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ABSTRACT

Key words: Harmonics, Non-Conventional Converter’s Harmonic Analysis in HVDC System.

This work compares the harmonic outputs of the HVDC systems built by conventional converters and star-delta converters. PSCAD/EMTDC software is used in simulation of the output harmonics of the mentioned converters. Results show that the system built by star-delta converters gives similar output harmonic behavior like the conventional converters. The practical analysis is done by a prototype of the system with star-delta converters and the results compared with the simulation.
ÖZET
Anahtar Kelimeler: Harmonikler, HVDC Sistemlerdeki Konvansiyonel Olmayan Çeviricilerin Harmonik Analizi.

Bu çalışma konvansiyonel ve konvansiyonel olmayan yıldız-üçgen çeviricilerin HVDC sistemlerindeki harmonik sonuçlarını karşılaştırmak için yazılmıştır. PSCAD/EMTDC yazılımı, belirtilen çeviricilerin harmonik sonuçlarının simülasyonu için kullanılmıştır. Sonuçlar göstermiştir ki, yıldız-üçgen çevirici, konvansiyonel çeviriciler ile benzer harmonik sonuçları vermiştir. Örnek bir yıldız-üçgen çeviricinin analizi de yapılıp, simülasyon sonuçları ile karşılaştırılmıştır.
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INTRODUCTION
In recent years, the role of the power factor calibration has become more important depending on the modernizations of industrial systems and the applications of automation techniques in heavy industries. As a result of power control techniques, which are especially used by industrial facilities, based on the current and the voltage controls, cause widespread deformation of current drawn from mains. Furthermore, the compensation of current with the necessity of reaching the desirable values of power control but without making appropriate examinations brings many problems. Rippling of the current in conjunction with a deviation from the sinusoidal wave shape affects the voltage and causes energy deterioration. Harmonics can’t be negligible by virtue of the Power Electronic Systems which are used in the production. Following only conventional methods for correcting the power factor or the energy quality may cause some undesirable energy losses, but if the compensations are made by the capacitors, harmonics may lead to an energy loss related to a voltage drop in the distribution network. Additionally, harmonics and abrupt voltage changes may have effects on the electronic cards. For example, memory deletion in electronic systems, a sudden circuit breaker turn-off etc. cause maintenancepower cuts. And therefore, whereas the quality and the efficiency of the product diminish, the need for the spare parts and also the necessity of the  increases. These factors, which have effects on the power quality can be defined as sudden voltage changes, current changes, harmonics, voltage increases or decreases and flicker effects. 

The definition of the energy quality can be simply considered as solving a problem, which is caused by a deviation of the current and the frequency from the basic value, before it leads to an undesirable breakdown in the customer’s system, at any time “t”. 

Considering the importance of the quality of energy used by end-users, the distribution companies and the customers should not only focus on correction of the power factor. The end user’s consumed energy quality is so important. Energy quality directly effects the production and produced material quality. In energy quality, harmonics, spikes in voltage and current values, the sags and swells and also the flickers have an effects as well as power factor [1].
This work explores harmonic analysis of the HVDC system with star-delta converter and conventional converters. Designing and analyzing of both systems by using PSCAD/EMTDC software.
The aims of work presented in this work are:

· To investigate the harmonic analysis of both star-delta and conventional converter based HVDC system.
· To design and simulate a PSCAD/EMTDC HVDC circuit with star-delta and conventional converter.
· To investigate the harmonic performance of star-delta and conventional converter based HVDC systems.
· To investigate the differences for both systems with comparison criteria by using PSCAD/EMTDC simulation.
· To investigate the laboratory prototype of star-delta based HVDC system. 
This work organized into four chapters as follow:
Chapter 1 is an introduction to power quality and harmonics. Basics of harmonics, introduction to source of harmonics and description of mathematical analysis will cover. Effects of harmonics on power systems, harmonics measurement techniques and solving harmonic problems are also mentioned in detail.
Chapter 2 presents the harmonic investigation of star-delta based HVDC system by using PSCAD/EMTDC software.
Chapter 3 presents the harmonic analysis of conventional converter based HVDC system by using PSCAD/EMTDC software.
Chapter 4 presents the harmonic analysis of practical laboratory experimental star-delta based HVDC system prototype by using FLUKE 43B Power Quality Analyzer.
Chapter 5 describes the comparison criteria and comparison results obtained
CHAPTER ONE
CHAPTER 1 Energy Quality and Harmonics
1.1 Overview
The typical definition for a harmonic is “a sinusoidal component of a periodic wave or quantity having a frequency that is an integral multiple of the fundamental frequency.” Some references refer to “clean” or “pure” power as those without any harmonics. But such clean waveforms typically only exist in a laboratory. Harmonics have been around for a long time and will continue to do so.

