this thesis, the proposed system is tested on a single-phase basis, which implies that 

the loading of the system is around 45A peak. Some of the loads necessitate 110-

130% harmonics and reactive power compensation of the rated fundamental current, 

which brings the filter rating to around 50A. The single-phase active filter is then to 

be designed for this current rating as in the following paragraphs. 

For the gIven compensation current of around 50A at a supply voltage of 230V 

(single-phase), 50Hz, the power factor of the plant needs to be increased from 0.8 to a 

minimum of 0.95. The harmonics of the power svstem ha\c been measured. 

Ismllil "-'lIsikei 
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In accordance with the future development, the 5th
, i h and 13th harmonics need to be 

specifically eliminated. 

In order to proceed with the design process of the prototype active/passive shunt 

power filter, it is required to meet the specification procedure. These specifications 

will be considered in the following sections. 

Inverter-Characteristics needed to be considered 

1. The switching frequency of the inverter (fsH'itching) 

2. The supply voltage across of the inverter (VDc) 

3. The blocking voltage of the inverter (VB/ocking) 

4. The inverter rated current 

5. The inverter inductor and its value (Lim.) 

Filter-Characteristics needed to be considered 

1 The tolerance current (Itol) 

2 The filter capacitor (CF) 

3 The damping resistor (RDal1lping) 

4 Sampling frequency (Ts) 

5 Delay time (T D) 

6 Resonance frequency of the circuit (j,.) 

Inverter Design 

• Calculate the DC-link voltage of the in\el1er 

--------
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• Calculate the voltage ratings of the IGBT switches 

VBloikillK > 150% - 200% . V DC = 1000 V -1200 V 

• Choose the IGBT switch current rating 

f lGBT > 2· fldmax = 2·50 = 100A 

• First of all, it is required to define the hannonic order and calculate the maximum 

compensated frequency. Harmonics of the order of 5 to 13 need to be eliminated. 

fComp-max = 13 x 50 Hz = 650 Hz. 

• Calculate the switching frequency 

fs ::::: (20 - 40)· fComp-max = 13-26 kHz 

• The sampling frequency of the inverter is then chosen to be 20kHz. The sampling 

interval is then 

Ts = 50flsec. 

• Decide on the value of the tolerance current. Hysterisis error of ±10% is to be 

considered which implies that the value of the total hysterisis band is 

fo = lOA 

• The tolerance current of the inverter is calculated from equation (3.9) 

I tol ::::: 2.115 A 

• Calculate the inverter inductance 

800V 
----=411lH 
20kHz . lOA 

• As a check, the hysterisis band error can be calculated from a different equation. 

This equation is equivalent to the case of a stalled induction motor. which is the 

same as the case outlined here at the instants of the zero crossings of the suppl y 

voltage [102]. 
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I 2 VDC 
tol = . ------='--"--- = 2.2 A 

9 . Is . L inv 

This value is similar to the above tolerance current calculated from the equations 

developed in this chapter. 

(Note that in order to keep the switching frequency constant at 20kHz, with lower 

values of inverter inductances, the hysterisis band selected has to be increased by 

the same ratio.) 

A C-Passive Filter Design Procedure 

• The resonance frequency ir of the circuit diagram of Fig.3.2 (again neglecting 

Lcomp and LF ) is: 

Ls + LillI' 

Ls' Lin\, ,CF 

1 <_. 
2n 

0.470mH + 4mH = 2.5kHz 
0.470mH· 4mH ·10j.1.F 

• To avoid resonance, the following assumption can be made with sampling 

frequency is: 

• The filter capacitor C F should be: 

C F ~ 10 . Ls + LillI' . T/ ~ 10 . 0.470mH + 4mH . (20j.1.S)2 ~ 7 j.1.F 
Ls . Lilli' 0.470mH ·4mH 

• Then, the filter resistance RF can be expressed as: 

• 

• 

L . L 0.470mH ·4l1lH = 1.32Q 
RF = 0.15· (1111') = 0.15· 101lF. (0.470l1lH + 4l1lH ) 

C F' Ls + LII1l , r 

The desired value occurs in time intervals with a constant length given by: 

2J[ 
T <_. 

s 
20 

I . L . C 
~s 111\' F 

(Ls + LIlli' ) 

2n <_. 
20 

0.470mH . 4mH . 10/iF 
--------,- ~ 19.7 j.1. sec 

(0.-+70mH +-+111H ) 

The control delay time TD of the switching circuit can be expressed by: 

-----
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T < ('j . (Ls + Lim.) _ T < lOA· (0.470mH + 4mH) -197 
D - 2 V 5 - . j.1 sec ~ 9.7 j.1 sec 

• DC 2 . 800V 

• Choose L2 and CF and consider the emissions of the switching frequency 

C F = 1.5 j.1F -10j.1F , RF = lQ -1.32Q, X F neglected. 

(for 1 mH =10%, for 2 mH =5%, for 4 mH =2.5%) 

3.7 Summary 

In this chapter, a new method for power quality improvement was proposed. For this 

purpose, a typical distribution power system with fundamental and hannonic currents 

and filter circuit parameters was analysed and described. A different filter circuit 

configuration provides an alternative approach to the existing ones. The proposed 

approach can achieve a complete elimination of hannonics. 

Due to deregulation of the power supply industry, generation, transmission and 

distribution will not be in the hands of one company in the future. Therefore" the 

quality of the supply will become more critical and this alternative method of 

controlling harmonics generated by non-linear loads provides a good solution for the 

industry. 

Having presented the theoretical analysis of the combination of shunt active power 

circuit and passive filters, an analytical load model will be described in the following 

chapter for the proposed system. 

~--~----
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Chapter 4 

Analytical Load Models for Power System 

Components 

4.1 Introduction 

Modem power systems are very complex and consist of all types of electrical 

equipment, such as power plants, transmission lines, switch gears, transformers, 

cables and other consumers. Increasing power consumption by non-linear loads leads 

to growing power quality problems. Industrial and domestic loads cause harmonics in 

the network voltages. Large arc-furnaces and two-phase loads (e.g. welding 

machines) cause voltage fluctuations, voltage imbalance and flicker. These loads 

need to be modelled correctly for proper analysis of power quality problems. 

This chapter deals with the derivation of software models for harmonic compensation 

and power-factor corrections in low and medium voltage power systems, including 

distribution transformers and different loads. 

For this purpose, each element of the system is discussed and load models are 

developed. The distribution substations can be supplied by medium or low voltage 

systems, which require different solutions [150-154]. The results presented in this 

chapter are based on calculations and measurements according to the lEe regulations. 

Harmonic loads have greatly increased during the past fe\\ years, leading to further 

distortions of voltage and ClllTent wa\'eforms, 

/slIIail/{asikci 
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The vanous techniques proposed for harmonic elimination have mainly discussed 

power circuit configurations and their control techniques [14,23,33,39,42,48,69]. The 

process of modelling filter performance in the power system has also contributed to 

the analysis. However, very few papers analysed the load in order to specifically 

model it for reactive and/or harmonic compensation. 

4.2 Modelling of the power system 

FigA.1 shows a general, medium and low voltage power system with different loads 

and compensation methods. According to FigA.1 the individual network impedances 

can be calculated and the equivalent circuit for different orders and loads may be 

gIven. 

Normally, the medium voltage impedance is superimposed on the low voltage power 

system with a transformer voltage ratio factor (l/N2
), whereby the cable capacity 

must be taken into consideration. The harmonic impedances are mainly determined 

by the supply transformers, as long as there is no resonance occurring in the power 

system. The basic data collection is achieved by harmonic measurements on the 

public power supply system. In the following, a power flow program is developed to 

analyse the power quality, and all possible system components and loads are 

discussed. 

The network impedance detelmines the magnitude of the harmonics. Therefore. it is 

important to find the impedance variations of each load. The models can be di\ided 

into four power system groups: residentiaL industriaL rural and urban. each with 

~------ -~--------- --- ----- ---------
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different load characteristics such as T (transformers), R (resistors), C (capacitors) and 

S (series resonance) [17,21]. But, these groups cannot be used for the simulation, 

(a) 

(b) 

(c) 

(d) 

IS11Iaill\({sikci 

M LV 
Delivery of Supply 

Short Circuit 

Consumer 

RT XT 

RT XT ;·············································1 
~ 1 

Xc 

RT XT 
:. ............................................. : 

Xc ~ 

Fig. 4.1: Structure of a HV, MV and LV -Power System 

(a) Single-Line Diagram 

(b) Equivalent Circuit for the positi ve Network 

(c) Equi\alent Circuit seen from the Transformer Side 

(d) Equivalent Circuit seen from the Load Side 
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because the simulation program and calculation time would be extremely large. Other - '-' 

attempts have been made to derive statistical load models of the circuits by their 

probability distribution [35]. As a result, common and frequently occurring loads are 

considered in this work. 

4.3 Analysis of the characteristics of the power system 

The harmonic current vector lh is injected at the point of common coupling (PCC) 

into the distribution system, producing a voltage drop vector V h on the frequency 

dependent harmonic impedance vector Z h [46,47,56,62-67]. Therefore, the bus bar 

impedance can be given as: 

Z . = V 17 i = l z / / ( Z . + ~MV 17 i J J 
-hi I. -Idhi -Thl :2 

_171 N 
(4.1) 

4.3.1 Transformer impedance 

Generally, harmonics are caused by a harmonic current source, transfonner and 

consumer impedance either in series for low voltage systems or in parallel for medium 

voltage systems. The rated transfonner impedance, ZT Rated, can be described by the 

Rated h . . I " Rated 
rated apparent power, ST ' transformer percentage s ort CIrcUIt vo tage. s( 

. d Ra~d 
and the percentage ohmIc voltage rop I'R 

, 

Z 
Rated = \/s - (Rated . Rated ) 

/. . "R + )' 'Stl·(/.\· - S Rated 
T 

lSI/wi! Kasikci 
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V Rated = ~( (v Rated)2 _ ( Rmed )2 ) 
StraYI( V R (-+.3) 

h Rated. 
were V Stray IS the percentage stray voltage drop of the transfOlmer. 

Taking the harmonics into consideration, then the resistance and inductance of the 

transformer become [155] 

(4A) 

1 - i x 

4hi = 4· 4. ~ i > 1 
e . 1 

(4.5) 

4.3.2 Ohmic Loads 

Ohmic Loads apply to domestic and industrial categories. The equivalent resistance 

Rid of the ohmic load can be calculated with the nominal supply voltage VI and 

consumer power ~d (Fig.4.2). It is to be noted that RT h and X T h connected in 

parallel with the load and supply represent the distribution transformer. 

Transformer Ohmic load 
( ................................................................... , , ........................................................... . 

: I 

L .................................................................... 1 

FigA.2: Equivalent circuit of ohmic load 
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v 2 
.1 

~d 
(4.6) 

4.3.3 Ohmic and inductive load (Motor) 

The impedance of an asynchronous motor can be represented by the rated motor 

,...................................................................... , ..................................................................... . 
~ l l j 

~----~------.---------+-------~------. 

~ .................................................................... ; ~ ....•.......•.............•..•.••...•..•...•..................•..... i 

Fig.4.3: Equivalent circuit of ohmic and inductive load 

current and its starting current ratio 
I 

Rated 

S 
Rated 

M and the motor rated power :H 

I Starting 

(Fig.4.3). 

') 

Z Rated = VI-
_M S Rated 

M 

Rated 
where cos rp;\/ 

/slIIai/l\(/si/..ci 

I Rated ) 
M ( Rated.· Rated 

-'.C:-__ • COS rpM + ) SIn rpM 
I Starting 

(4.7) 

is given on the name plate of the motor. 
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4.3.4 Ohmic, inductive and capacitive load (Capacitor) 

Power systems and facilities contain capacitors which affect the network impedance in 

such a way that the resonance frequency, ir' in the system can be estimated as for the 

case of Fig.4.4, by neglecting the motor impedance for low voltage systems, 

(4.8) 

Certain terms in Eq.4.8 can be re-written as follows: 

• Inductance LTJ can be represented as a function of the short circuit power in the 

system S\(oo (neglecting resistors) 

r····································································l : ..................................................................... : 

RTh 
R 

ZTh Mil 

~ C 

X
Th 

X
Mh 

•••••••••••••••••••••••••••••••••••••••••••••••••••••• ••••••••••••• 1 L .................................................................... ; 

Fig.4.4: Equivalent circuit of ohmic, inductive and capacitive load 

(.+.9) 

• Then the capacitor C'd can be calculated from the capaciti\'e charging power Qc · 

ohtained from the difference between the actual and required reacti \'e power of the 

system. 

/sl1I1Ii/l\asikci 
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(4.10) 

• The ratio of the resonance frequency, ir' to the fundamental frequency_ il _ IS 

given by: 

(4.11 ) 

4.3.5 Medium voltage power system 

The occurrence of resonance in medium voltage power systems is high and all 

consumers (loads, capacitances) must be taken into account. The resonance in a 

medium voltage system can be represented, as in Fig.4.S, with the short-circuit 

parameters at the PCC. 

PCC 
r················································1 

: ................................................. : 

Fig.4.S: Equivalent circuit of medium voltage power system 

-fj I'l (4.12) 
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where, the value of I C[r/ is calculated for the current of the capacitive load on the 

referred low voltage side. 

Furthermore, the total short circuit power in Eq.4.12 is the sum of the medium (MY) 

and low (LV) voltage powers and is given by 

(4.13) 

4.3.6 Losses in the power system 

The feeder losses due to harmonic currents are added to the losses caused by real and 

reactive currents to give the total power losses in the feeder system. 

( '") '") ') ) P. =R· 1 -+1-+1-
[0.1'.1' real real'll\'e harmonlcs 

(4.14 ) 

4.3.7 Earth leakage 

It is very important to distinguish the earth remaining current I rem from the earth fault 

current, ICE' which defines the value of the allowable earthing resistance, RE. The 

earth remaining current, I
rem

, can be calculated from the equation [12] 

1,-('/1/ (4.15) 

In industry, capacitors and absorption circuits (filters) are installed to limit harmonics, 

which influence the network impedance. The characteristics of these filters can be 

evaluated as follows: 

• Capacitor C 

C F 

(-+.16) 
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• Inductor L 

1 
LF =--,--

w
1
- C

F 

(4.17) 

• Resistance R 

2n·f . L 
R = 1 F 

F Q
c 

( 4.18) 

4.4 Proposed Load Model for Power System Components 

It is evident that the load model must be constructed according to the type of loads in 

the low and medium voltage system. For each load, there exists only one model which 

can be put together to build up the final load model. Fig 4.6 shows a single-phase load 

model with the frequency dependent network impedance and harmonic sources. 

In order to give the best model, some assumptions must be made: 

1. The cable length in the low voltage system is not too long. 

2. There are not too many points of power connection (radial systems). 

3. Power supply and loads are known. 

4.5 Simulation Results of the Proposed Model 

The valid compatibility level for particular harmonic voltages in public low voltage 

(LV) and medium voltage (MV) systems and the measured values are given in 

TableA.l. These values were introduced into the load hmmonic simulation model 

(Fig. 4.7) to investigate the power system performance. Fig. 4.8 shows a comparison 

between the compatibility le\'c\s with the calculated hmmonics. 
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.............................................................................................................................................................................................................................................................. 

Supply Impedance Harmonic 
Sources 

Load 

: .............................................................................................. : .............................................. .:. ............................. ..:. ..................................................................... ..;. .......................................................... . 

Fig.4.6: Equivalent circuit of different harmonic orders and loads 

Table.4.1:Valid Compatibility Level (IEC 1000-2-2) and Measured Values in Industrial 

Power Systems 

Harmonic measured values measured values 
Harmonic 

Voltage in % LV MV 

Order I' 

lEe 1000-2-2 voltage in % voltage in 0/0 

3 5.0 0.54 0.54 

5 6.0 5.87 5.75 

7 5.0 1.55 1.35 
I 
I 

9 1.5 1.29 0.18 

11 3.5 0..-1-7 0.-+6 
, 
I 

13 3 0.37 0.27 I 

I , 

I 
~---

- -~-
-~ 
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Start 

T 
Initialise all the data of the medium or high voltage power 
supply system (Transmission line data, transformer data) 

~ 
Choose one of the power supply system (transformer, 

resistive load, capacitive load, inductive load of the rural, 
residential, urban and industrial system) 

Input of the cable or transmission line data 

(len !!th and cross section) 

, 

Input of the total network power in the chosen area 
(Ps) 

~ 
Input the tuned passive filters 

(Power, frequency and quality factor) 

Input the measured values for the harmonics in % 

Input the consumer data 
(short circuit power, required power, rated voltage, number of the 

inverters and cable data 
Check all 
the input 

Plot the results of harmonic level, frequency response curve data and 
calculate 

each 
section 

Are the results acceptable 
according to the regulation? 

No 

Yes 

Stop 

Fig.-1-.7: Flow chatt for the calculation and simulation of harmonics in the power system 
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Chapter 4 Allah,tical load model for power sYStem components 

FigA.9 shows the simulated curve of network impedance and efficiency of load 

modelling. The accuracy of this model has been checked up to 110 kYat 2x.-+0 MYA 

transformer and 8000 MY A network short circuit power. 

4.6 Discussion of the Proposed Model 

In reality, it is extremely difficult to model very complicated power distribution 

systems and to measure the frequency dependent network impedance, which affects 

the values of the components [156-158]. 

The information presented in this chapter aims to give a better understanding of the 

harmonics in a power system using a computer program to calculate harmonic power 

flow. A large medium and low voltage distribution power system was selected to 

demonstrate the application of this program. The harmonic current sources were 

investigated by measuring harmonics on the low and medium voltage side. The 

network impedances were determined and calculated based on the measurements at 

the point of common coupling (PCC). 

This method can be used to estimate the response behaviour of the power system in 

conjunction with a frequency range, which is dependent on the network type. day and 

time of year. Furthermore, the expected harmonics and reactions on the mains can be 

forecasted and evaluated to define the electromagnetic compatibility and emission 

limits of the different loads. 

Regarding derivation of the distribution loads. the following statements can be made: 

- -----~~-
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Chapter 4 Analvticalload model for pmrer sYstem components 

1. Transformers and feeders should be represented by equivalent elements. 

2. Cable and lines should be represented by equi valent Il-models. 

3. Other elements such as resistance, inductance and capacitance should be modelled 

by their actual system configuration. 

4. Induction motors should be modelled by skin effect in the stator and rotor and by 

apparent slip at the superimposed frequency. 

4.7 Summary 

This chapter has presented different load models of the power system components. 

For a better understanding of the harmonics and their levels, a software program has 

been developed. In the next two chapters, the software simulation and hardware 

implementation of the proposed circuit will be respectively discussed. 

-------------- Page 102 
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Chapter 5 

5.1 Introduction 

Chapter 5 

Simulation Results 

Simulation Results 

The compensation system proposed in chapter 3 with all its theoretical equations as 

well as the load modelling outlined in chapter 4 needs to be simulated before 

implementing it in a laboratory prototype. The simulation of the operating conditions 

of the system is presented in this chapter. These include several aspects of the system 

such as loss calculations and the effect of nonlinearities in the load models. Real-time 

data recorded from power systems are implemented inside the dedicated software 

programs written for the simulation purposes. The simulation results are presented 

during the course of this chapter. 

5.2 Losses in the Proposed System 

The switching devices chosen for this circuit in the simulation process are critical 

from the point of view of loss calculations. IGBTs are chosen to implement the 

system prototype for reasons explained in the following chapter. The simulation of 

the system should include the calculation of the losses in the switches due to the 

switching frequency employed as well as the case of the conduction losses as is 

explained in this section. 

IGBTs and diodes operate predominantly in switching modes in \\hich there are 

different static and dynamic conditions. The conduction and s\\itching losses occur in 

Ismail A"{[si~ci 
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Chapter 5 Simulation Results 

all these conditions, which leads to a rise in temperature. Fig. 5.1 gi\es an o\enie\\ 

of the losses in IGBTs as well as losses in other components of the proposed system. 

Total power losses of the proposed system 

~·l·r·~·· 
I Static losses I Driving 

losses losses 

On-state Blocking Tum-on Tum- Winding Core Dielectric 
losses losses losses off losses in losses in losses 

losses inductors inductors (neglected) 
i ....................................................................................................................................................................................................................................................................................................................................................... ;. 

Fig. 5.1: Detailed power loss subdivision of the proposed 

Load current 

5.2.1 Device Losses 

To calculate the device losses, the operating curves are put into the program (Fig.5.2). 

Then, the switching losses for the tum-on and tum-off waveforms of an IGBT can be 

given as [159]: 

fri+f(/+t/} 

E IGBT-OIl = f iCol . V CE . dt 
o 

'( 

ElGIn-oIl' = fico,' V CE . dt 
-rei 

and 
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(5.1) 

(5.2) 

(s.~ ) 
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Chapter 5 Simulation Results 

The conduction losses can be calculated using the conduction state voltage V F ' on-

state slope resistance rF and the periodic device current: 

lCol 

VCE 

~ 
I 

to 

I I 

~~ 

(a) 

I 
I 
I 
I 
I 

t 

t 

~ 
I 
I 
I 
I 
I 

ld I 
~ 

I 
I 
I 

k.id 

Vd 
td 

tf 
~ 

I 
I 
I 
I 

traill 
~ 

t 

Llv 
I l----
I 
I 
I 

~ 
I 

t 
(b) 

Fig. 5.2: (a) Tum-on and (b) Tum-off waveforms 

5.2.2 Filter Losses 

(5.-1-) 

The filter inductors can be given by the winding losses Pelt and core losses which are 

discussed as follows: 

(5.5) 

The resistance RL is very dependent on skin and proximity effects. The core losses can 

be calculated as: 

f·EF Bl'B P = \ 'of . ). . " 
('(lre t' I 0 . S . \( .. \ 

(5.6 ) 
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Chapter 5 Simlllation Results 

where 

1 RMS Inductor current 

Vol(, Magnetic volume 

Is Switching frequency 

Po' eF , es Material-dependent constants 

BAc,.\' Flux density of the AC-component at the switching frequency 

The filter capacitor losses can be determined from the resistive and dielectlic losses. 

5.3 Simulation of the Proposed Inverter Power Circuit 

Inverter and filter characteristics are given in Appendix B. Simulation program is 

shown in Appendix C. Simulations of the overall proposed system take the following 

steps: 

5.3.1 Simulation of the losses 

Fig.5.3 shows the investigated single-phase system. Calculation is performed before 

and after the filter circuit to find an optimum filter design and to minimise the power 

losses in the circuit. The results of the total losses are showed in Table 5.1. 

The total losses for the following set of rating in IGBTS can be calculated 

approximately from the relation: 

PI' z (2 to 3) '(~'(Jlldll('fi(J1J + P.llI'ilCilillg ) 
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Chapter 5 Simlliation Results 

Supply 
Ls pee 

Non-linear load 

----------;------------

lS 

l ill\' 

Lcomp 

VDC 

I I ----------- ------------

Fig. 5.3: Single-phase experimental set-up 

Table 5.1 : Total losses of the circuit 

Case 1 Case 2 

1 nns 20A 50A 

RF 2,5W 3W 

Lill\' 250W 367W 

~'ol1dllctil1g 61W 205W 

P~lI'il('hi/1g 43W 48W 

~(}/(11 356.5W 623W 
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The following steps can be undertaken to reduce the losses: 

a) in the inverter circuit 

1. Lower switching frequencies 

2. Lower temperature-coefficient heat-sinks 

3. Shorter switching times i.e lower gate resistance 

b) in the filter circuit 

1. Larger copper cross section 

2. Lower flux density in the magnetic core 

3. Lower current ripple 

Simlliation Reslllts 

As it can be seen from the Table 5.1, the mam power losses occur in the 

semiconductor switches and then in the inductor Lilli" It also shows that the passi ve 

filter increases the total losses of the circuit which must be determined by optimising 

the overall circuit. All these calculations were performed by the software program in 

Appendix A. 

5.3.2 PWM and Hysterisis Switching Techniques 

The clocked hysteris technique [102] and the PWM switching technique used to 

operate the invetter was introduced in chapter 3 and are analysed and simulated in this 

chapter. 

The PWM-hystetisis controller operates in this case as shown in the block diagram of 

Fig.).-f. where the enor signal is fed to the hysterisis controller. The output of the 

~- ---~--~~ -~~--
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Chapter 5 Simlliation Results 

hysterisis controller drives the output stages of the controller. The feedback signal for 

the hysterisis controller is taken from the output signal of the hysterisis block through 

an integrator with a time constant approximately equal to the time constant of the 

overall system. The integrated value is then considered to be the feedback signal 

which when subtracted from the reference current generates the error driving signal 

for the hysterisis block. The internal feedback ensures that the maximum switching 

frequency of the hysterisis controller is determined by the system feedback time 

constant and is always within the desired range. The clocking of the PWM signal 

generated by the controller ensures that the switching of the IGBT switches is 

uniform. 

Sinusoidal Hyteresis comparator 

R t e erence 
+ +jfF Output 1 ;11\' 

'" .... +h +h "" IGBT '" Filter , , , , 

JI'- ), 

-

Driver 

K f v o· dt .J 

" 

Integration 

Fig. 5.4: Hysterisis controller operation 

The output of the hysterisis controller drives an interlocking circuit, which then 

decides on which switch to tum on or off, according to the switching modes defined 

in Table 3.1. 
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On the other hand, the ordinary clocked h ys teri sis controll er operates a peci fi ed in 

[102] . It relies on the fact that the feedback signal originates from the act ual va lue of 

the controlled variable (inverter cUlTent). The resulting switching pattelll fo r the 

switches in the case of a plain hystelisis controller are shown in Fig.5 .5. with the 

cOlTesponding harmonic spectrum of the suppl y CUlTent after compensation shown in 

Fig.5.6. 

30A 

29A 

6.Sms 7.0ms 7.Sms 

Fig. 5.5: Simulation results of CUlTent control of using hysterisis technique 
AMP 
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HARMONIC ORDER 

Fig.5.6: Load harmoni c conten t after compen ati on \\ ilh h) ,' teri si ' tcc hniqucs 
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Chapter 5 SilJl/l lOTion Rc>sui rs 

The PWM-h ysteri sis waveforms are applied to the IGBT switches in th e simul ated 

circuit and is shown in fi g5.7 , with the harmoni c spectrum of the resul ting suppl y 

current shown in Fig.5.8 . 

2IJA 

OA ~--------------------~~~~~~---------------------

-20A 

-40A -l-----~------,---------r---------r------__._----____,_-----,----____, 

(i .OIllS KO Il IS 12.0111 -; 1-I .il IIiS 

Fig.5 .7 : Sim ula ti o n res ults of the PWM hysteri s is co ntro ll e r o pe rati o n 

30 
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o~~~~~~~~,+~~~~~~~~~+rrr 
o 1 2 3 4 5 6 7 8 9 10 11 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 20 

# OF HARMONIC 

Fig.5.8 : Load harmon ic content after compensati on with p\t\ M tec hnique 

/slIw ii Kosikci 
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The si mulated switching pattern of the switches in the case of the PWM-h ys terisis is 

shown in Fig.S.9 with the pattern for each one of the switches. While the overa ll 

switching pattern for one complete cycle is given in Fig.S.IO. 

t)Jl m 1.,I .5m 

.'. l 
- SI 

IU lr1l 1) .5 111 IO .llm 10.)11) 11 "111 

:l 
- S2 

, UUWJUWJ~ 
')Jim I) . S III 1(1 . :\1 11 II .Orll '.m ~ 

I I 
t) J1 11l 1) . 5 111 I CU llt1 10 ) 111 

:~_ lJ ~ 
I 

- S_I 

') .O m ').5 111 10.l JIl I [ tl.S Ill 11 .11111 

F ig. S.9: Switching pattern of the switches and inveI1er current 

On~--. 

Fig. S.lO : Switchin g pattcIll of the IGBT 
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Chapter 5 Simulation Results 

It is worthwhile to note that the resulting supply current after compensation for the 

case of using a hysterisis controller (Fig.S.6) is shown to be better from the point of 

view of low order harmonics levels, than the case of using the PWM-hystelisis 

controller (Fig.S.S), which does not eliminate all the low order harmonics. 

Moreover, the current variations in Fig.S.7 for the PWM-hysterisis controller do not 

need to switch from positive to negative slopes (or vice versa) when it reaches the 

boundaries set by the hysterisis zones. Instead, the current switches between different 

slopes at the particular times when the integrated current (in Fig.S.4) reaches the 

limits. This case reduces the effects of the high frequency switching and reduces the 

amount of high order harmonics that is generated by the system. 

This fact is obvious since the hysterisis controller reacts on the changes of the actual 

controlled value of the inverter current; while the PWM hysterisis is shown to react on 

the integral of the switching pattern, which renders its control more uniform however 

not extremely precise as the hysterisis controller case. These theoretical consideration 

are proved practically in the following chapter by the implementation of both 

controllers and comparing the current ripple resulting from each one of them. 

However, in the next chapter it is shown that the incorporation of the electromagnetic 

interference critelia will prove that the use of the PWM-hysterisis controller is much 

better from the EMC point of view. This is the case for the high frequency analysis. 

which can not be accurately modelled on the computer when simulated at discrete 

time steps. 
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32 

24 

16 

H ys teri sis Contro l 

8 I PWM · Coll tro! 

o 2 4 6 8 10 12 14 

Fig.S.II: Prediction of the generated harmonics of both hysterisis and PWM 

techniques 

Fig.S.11 shows the difference in compensati on between the harmoni cs generated by 

the acti ve fi Iter for harmoni c and reac ti ve power compensati on fo r both the cases of 

hysteri sis controllers and PWM-h ys teri sis controll ers fo r the low harmoni c case (up to 

the 13th harmoni c) . 

5.3.3 Effect of the passive filter 

In thi s secti on, the proposed circuit is simul ated with and without the passive fil ter. 

Fig.S.1 2 shows the results of the circ uit simulati on without the pass ive filter. On the 

other hand , Fig.S .1 3 shows a better simul ated-c urrent-waveform without any 

superimposed hi gh freq uency sw itching harmonics for the case of the incorporati on of 

the pass ive filter circuit in the simul at ion. It is obvious th at the harmoni c conten t of 

the suppl y vo ltage and supp ly cun ent is increas ingly reduced. 

/SIII ([;/ K{{sikci e (/ .f!,C 1 1-+ 



Chapter 5 Si/ll/{/arioll ReslI/[j 
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Fig.S.l2: Simulation results of the circuit without the passive filter 

Fig.S.l3: Simul ation results of the circuit with the passive filter 

5.3.4 Harmonic measurements in real 10 kV and 400 V power systems 

Tota l power consumption (active and reactive power ) and h arn10nic 
measuren1ents were carried out in a power distribution sy t Ill. Lon g time 

p riods were recorded. 
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The tran sformer currents and all consumer cUlTents were mea ured at the ame ti me 

as wi th the voltage. The strongest harmonic vo ltage and current level s were at the 5th 

d 7 th h . an armomcs . 

Using this data, the validity of the model along with the filter operation and 

performance were checked, as descri bed below . 

The measured values of the main network harmonic current were fed into the network 

model and sim ulated. Fig.S .14 and Fig.S .1S illustrate the signifi cant reduction of the 

harmon ics achieved before and after compensation. Fig.S .16 represents the 

instantaneous c urrent and voltage waveforms, which were simul ated for the filter 

operation. 

12 Harmon ics fed into system 
A 

10 
....... 
c 
(1) 
~ 

8 ~ 

::J 
U 
U 
c 6 
0 
E 
~ 

<U 
4 ::r: 

2 
1 

'"1 o '-,- '- r ' I - i I '--.' '-'-' '-r' '---'- ', - 1-,-'. - 1- , ' I ' 

o 1 2 3 4 5 6 7 8 9 1011 121314151617 18 19 

No. of harmonic orders 

Fi g.S .14: H armoni c current spec trum before compensati on 
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30A 

Harmonic 
current 

5A 

-; 
, 
, 

-i 

! 

o 
7, I c:ya I /"f". I T· i i' 'I I' I I 

No. of harmonics 20 

Fig. 5.15: Harmonic current spectrum after compensation 

i Load current before compensation 
40A - L 

20A 

OA 

-20A 

Simlliation Results 

-40A ~--~~--~--~----,---~----~ __ ~ __ --, 

60A 
Inverter current 

30A 

OA 

-30A 

-60A . 
30A 

Is Supply current after compensation 

15A 

OA 

-15A 

-30A 

400V 
VS Supply voltage 

200V 

OV 

-200V 

-400V t 
20,Oms 30,Oms 40,Oms 50,Oms 60,Oms 

Fig.5.16: Performance of the system 
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5.3.5 Simulation results for an inductive-load in the power system 

Fig. 5.17 shows the simulation results for a gi ven inductor load voltage and cUlTen t 

spectrum before and after compensation and Fig. 5.18 and Fi g. 5.19 harmoni c 

spectrum before and after compensation respectively . 

Inverter Current 
40 
20 ,( o 1 ' 

-20 
-40 

" i / , / 

Load current (before co mpensatio n) 
40 
20 r~ ___ ~../J " ~ 
o / , , 

-20 '~ 
40 j ~ 

Supp ly C urrent (after co mpensati o n) 

/ 
./ 

Supp ly Vo ltage 
400 
20g // 
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o 10 20 30 

\. 

/ 

40 50 time [mspO 

Fig. 5.17: Voltage and cUlTent spectrum before and after compensati on 
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Fig. 5.19: H armonic spectrum after compensati on 

5.3.6 Simulation Results for Given Non-Linear Load Output 

The nonlinear load shown in Fig. 5.20 is representative of most electronic eq uipment 

in the industry and computing systems. The proposed system fi Iters the harmonics 

successfully. Figures 5.21 and 5.22 show harmoni c cunent spectrum before and after 

compensati on. 

30A Load c urre nt (before co mpe nsati o n) 

105~ ~ ~ 
-15A '(/71 
-30A 

Inverter C urre nt 

60A ~ 
3g~~I~I~I~1 

-30A 
-60A 

S uppl y C urrent (after co mpensatio n) 
30A 

1~~~~~r~~ 
-15A 
-30A 

S upp ly Vo ltage 

400V ~ 200V OV~~I~~I 
-200V 
-400V 

O.Os 10.0ms 20.0ms 30 .0ms t 40.0ms 

Fig.S. 20 : oltage and current pcc trum before and afte r 'ompcn ,' Lllion 
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Fig.S .2l: Harmonic current spectrum before compensati on 
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Fig.S.22: Harmonic Current Spectrum after Compensati on 

5.7 Summary 

Thi s chapter described the process of simul ating the proposed sys tem. Vari ou 

nonli near loads were tested usin g the dedi cated simul ati on software and the y tem i 

shown to operate properly accordin g to th e design. The imp lementati on of thi ' po\\ er 

y tem condi ti oner wi II fo ll ow in th nex t chapter. 
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Chapter 6 

Experimental Set-up and Practical Results 

6.1 Introduction 

In the previous chapter, the simulation of the proposed system was performed and this 

proved to be successful in eliminating the need for two devices: reactive power 

compensator and harmonic eliminator. The simulation showed that the device does not 

generate any low-frequency harmonics while eliminating the reactive power. This 

chapter deals with the practical implementation of the proposed system. It describes the 

practical prototype implementation and the control process according to the simulated 

data of the previous chapter. 

A single-phase active filter was built in an experimental laboratory to prove the 

simulation results and to verify the control system and network topology. The results, 

which will be presented later on in this chapter, will show the voltage and current before 

and after compensation as well as the harmonic current spectrum before and after 

compensati on. 

6.2 Choice of Switching Devices 

Gate/base controlled components such as bipolar transistors, power MOSFETs. GTOs and 

IGBTs are used for controlling currents, voltages and switching frequencies [159]. GTOs 
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can only achieve their maximum output up to 2kHz. The bipolar transistor has lower on­

state power losses when switched on, particularly for high base impedance types. 

Power MOSFETs are quick and can be switched on and off at relatively very high 

switching frequencies, but their on-state power losses are distinctly higher than those of 

other types. The control of MOSFETs is much easier than that of bipolar transistors. The 

advantages of the bipolar transistor and the MOSFET are combined in the Insulated Gate 

Bipolar Transistor (IGBT). The difference is the additional, strongly doped layer on the 

collector side. 

When exammmg control methods for power converters, the permissible switching 

frequencies of semi-conductors IS of great importance. It substantially affects the 

approximation of the converter voltage and current curves to the ideal design values. 

6.3 Inverter and AC-Filter Design 

In this section, the required elements of the single-phase configuration of the proposed 

filter are calculated and designed. In order to design an AC-filter, IEC standards must be 

followed. The inverter output current has to keep line perturbation below the permitted 

levels. Frequencies below 2 kHz and above 10 kHz have to be taken into account. The 

precise working conditions of the inverter and passive filter depend on the proper choice 

of the circuit characteristics such as IGBTs, drivers, resistors, capacitors and other IC­

circuits. Often some of them are limiting factors. For this reason, a construction guide for 

--------~----
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the inverter and AC-filter design practical procedures IS gIven In the flow charts of 

Fig.6.1 and Fig.6.2, respectively. 

Ismail A.-([sikci 

Start 

Define the harmonic order and calculate the 
maximum compensated frequency fComp-max 

Calculate the switching frequency 

fSl1'itchil1R = (20 - 40) . fCol1lP-max 

Calculate the supply characteristics of the IGBT 

VDC >VJl .12. 120% 

VBl k· > VDC ·150% ... 200% 
oc lJlR 

Choose the IGBT rating 

iIGBT > 2· i Lmax 

Stop 

Fig.6.1: Inverter-Design Procedure 
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Start 

-" 

Cut-off point of the filter must be between switching frequency and 
maximum compensated frequency. High filter damping is required. 

-,r 

Calculate switching frequency and inverter inductance 
VDC 800V 

L > - = 4mH 
inverter Is ~. 20kHz ·lOA 

. lmax 

Linv = 1 mH, 2 mH and 4 mH 

Choose L2 and CF and consider the emissions of the switching frequency 
C F = l.5 /IF - 6/lF , RF = l.12.Q, X F neglected 

Calculate the hysterisis band error, H8 I = VDC 

11111 9. f . L 
s //11' 

(for 1 mH =10%, for 2 mH =5%, for 4 mH =2.5%) 

Stop 

Fig.6.2: AC-Filter Design Procedure 

6.4 Experimental Set-up 

The complete block diagram of the proposed system was presented in chapter J. Fig.J.l 

represents the block diagram of the control system. The block diagram shows ten main 

-----------------~.- --------
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sections constituting the active/reactive compensator. The practical implementation of 

the system must include all these blocks in order to realise the function of the circuit. 

The harmonic current generated by the non-linear load is detected and fed-back to the 

reference current estimator, in conjunction with the other system variables. The resulting 

reference signal drives the overall system controller, which, in tum, generates the control 

output necessary for the switching pattern. The resulting filter current is also detected 

and fed back to the controller. The power circuit of the inverter and the passive filter 

circuits are then connected to the power system at the PCC. The power circuit of the 

proposed system is presented in Fig.6.3. 

All measurements were carried out using the set-up shown in Fig.6.3 consisting of a non­

linear load, an AC supply, complete control system, IGBTs for a single-phase inverter 

circuit as well as connection points for measurements. 

The custom-designed and built control circuits contain commercially available electronic 

components, which are connected together to generate reference and feedback currents 

with a hysterisis-band controlled PWM signal driven at a fixed switching frequency 

(20kHz). Pulse width modulation is used to eliminate the effects of electromagnetic 

interference. The hysterisis current control method has an excellent dynamic response as 

it is equipped with a very fast control mechanism. The printed circuit board is shown in 

Appendix D-l, which contains the terminals for the required inputs, outputs and signals. 

The electronic circuits operate at ±15Volts. The IGBT driver circuit pin description is 

ISlIlail r:asikci 
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Non-linear load 
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Experimental Set-up and Practical ReslllTs 
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-------------,-----------~ 

L ____________ ~ ___________ _ 

------------------------, 
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Passive Filter Circuit 

------------------------

o 0 

• 

Current 

Transducer~~--1 

Measuring Points 

Fig. 6.3: Practical Layout for the Experimental Set-up 

presented in Appendix D-2 shows the main network pin description and the driver board. 

The currents and voltages are detected using current and voltage transducers with the 

appropriate ratings chosen according to the load rating and then connected to the control 
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unit (Appendix D-3). According to power supply companies power factor of the plant 

must be at least 0.95. For this reason a compensation adjustment (cos<p -adjustment) is 

designed (Table D.5 to Table D.7). 

Moreover, the power circuit is protected from short circuits and faults with the aid of 

fuses and relays. A protection system is also included against transients and lightning 

surges, which may totally damage electronic equipment. Appendix E shows the power 

and control circuit. Temperature sensors are installed in the "hot spots" to detect interior 

temperatures of the inverter (set at 70°C) and passive filter circuit. Under any fault, the 

protection system will disconnect the power and isolate the whole circuit. An Overview 

of the complete system is given in the Appendix F. 

It is worthwhile to note that the state of the inverter capacitor has to be considered at the 

start of the operation. This is due to the fact that the operation of this capacitor can be 

divided into three modes (Fig.6.4). Mode 1 is the "switch-on" condition where the DC 

capacitor charge is at its minimum. In this case, energy flows from the ac mains into the 

DC capacitor system (charging operation). This mode is normally the case when the 

inverter is switched on for the first time. Charges start building up across the capacitor 

until its voltage is equal to the nominal value (800Y). At this point the operation of the 

circuit can resume. Mode 2 relates to "compensation", where energy flows from the DC 

capacitor into the mains (discharge operation). The third and last mode (Mode 3) is the 

"switch-off' condition where the energy across the DC capacitor must be dissipated in an 

-------~--~~~-
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external resistor. The flow chart in Fig.6.4 explains the operation of each mode and the 

transfer from one mode to the other with the conditions needed for each mode to occur. 

Mode 3 
Discharge 
Switch-Off 

No 

IGBTs OFF 
(IDe = 0) 

Mode 2 
Compensator 

Operation 

Mode 1 
Charge 

Switch-On 

Mode 3 
Discharge 
Temporary 
Switch-Off 

Fig.6.4: Flow ChaIt for the DC Capacitor Operation 

In power system applications, high efficiency of the inverter circuit is desirable. In the 

following, the efficiency is detetmined by the device and filter losses. For rising 

switching frequency, device losses increase and filter effort decreases: thus the filter 

-- .~~~~-.-.--- Page I ~s 
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losses decrease. To find an optimum switching frequency, inverter inductance value and 

filter design, the losses must be calculated and measured. 

6.S Practical Results 

The practical implementation of the above system generates a large amount of practical 

results, which are subdivided in the following sections. 

6.5.1 EMC Compatibility and Choice of PWM and Hysterisis Control 

Besides non-linear loads, inverters cause high frequency harmonics, noise propagation 

and malfunction in the power system. Electronics systems in the surroundings of the 

inverter react to the presence of high power harmonics in the range of up to 10 kHz and 

low power harmonics between 10 kHz and 30 kHz. These are disturbance voltages due 

to switching high amounts of currents and voltages on and off and are given in dBIJlV. 

In order to reduce these effects, the special passive filter circuit and the PWM-hysterisis 

current control techniques were used. 

It is recommended by the standards to comply with the harmonic and EMI regulations. 

In order to ensure that the proposed system meets the regulations, the high frequency 

components of the inverter and supply currents were measured using a spectrum analyser. 

The EMI generated by the proposed system was measured when employing both 

hysterisis and PWM techniques. Fig.6.5 shows the results of the electromagnetic 
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emi ssion without the passive filter. The emitted interference is decreased about 30 dBI 

as shown in Fig.6 .6, when using the PWM-h ysterisis. This can be interpreted to the fact 

that the insertion of the zero switching states during the delays explained in chapter 3 

causes the voltage signal to switch from ±Vdc to 0 and not to the other polarity wh ich at 

least halves the amount of EMI generated. The insertion of the switching delay within 

the switching subcycles ensures another reduction . The passive filter designed traps the 

hi gh frequency harmonics as shown in the Bode plots of chapter 3. It stops these 

harmonics from penetrating into the supply and hence fU11her reduces the EMI generated 

by the system. 

Permissible level of electromagnetic emissions of the switching power devices is given in 

Fig.6 .7, in conjunction with the emitted harmonics. These indicate th at the passive fi lter 

and the proposed switching technique meet the EMI regul ati ons. 

10 dB/div 
.. .. .. .. .. .. . ~ .. .. .. .. .. .. .. .. .. .. .. .. .. , 

. . . 
.. .. .. .. .. .. .. .. .. of .. .. .. .. of .. .. .. .. .. .. ~ . . 

. 
.. .. of ........ ...... .... 'I' ................ .. . ' 

· .......... .. ................................ 

· , .. ...................................... .. . , 

· .. ....................... ........ ........ . .. 

S kHz/di 

Fig.6.S: Prac ti ca l res ults of the elec tromagneti c emi ss ion without the pa ivc ri Iter 
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10 dB/di v 
I , 

....... ~ .... -+ + oj. .. .. .. .. .. .. .... • • ..... 

5 kHz/di v 

Fig.6.6: Practical results of the electromagnetic emi ssion with the passive filter 
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Fig.6.8: Load Current waveform and its harmonic content 

6.5.2 Choice of Inverter Inductance 

Fig.6.8-a shows a non-linear load current characteristics with the supply voltage, which 

was used for all measurements. This is a typical thyristor bridge with an inducti ve load 

on the DC side. The triggering angle for the thyristor bridge is 60°. This is a typical non-

linear load with difficult compensating characteristics that contains both reactive power 

compensation as well as harmonic compensation. It is considered in these cases by the 

practical implementation for all the test conditions. Fig.6.8-b shows the harmonic 

--- _._-----------------------
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distortion in the supply voltage. Fig.6.8-c shows the harmonic content of the load 

current, which represents the non-linear components that will be removed by employing 

the proposed circuit. Note the presence of more than 30% 3rd harmonic and 20% 5th 

harmonics, leading to a 38.2% total harmonic distortion (THD). 

6.5.2.1 Nonlinear load with L = 4 mH 
[/11' 

In Fig.6.9, an inverter inductance of 4mH was used for the measurement of this case. 

This chosen value is conformal to that of calculations. The curves of Fig.6.9-b show that 

the compensated current is not sinusoidal. However, there exists a large value notch in 

the middle of each half cycle, which is superimposed on the sinusoidal current waveform. 

Fig.6.9-c shows the harmonic spectrum of the compensated current and it still contains a 

considerable amount of 3rd
, 5th and i h harmonics. The choice of 4mH inductance was 

mainly due to the simulation, which normally neglects some of the nonlinear effects of 

the system. The following two sections use reduced values of inductance in order to 

improve the system performance and the harmonic elimination. 

6.5.2.2 Nonlinear load with Lim' = 2 mH 

Fig.6.10 shows the current waveforms as well as the harmonics contents for the same 

case as above with a smaller value of inverter inductance (Lim' = 2 mH). It is very clear 

that a smaller value of inductance has helped a great in reducing the nonlinearity in the 

suppl y current. 
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It is also worthwhile to note that the hysterisis band increases with the decreasina inverter 
~ 

inductance. This is due to the fact that the rate of current rise is increased by reducing 

inverter inductance. In order to keep the same switching frequency of the system, the 

allowable hysterisis error band must be increased. This of course does not affect the low 

order harmonic content of the system as the switching frequency is fixed in the range of 

16-20 kHz, which is far beyond the low frequency range. 

6.5.2.3 Non-linear Load with Lim' = 1 mH 

This is the ultimate operating condition of the load. It can be seen that the proposed 

system operates satisfactorily from the point of view of generating a relatively smooth 

sinusoidal waveform (neglecting the superimposed switching frequency) (Fig. 6.11). The 

generated waveform can accomplish the required task of eliminating power factor as well 

as harmonics from the power system, as will be discussed further in the next subsection. 

It is shown, in this case, that the tuning of the optimal values of inductance calculated 

theoretically can be performed on the prototype. This is quite advantageous for the final 

fine tuning, since the simulation does not take the nonlinear effects of the inverter such as 

the saturation of the output voltage and the switching time delays of the switches. In 

addition the losses of the system are calculated as mentioned above for certain operating 

conditions, which do not include the snubber circuits across the IGBTs. All this implies 

that the theoretical computation has to be fine-tuned on the implemented prototype as 

shown above. In the next pat1 of the load test, the value of ImH \\ill be adopted since it 

generated the best results for these operating conditions. 
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6.5.3 Power Factor Correction Case (Linv = 1 mH ) 

Fig.6.12 shows the measured results for power factor correction at 0.86 and at 1.00 as 

well as the harmonic spectrum of the supply current after compensation. This case 

presents the ultimate compensation performed by the system. The power factor 

correction, presented in the first case of Fig.6.12-a, shows the effect of the partial 

compensation from the load current shown above to the case of 0.86 power factor. The 

overall unity power factor correction is shown in Fig.6.12-b to have compensated for the 

harmonics as well as the reactive power. In this case the measuring device still reads the 

value of 45V AR as a reactive power while the power factor is shown to be unity. This is 

due to the method the measuring device uses to perform the sampling of the signal. The 

high frequency harmonics in the current are interpreted, by the measuring device, as 

being reactive power. On the other hand, the power factor shown as unity is the 

interpretation of the power factor of the fundamental component of the compensated 

CUlTent which in this case is in phase with the supply voltage and hence has generated the 

unity power factor as a result of the compensation. 

IIII/ail Kasikci PlIg(' 135 



Chapter 6 

Ismail f...ll.ldd 

Experimental Set-lip and Practical Results 

(a) Inverter Current 

238S~~S 
, ........................................... -................................ ~ ............. , ................. . 

. . ;. .." ,<.: 4A 
~~.: ~'\'" ~: \ .. " .,,:.'\" ... "~ 
.~~---~---~---~---~-~---~~-----~ 
... >/ .. ~ ..... >/ ......... . j ..... : ..... ~/ 

(b) Compensated Current 

37.7i~D 
2.379~ms 

4.01<F . ~ 
1 .I~ 

50.00 Hz 

2.207 A 
92.6 %r 

0 0 

.............................................................................. 
100 
%r 

50 ................................................... . 

o 1 5 9 13 1"( 21 25 29 33 3"( 41 45 4 

(c) Harmonic Spectrum 

Fig.6.9: Loading condition for (L/I/\ =.-J. mH ) 

Page 136 



Chapter 6 

ISIII(I i I 1\ {/ S if..: c i 

Experimental Set-up and Practical Results 

.. ~ .. ~.~J~;~ .... ??;.1.~~ ... ;f.; .. ~.QJL~~ ... 
'~oou : r·" .F",. t"':>. 
.~ ....... /.:\. .., r·"\····· I::·· 
-!J:,~----f-----'~-----/-----~~.----f---~\~----~·· 
... \;~/' . ~. _ .. :'~.:;J~~' . . ·~"'~~L~t· ..... "\-';'/ .. 

............................... ............................................ t? .. ~ .. 1 .. ;;~ .. 

(a) Inverter Current 

2282 1'ms 2284U::: MAX 500 
...................... + ...... y~ ........ ~~~~y~ .... ~.I~ ............... + ......... ~~ .. 

22S3~~s 
......... ~ ......................... -.... . 

< . ~ .. .. ~: ...... ~f!I 
''''."\. ~.- ~ /.; -~(. ].f' ~~ 0 
--~-;.r-----~~-/ ...... ----""~:-::.:t"---:- "'~-7 
.j.!j.. .. ~ 

(b) Compensated Current 

24+2~~D 
2.242~ms 

100 %1' 

2.91<f 

50 ............................................... . 

1 ~I~ 
5UOOHz 
2. 172 A 

97.0 %1' 
00 

o 1 5 9 13 17 21 25 29 33 37 41 45 4 

(c) Harmonic Spectrum 

Fig.6.ID: Loading condition for (LIm = .2 mH) 

Page 137 



Chapter 6 

Ismail I\([sikci 

Experimental Set-up and Practical Results 

....................................... t? .. ~ .. ~ .. ;;~. 

(a) Inverter Current 

2288 ~~s 228.7U::: MAX 500 
............• .................. ~~~.~~~ .. ~IH ..............•....... ~:Z. 

:. ~. 
,,> ·c· 
'\., .. /." 

21 57~~s 
................... -..... ~ ................................ . 

(b) Compensated Current 

1 O.2~~D 
2.1 S4~ms 

100 
%1' 

1.8 I<F 

1 ~I~ 
49.95 Hz 

2.140A 
99.5%" 

00 

50 ..................................................... . 

..... .... 

o 1 5 9 13 17 21 25 29 33 37 41 45 49 

(c) Harmonic Spectrum 

Fig.6.11: Loading condition for (L",\ = 1 mH ) 

Page 138 



Chapter 6 

446w 
528uA 
282uAR 

Experimental Set-up and Practical Resllits 

0.85 LF 
0.86 COS'll 

50.0 Hz 
GESAMT 

(a) Compensated Current (0.86 power factor) 

344w 
347uA 

4SUAR 

0.99 LF 
lOO cos'!> 
SUO Hz 

GESAMT 

,,200U ,:/""" .~. ,~ '1' •• , .......... - ••••••• of· • .., •••••••• ,. •• ~ ••••••• 

.... ;;', :' 't ~ :'t 

-~~-----;i~---~~:----j~----~-----~---~-~----~! 
"'-"Y.,;;-"';'· ~'''\ ... :/'''''' ,1-,J"" :"'\V" 

(b) Compensated Current (unity power factor) 

1 0.8 ~~o 
2.179~ms 

100 
%r 

2.1 t<F 

1 ~I~ 
49.95 Hz 
2.162 A 

99.4 %r 
0 0 

50 ' """""""""""""'''''''''''''''''''''''''''''''".,,'''''''''''''' """"", ..... , ... 

o 1 5 9 13 17 21 25 29 33 37 41 45 49 

(c) Harmonic Spectrum 

Fig.6.12: Loading condition for power factor correction ( L" = 1 mH ) 
.... 

Ismail Kasikci Page 13c) 



Chapter 6 Experimental Set-up and Practical Resllits 

6.6 Analysis of Losses 

Fig.6.13 and Fig.6.14 show the measured inverter losses dependent on the inverter 

inductance and switching frequency. Fig.6.13 indicates that the IGBT tum-off losses 

decrease and the tum-on losses increase with increasing inverter inductance and 

switching frequency. For lower switching frequency, the losses are lower (Fig.6.14). 

Conduction losses are constant for almost all values of inverter inductance. 

Power (W) 

Conduction Losses 

Tum-Off Losses 

Tum-On Losses 

1 1.5 2 2.5 3 3.5 4 4.5 5 

Fig.6.13: System Losses at 20 kHz 
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Power (W) 

25M-------~~------------------~ 

20H-----------------------------~ 

15~----------------------------~ 

10H-----~~--------------------~ 
Tum-On Losses 

5H---------==---:::B:::=/ 

O~_,-.__.-._-.-~~-~~--~~ 

1 1.5 2 2.5 3 3.5 4 4.5 5 

Lill\' (mH) 

Fig.6.14: System Losses at 6 kHz 

6.7 Time Response 

The response time of the inverter was also measured. Compared to the existing power 

conditioner in the industry, the proposed circuit is very fast to compensate for the 

harmonics and reacti ve power. The response time for commercial industrial 

compensators from leading companies is in the range of 20-40 msec for 40 Amp IGBTs. 

The proposed system has a time response of Imsec when used with a ImH inverter 

inductance. This value is slightly increased to 3.5msec for the case of 4mH which is not 

acceptable from the point of view of performance (nonlinearities such as notches). The 

value of I ms is then the one attributed and the system can be stated to be at least 20 times 

faster than the commercial products from the leading manufacturers in the field of power 

systems and electronics. 
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6.8 Summary 

In this chapter, the construction of a single-phase configuration of the proposed acti \e 

power filter has been described. The overall block diagram of the proposed system \\'as 

successfully implemented in real industrial situations. The practical results presented 

here show that the shunt active power inverter with the passive filter combination 

successfully reduces unwanted harmonics generated by non-linear load. The filter can 

respond within 1 ms to rapidly varying load conditions. The proposed system can also 

reduce the electromagnetic interference in a range of 30 dB/div. 

Due to the nature of the fast calculations being performed, inverter filters are mostly 

suited to industrial and commercial building applications which contain a significant 

number of computers and other non-linear loads; this type of filter is therefore highly 

suitable for future power quality problems. 

~- ~-~--- ----

Ismail A:asikci 
f'uc.;e I-C 



Chapter 7 Conclllsions and Fliture \\'ork 

Chapter 7 

Conclusions and Future Work 

7.1 General Conclusions 

A new method of power factor correction, harmonic reduction and load modellina for 
b 

power systems using Insulated Gate Bipolar Transistors (IGBT) is presented in this 

thesis. Principles of operation, methods of control, modelling, analysis and design of 

filters are shown. Theoretical investigations were carried out to evaluate the 

performance of the proposed method. Although the problems associated with network 

disturbances and electrical pollution are being studied, there is still a need to find 

better and faster solutions. 

Measurements prove that electronic components are the main source of harmonics in 

networks. The highest voltage level is measured for the fifth harmonic, which spreads 

over all voltage levels of the entire network independent of coupling to transformers. In 

medium-voltage mains, more and more consumers are being supplied directly. The 

power supply companies now request the installation of harmonics limits based on the 

user pays plinciple. In each specific case, the network must be analysed and investigated 

or technical and economical solutions in order to improve the power factor and to 

minimise hatmonics. The results show that the method presented here contributes to the 

optimisation of efficiency and to a\oid harmonics. 
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An extensive survey of the most important publications relating to reactive Po\\ er 

compensation and to harmonics was carried out and is summatised and discussed in 

chapter 2. Techniques to improve and correct the power factor have been brought up 

to date. In addition, reactions on the mains from non-linear loads have been discussed. 

Active filtering and its control technique are discussed in great detail. A huge number 

of active power filter circuit configurations and compensation methods have been 

proposed in the literature. The control algorithm of active power filter circuits is very 

complex. In addition, the system impedance, which affects the magnitudes of the 

harmonics, is very dependent on loads and time, making it difficult to measure. The 

validity of this method has been verified by a software system, which was developed 

to evaluate real reactive power situations. 

For this new method of harmonic current reduction, the filter circuit parameters were 

analysed, calculated and described. This filter configuration, which can be applied to 

single- or three-phase low power systems, was shown to provide an alternative 

approach to existing ones. 

A software program is presented in this work which calculates harmonics in a power 

system. The network impedances were determined based on measurements at the 

point of common coupling (PCC). 
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7.2 Discussion of Results 

In this thesis, it has been demonstrated that a combination of IGBT-inverter with 

passive shunt filters connected to the inverter can be used to eliminate harmonics and 

to improve power quality. Furthermore, a new control method has been de\eloped to 

increase the response time of the inverters and to reduce power losses. 

This work can be seen as providing an alternative technique to those currently existing 

in the industry. The employment of the proposed technique for reactive power 

compensation offers the following benefits: 

exact compensation of power factor. 

continuous controllability. 

maximum utilisation of capacitor capacity. 

PC and Digital Signal Processor are not needed for the control unit. 

The circuit presented in this thesis has only few electronic power components. 

good compensation in keeping within reactive power and cos qJ limits, even 

under varying reactive power demands 

additional supply of active power to minimise load peaks and to support the 

network. 

Further advantages are: 

Switching can be used frequently. 

Components are economically pliced and widespread. 

Large scale integration leads to low costs and good reliability in usc. 

Standard application in PO\HT electronics is feasible. 

--~-"-"~--- ----
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Simple control concepts can be applied. 

Lower EMI emissions. 

The modelling of the proposed system in both the time and frequency domain \\as 

presented in chapter 3. The presented block diagrams and the reduced transfer 

function model analysed in the s-domain show that the system is stable from the point 

of view of magnitude response up to high frequencies over 1kHz. This frequency is 

equivalent to the 20th harmonic of the load current. The compensation of the system 

at 20kHz switching frequency and the supply frequency of 50Hz are very far from any 

resonance problems that may occur in the system. The characteristic equation of the 

open loop has the following roots: 

Sf = -68.5 (dominant pole) and Sf = -688610.5 

which are in the left hand side of the s-plane and the system is stable in the open loop 

and is able to compensate for the high order harmonics and to reduce their effect on 

the power system since it operates as a low pass filter with a minimum of 17dB 

attenuation in all the cases. 

The analytical and experimental results prove the validity of the proposed method. 

The simulation results show significant reduction of harmonics and correction of the 

power factor. The design can be implemented with commercially available 

components. The power factor is controlled in real time. Consequently, the system is 

suitable for applications which require a rapid effect on the power factor. The system 

can feed inductive and capacitive reactive power into the network. both highly dynamic 

and continllolls. 
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Various non-linear loads were simulated and tested using the dedicated simulation 

software. The system was shown to operate properly according to the design. From 
'-' 

the measured data the complete low voltage and medium voltage power system can be 

simulated and designed. 

The inverter losses depend on the inverter inductance and switching frequency. The 

IGBT tum-off losses decrease and the tum-on losses increase with increasina inverter 
~ 

inductance and switching frequency. For lower switching frequency, the losses are 

lower. Conduction losses are constant for almost all values of inverter inductance. 

The power factor of the plant must be at least 0.95. For this reason a compensation 

adjustment (cos<p -adjustment) was designed. Unity power factor was achieved by 

implementing the filter in the system. Different compensation degrees can also be 

achieved from the proposed system. This is very useful in the case of changing loads 

that need to be compensated for with continuous and smooth variation. In this case 

the proposed compensation can be used in conjunction with other switched static 

compensation techniques, generating stepped compensation levels. The exact full 

compensation of the system can be achieved using the proposed circuit. Moreover, 

several compensators can be used in parallel and the required compensation from each 

can be achieved using the controllable properties of the system as will be explained in 

the future works section. 

The hysterisis control guaranties a stable operation for the complete system. The (urrent 

(ontrol is necessary to ensure that the inverter follo\\s e'i.actly the required n?ferencl' 

(UITent. The achien.'d perl'l?ntage errors were ±)lCl-± 10(/(' in some case depending on 

Ismail A:mikci 
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the value of the inverter inductance. For low value inductance it is clear that the CUITent 

rate of change is much bigger than the case for higher values of inverter inductances. 

The inductance calculated from the theoretical equations of chapter 3 was 4mH. 

However this value did not achieve the required compensation. This is mainly due to 

the fact that there are several non-linearities in the system which were neglected in the 

simulation. These non-linearities (magnetic circuits of the inductors and isolation 

transformers, switching delays, variations of the DC side capacitor voltage, ideal 

switches ... ) contribute together to make the inductor smaller (lmH). Both values were 

tested experimentally to decide the proper one to use. It turned out to be that the smaller 

value of inductance performs much better than the high value calculated from the 

equations. 

The implemented PWM-hysterisis approach reduces the electromagnetic inteference. 

The inverter operates much better with the PWM hysterisis technique than without the 

PWM. This is manifested by several resonance effects, which occur for hysterisis 

circuits. The PWM also reduces the switching losses by ensuring that only one switch is 

turned on or off at a certain time. The fact also reduces the necessity for a higher 

switching frequency. 

The operation of the proposed system was proven to be cost-effective when 

compensating for harmonics as well as for power factor. The fast time-response of the 

filter circuit is guaranteed to render the filter successful in fast changing harmonic 

compensation. The practical results presented in chapter 6 showed that the shunt 

active power filter with the passi\e filter combination successfully reduced unwanted 

harmonics generated by non-linear load as shown in Fig.6.8 and Fig.6.11. 
'-

----- --"--~ 
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The filter can respond within 1 ms to rapidly varying load conditions. This response 

time of lms is at least 20 times faster than commercial products from leading 

manufacturers in the field of power electronics and systems. This fact makes the 

proposed filter capable of compensating very fast changing harmonics generated by 

different loading conditions and dynamic loads in the power system. 

Moreover, the proposed active shunt power circuit is at least 5 times cheaper and takes 

less volume than the available commercial products for the same load power. This is 

due to the efficient operation of the switches which reduces their switching losses and 

hence the overall temperature rise in the whole systems. The water-cooled switches 

proved to be more efficient in dissipating the heat generated from the switches, which 

implies that the forced air ventilation can be reduced and hence reduces the overall 

size of the filter. 

6.3 Practical Applications 

The shunt active and passive filter presented in this thesis has been designed and tested 

in a single-phase configuration. For each phase, the same printed circuit board is needed 

which is very easy and cheap to manufacture and to implement. 

The circuit can be installed anywhere between the power source and the polluting 

equipment. By applying reactive power controL the system can impnnc the power 

factor and eliminate hmmonics. The losses in the power circuit can be reduccd h: 

applying passin:' filters. 
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7.4 Suggestions for Future Work 

This research has looked at the problems associated with low voltage and medium 

voltage distribution systems. The following work can be envisioned for the future: 

• In this thesis, a single link in a low power systems were investigated from a 

practical point of view. Larger power systems have been left for fU11her study and 

application development 

• The performance of the proposed system could be improved from the point of 

view of the switching frequency and current error tracking by using more 

sophisticated control techniques. However, switching causes unavoidable voltage 

fluctuations and distortions, and thus reactions in other systems operated by the 

network 

• The proposed system can be taken to investigate the transients, flicker, voltage 

sags and voltage swells. 

• The controller and passive filter can be used in high power transmission lines to 

reduce harmonic reduction and voltage drop by connecting the proposed system in 

series with the power system. 

• Balancing of the supply voltage and currents of the high power system can also be 

studied and investigated. 

• The proposed complete system can be taken as a FACT-device to control long 

• 

distances. 

For further research, to reduce the cost of implementation and to increase the 

performance of the proposed system, the control unit and other de\ices can be 

implemented in ASICs. 

Ismail Kasikci 
Page 150 
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• The efficiency of the complete system and reactions on the mams of different 

pollutions in conjunction with renewable energy sources, such as wind and solar 

energy, can be investigated 

• As a further step, this proposed shunt active power filter with its different 

conditions and behaviours could be analysed and examined in a combination \\ith 

series active filter and shunt passive filter and other configurations mentioned in 

Chapter 2 of this thesis 
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Control Block Diagrams of the Transfer Functions of the Filter 
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1. Inverter characteristics 

V B(ockil1!( > V Dc • 150% ... 200% 

i IGBT > 2 . i L max 

L VDC 
illverter > /j. . 

is· lmax 

2. Filter characteristics 

is > 20· ir 

3. Load characteristics 

Non-linear loads with different power ratings 
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* Reactive Power Compensation and Harmonic Simulation 

* IGBT -Inverter anf Filter Circuit 

* --------------------------------------------------------

maclib:'p:\pec\system.pml' 

• Characteristics of the IGBT 

real, table :: pswitchingt (10) ! Total switching losses 
• real, table:: V ce (8) ! Voltage-Current Characteristics of the IGBT 

• real, table :: ufwd (8) ! Voltage-Current Characteristics of the Diode 

• Individual losses 

* Conducting losses 

real:: pltl, plt2, plt3, plt4 
real :: pldl, pld2, pld3, pld4 
real :: ptotal 

• Switching losses 

real :: ps I, ps2, ps3, ps4 
real :: psxl, psx2, psx3, psx4 

real :: pi, omega 
real :: rl 

real :: ud, rs, wrind 
real:: ts, tc 

real:: rf, cf 

! IGBT losses 
! Diode losses 
! Total losses of all semi-conductors 

! Consideration of IGBT 
! Switching losses in mWs 

! General 

! Inverter 

! Filter 

real:: ilwrsoll, ilwrsolldach, phiilwrsoll 
real :: idelta, itol, ibando, ibandu, idiff 

! Control 

real :: ibandos, ibandus 
real :: uan, insolldach, m, phi 
real:: tswitch 
integer :: mode 
real :: ih, ih3dach, ih5dach, ih7dach, ih9dach, ihlldach, ih13dach 

integer :: h3, h5, h7, h9 ,hI I, hI3 
real :: iload 
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real :: fn, undaeh, In, m ! Network 

real :: rv 1, I v 1 ! Consumption 

* mise 

real :: muell 

initial !----------------------------------------------------

muell = O. 
iload=O. 

plt1 = O. 
plt2 = O. 
plt3 = O. 
plt4 = O. 

pld1 = O. 
pld2 = O. 
pld3 = O. 
pld4 = O. 

psI = O. 
ps2 = O. 
ps3 = O. 
ps4 = O. 

psx1 = O. 
psx2 = O. 
psx3 = O. 
psx4 = O. 

psumme=O. 

fn=50. 
undaeh=325. 
In=0.65e-3 
m=0.2723 
rv 1=10. 
Iv 1=.02387 
ih=O. 
pi=2. *aeos(O.) 
omega=2. *pi *fn 
rl=l.e-6 

Ismail Kasikci 
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ud=400. 
rs=lO.e3 
wrind=4.e-3 

! Inverter 

ts=20.e-6 
tc=9.e-6 

rf=1.26 
cf=lO.e-6 

mode=2. 
s: SIp, on, AT tc 
s: SIn, off, AT tc 
s: S2p, on, AT tc 
s: S2n, off, AT tc 

! Filter 

m=rf**2.+(l./(omega*cf))**2. 
m=m/(rf**2.+( omega*ln-l'/( omega*cf))**2.) 
m=sqrt(m) 
phi=atan( -1,/( omega*cf*rf)) 
phi=phi-atan(( omega*ln-l'/( omega*cf))/rf) 

h3=3. 
ih3dach=lO. 
h5=5. 
ih5dach=8. 
h7=7. 
ih7dach=6. 
h9=9. 
ih9dach=5. 
hll=l1. 
ihlldach=4. 
h13=13. 
ih 13dach=3. 

insolldach=20. 
i del ta=i nso Ildach/6. 
itol=idelta*ts/(2. *(ts+tc)) 

---------- -----~- -
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• Characteristic Vee = f(Ic) for turned-on IGBT 

uce (1) = O. 
uce (2) = O. 
uce (3) = 2. 
uce (4) = l. 
uce (5) = 20. 
uce (6) = 2.2 
uce (7) = 80. 
uce (8) = 4.2 

! at ic=OA 
! uce V 
! at ic=2A 
! uce IV 
! at ic=20A 
! uce 6V 

• Characteristic Vfwd = f(Ic) for conducting Diode 

ufwd (1) = O. 
ufwd (2) = O. 
ufwd (3) = 12. 
ufwd (4) = l. 
ufwd (5) = 25. 
ufwd (6) = 1.4 
ufwd (7) = 87.5 
fwd (8) = 2.25 

! at ic=OA 
! uce V 
! at ic=12A 
! uce 1 V 
! at ic=20A 
! uce 6V 

• Characteristics Ps = f(Ic) 

ps (1) = 0 
ps (2) = 0 
ps (3) = 25. 
ps (4) = 5.5 
ps (5) = 40. 
ps (6) = 10. 
ps (7) = 60. 
ps (8) = 18. 
ps (9) = 80. 
ps(10) = 24. 

activate: scanning_iLinverter, all ts 

* activate: jumping, at 0.015 

endsectt on ! --------------------------------------------

network !-------------------------------------------------
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b: Vgl (WRI,WRO), e=ud, r=rl ! Inverter 

b: SIp (WRI ,WRx), rsw=rs, r=rl, semi=GTO, NONC 
b: VIp (WRx,WRl), rsw=rs, r=r1, semi=DIODE, NONC 

b: SIn (WRx,WRO), rsw=rs, r=rl, semi=GTO, NONC 
b: V In (WRO,WRx), rsw=rs, r=rl, semi=DIODE, NONC 
b: S2p (WRI ,0), rsw=rs, r=rl, semi=GTO, NONC 
b: V2p (O,WRl), rsw=rs, r=rl, semi=DIODE, NONC 

b: S2n (O,WRO), rsw=rs, r=rl, semi=GTO, NONC 
b: V2n (WRO,O), rsw=rs, r=rl, semi=DIODE, NONC 

b: LWR (WRx,I),I=wrind 

b: ZNET (1,Nx), 1=ln, r=m ! Network 
b: UNET (Nx,O), e=undach*sin(omega*time) 

b: RFIL (I,Fx), r=rf ! Filter 
b: CFIL (Fx,O), c=cf 

b: IH3 (1,0), q=ih3dach*sin(omega*h3*time) ! i-Harmonics 
b: IH5 (1,0), q=ih5dach*sin(omega*h5*time) 
b: IH7 (1,0), q=ih7dach*sin(omega*h7*time) 
b: IH9 (1,0), q=ih9dach*sin(omega*h9*time) 
b: IHII (1,0), q=ihlldach*sin(omega*hll*time) 
b: IH13 (1,0), q=ihI3dach*sin(omega*hI3*time) 

endsectlon ! ---------------------------------------------------

* . ., " event: J umpl ng. ------------------------------------------------

*insolldach=-200. 
idelta=insolldach/6. 
*itol=idelta*ts/(2. *(ts+tc)) 

endsectI on ! ------------------------------ ---------------------

event: scanning_iLWR 

tswitch=time+tc 
idiff=i_LWR-ilwrsoll 
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if (idiff .It. -ito]) then 
if (mode .eg. 3) then 
s: SIn, off, AT tswitch 
psx2 = ps2 
s: SIp, on, AT tswitch 
psxl=O. 
mode=2. 
e]seif (mode .eg. 2) then 
s: S2p, off, AT tswitch 
psx3 = ps3 
s: S2n, on, AT tswitch 
psx4=O. 
mode=l. 

Endif 
e]seif (abs(idiff) .le. itol) then 
if (mode .eg. 1) then 
s: S2n, off, AT tswitch 
psx4 = ps4 
s: S2p, on, AT tswitch 
psx3=O. 
mode=2. 
elseif (mode .eg. 3) then 
s: SIn, off, AT tswitch 
psx2 = ps2 

s: SIp, on, AT tswitch 
psxl=O. 
mode=2. 

endif 
elseif (idiff .gt. itol) then 
if (mode .eg. 1) then 

s: S2n, off, AT tswitch 
psx4 = ps4 

s: S2p, on, AT tswitch 
psx3=O. 
mode=2. 

elseif (mode .eg. 2) then 
s: SIp, off, AT tswitch 
psxl = psI 

s: SIn, on, AT tswitch 
psx2=O. 
mode=3. 

endif 
endif 

endsection !-----------------------------------------------
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System Calcul ati ons ! ----------------------------------------------------

ilwrsoll=Cinsolldach/m)*sin( omega*time-phi) 
ih=ih3dach*sin( omega*h3*time) 
ih=ih+ih5dach*sin( omega*h5*time) 
ih=ih+ih7 dach*sin( omega*h7*time) 
ih=ih+ih9dach*sin( omega*h9*time) 
ih=ih+ihlldach*sin(omega*h 11 *time) 
ih=ih+ih 13dach*sin( omega*h 13*time) 
i I wrso 11=i 1 wrsoll +ih 

ibando=ilwrsoll+idelta 
ibandu=ilwrsoll-idelta 
ibandos=ilwrsoll+itol 
ibandus=ilwrsol1-itol 
uan=v_ Vnet+v_Znet 

• Calculation of conducting losses 

pltl = lintableCi_slp,uce)*i_slp ! *pc_time_incr 
pldl = lintableCi_ vI p,ufwd)*i_ vIp ! *pc_time_incr 
plt2 = lintable(i_Sln,uce)*i_sln ! *pc_time_incr 
pld2 = lintableCi_vln,ufwd)*i_vln ! *pc_time_incr 
plt3 = lintable(i_S2p,uce)*i_s2p ! *pc_time_incr 
pld3 = lintable(i_ v2p,ufwd)*i_ v2p ! *pc_time_incr 
plt4 = lintableCi_S2n,uce )*i_s2n ! *pc_time_incr 
pld4 = lintable(i_ v2n,ufwd)*i_ v2n ! *pc_time_incr 
psum = (pltl + pldl +plt2 + pldi +plt3 + pld3 +plt4 + pld4) ! in W 

* Calculation of switching losses 
* Scanning and reading from tables 

if (i_sIp .ne. 0.0001) then 
ps 1 = lintable(pst,i_s 1 p) 

else 
psI = O. 

endif 
if Ci_sln .ne. 0.0001) then 
ps2 = lintable(pschalt,i_sln) 
else 
ps2 = O. 

endif 
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if (Ls2p .ne. 0.000 1) then 
ps3 = lintable(pswitching,i_s2p) 

else 
ps3 = O. 
endif 

if (i_s2n .ne. 0.000 1) then 
ps4 = lintable(ps,i_s2n) 
else 
ps4 = O. 
endif 

if (time .gt. 60.e-3) finish 
endsecti on ! --------------------------------------------------
runcontrols 
file: 'run.txt' 
endsection 
outresults 
file: 'out.txt' 
endsection 
Endend 
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Table D.l: Printed Wiring Board 

*GND Al Cl *GND 
Temp A2 C2 Temp 
V sin Ll A3 C3 I Comp Ll 
V sin L2 A4 C4 I Comp L2 
V sin L3 A5 C5 I Comp L3 

+Vzw A6 C6 - Vzw 
ERR V A7 C7 AC-V 

+HBL3 A8 C8 -HB L3 

+HBL2 A9 C9 -HB L2 

+HB Ll AlO ClO -HB Ll 

(1)+15V All Cll (1) +15V 

Vent/24V A12 C12 (2) - l5V 
GND A13 C13 GND 

CompI A14 C14 Comp III 

Comp II A15 C15 Comp IV 

Current TI I A16 C16 Current TIll 

Current TIl A17 C17 Current TIV 

Clock A18 C18 Phase control 
Switch 

(Start) A19 C19 10/20% I 

A20 C20 

A2l C2l 

A22 C22 V 

*GND A23 C23 *GND 

Synch L3 A24 C24 I L3 

Synch L2 A25 C25 I L2 

Synch Ll A26 C26 I Ll 

(1) +15V A27 C27 (1) +15V 

(2)- l5V A28 C28 (2) - l5V 

+5V A29 C29 +5V 

Auxiliary A30 C30 Main relay 
Relay 

A3l C3l (3) +25V 

*GND A32 C32 (3) +25V 
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I Synch I Ll I L2 I L3 I NT I Control I Process 

1(l)+15V 1(3) +25 V 1(2) -15V 

Table D.2: Driver board 

GND 1 2 GND 

Temp 3 4 Temp 

5 6 I Camp Ll 

7 8 I Camp L2 

9 10 I Camp L3 

+Vzw 11 12 - Vzw 

ERR V 13 14 VDS 

+HBL3 15 16 -HB L3 

+HBL2 17 18 -HB L2 

+HBLI 19 20 - HB Ll 

+15V 21 22 +15V 

Vent/24VDC 23 24 - 15V 

GND 25 26 GND 

Table D.3: Network board: 

GND 1 2 GND 

V synch L3 3 4 I Net L3 

V synch L2 5 6 I Net L2 

V synch Ll 7 8 I Net L3 

+15V 9 10 +15V 

- 15V 11 12 - 15V 

GND 13 14 GND 

Auxiliary 15 16 Main relay 

relay 

+25V 17 18 +25V 

GND 19 20 GND 

Ismail Kasikci 
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Table D.4: Network ratio 

I Network Ratio VII Net IV=S 
200 AlSA 2.8S7 2,4SVI 0 
200 AlIA 2.8S7/S 2,4SV/12,2SV 1 
300 A/SA 4.286 2 
300 AlIA 4.286/S 3 
SOO A/SA 7.143 4 
SOO AlIA 7.143/S 5 
800 AlSA 11.429 6 
800 AlIA 11.429/S 7 
1000 AlSA 14.286 0,49V 8 
1000 AlIA 14.286/S 9 

Compensation current:70A 1/100 A, imGx 13,SVISV Current transformer, 
amplified to 7V/lOV 
Output SA, SAI7 A, 

Voltage: 230V 12,3V 1700 V/7V +1- 3,SV 
20Vmin 1460 Vmax 440V, 6S0VDC 

Table D.S: Compensation adjustment 

1 2 3 4 S 6 7 8 9 

10% 200/0 300/0 400/0 500/0 60% 70% 80% -90% 

Table D.6: cos<p adjustment 

1 2 3 4 S 6 7 8 9 

0,8cap 0,8cap 0,9cap 0,9cap 1 1 0,9ind 0,9ind 0,8ind 

10% 20% 10% 20% 10% 20% 10% 20% 10% 

Table D.7: Digital switch 

1 2 3 4 S 6 7 8 

SO X X X X 

Sl X X X X 

S2 X X X X 

S3 
X 
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Non-linear load 

N/PE L I L2 L3 

[~ ~ ~ ~ r~~----------~~==----------~I~~8 
r-+-_+---4t§.I;1L I Control System ~ Externall% I rEI 

,..-I-_--I.8.1;1L 2 Vn Temp I max alarm I I L-J_ 

L ~ t-..----i-ffi7 +---+ '-

Rl 

~l 
Ground 

[ 

r-;=~L 3 

L 

N/PE L I L2 L3 

Supply 230V, 50Hz 

-=t=-

I Comp L I L2 L"\ 
]Iij 4141 4ltJ 
III~ 

Ll 
Ir 

Fig. El: General Block Diagram of the proposed System 
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Q Q 

R7 10 

L4 L5 L6 L7 L9 L 10 G ,--L----=-~l----_ Q 
R3 10K 

R4 10K 

IC10d 

Al07 

10K 

~------------~@ 

R52 R54 

lK 

A53 
4,7K 

~ ______ ~ __ ~ ________ -+ __ ~ ________ -L--~~--~Q 

Fig. E2: Diagram of the cosqJ-Adjustment and its Control System 
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~~~--~--~~~~~~~~ 
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R91 10K 
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Fig. E3: Block Diagram of the Hystersis and PWM-Control 
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Fig. E4: Comparision of the Main Supply and Reference current 
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