This chapter gives a brief overview for harmonics in power system. It begins with the background information and a brief introduction to harmonic analysis.
1.2 Real, Reactive and Apparent Power

Simple alternating current (AC) circuit consisting of a source and a load, where both the current and voltage are sinusoidal. If the load is purely resistive, the two quantities reverse their polarity at the same time, the direction of energy flow does not reverse, and only real power flows. If the load is purely reactive, then the voltage and current are 90 degrees out of phase and there is no net power flow. This energy flowing backwards and forwards is known as reactive power. A practical load will have resistive, inductive, and capacitive parts, and so both real and reactive power will flow to the load.

If a capacitor and an inductor are placed in parallel, then the currents flowing through the inductor and the capacitor tend to cancel out rather than adding. Conventionally, capacitors are considered to generate reactive power and inductors to consume it. This is the fundamental mechanism for controlling the power factor in electric power transmission; capacitors (or inductors) are inserted in a circuit to partially cancel reactive power of the load.
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[image: image2]
Figure 1.1 Active and reactive power general phasor diagram
The apparent power is the product of voltage and current. Apparent power is handy for sizing of equipment or wiring. However, adding the apparent power for two loads will not accurately give the total apparent power unless they have the same displacement between current and voltage (the same power factor).

Real power (P) - unit: watt (W)

Reactive power (Q) - unit: volt-amperes reactive (VAR)

Complex power (S) - unit: volt-ampere (VA)

Apparent Power (|S|), that is, the absolute value of complex power S - unit: volt-ampere (VA)

In the diagram, P is the real power, Q is the reactive power (in this case positive), S is the complex power and the length of S is the apparent power.

Reactive power does not transfer energy, so it is represented as the imaginary basis. Real power moves energy, so it is the real basis. The mathematical relationship among them can be represented by following equation [2].
S2 = P2 + Q2








(1.1)

1.3 Power Factor
The ratio between real power and apparent power in a circuit is called the power factor. Where the waveforms are purely sinusoidal, the power factor is the cosine of the phase angle (φ) between the current and voltage sinusoid waveforms. Equipment data sheets and nameplates often will abbreviate power factor as "cosφ" for this reason.

Power factor equals 1 when the voltage and current are in phase, and is zero when the current leads or lags the voltage by 90 degrees. Power factors are usually stated as "leading" or "lagging" to show the sign of the phase angle, where leading indicates a negative sign. For two systems transmitting the same amount of real power, the system with the lower power factor will have higher circulating currents due to energy that returns to the source from energy storage in the load. These higher currents in a practical system will produce higher losses and reduce overall transmission efficiency. A lower power factor circuit will have a higher apparent power and higher losses for the same amount of real power transfer.

Purely capacitive circuits cause reactive power with the current waveform leading the voltage wave by 90 degrees, while purely inductive circuits cause reactive power with the current waveform lagging the voltage waveform by 90 degrees. The result of this is that capacitive and inductive circuit elements tend to cancel each other out [2, 3].
If there is a reactive power exists, the current, in energy transmission lines, transformers and generators is more than, only real useful power exists. This results the overload the system. For this reason the expected power factor is around 0.95. When the power factor equals to 1, the angle φ is 0 (zero), which means that the consumed power is purely real power.

The reactive power causes travelling unnecessary current in transmission lines, if power factor correction does not made in a network. That current decreases the capacity of the transmission lines. Generators, which produce electric energy, will consume more currents at that situation. This consumed current’s small active component tends to operate the generators in lack of efficiency. 

In compensated system, the reactive power is supplied by the compensation instead of drawing from the network, which decreases the apparent power “S”, and yields to decrease angle φ between apparent power “S” and real power “P”. Decrease in angle φ through the 0 (zero) closes cos φ =1 [4].
1.4 Definition of Harmonics 
Nowadays, with the modernization of the industrial methods and also by being able to get more information about the electronic equipments, a significant development can be seen in the power electronics. As a consequence of this development, systems like thyristor and IGBT, which are capable of switching high frequencies, have begun to be used frequently in industry. Due to their electrical characteristics, these kinds of systems need non-linear charges. A non-linear load implies a load that is possessed of unrelated current and voltage. The curves of current and voltage are not sinusoidal, so these nonsinusoidal terms are named as Harmonics according to the Fourier Analysis.

If any of nonlinear components and nonsinusoidal sources is in the system, whether together or not, harmonics occur. The components, whose voltage-current characteristics are not linear, are called non-linear components. Current and voltage harmonics together on a power-system represent a distortion of the normal sine wave and the waveforms that do not follow the conventional pattern of the sine wave are called nonsinusoidal waveforms. Harmonic content due to the distortion of sinusoidal wave-form of the fundamental frequencies and waveforms of other frequencies can be characterized by a Fourier series. According to this analysis, nonsinusoidal waves can be mathematically written as a sum of the sinusoidal waves of different frequencies and therefore, harmonics can be easily analyzed. Harmonics in power systems can cause several technical and economical problems such as extra losses, extra voltage drops, resonances and changes in the power factor...etc. [5].
1.5 Harmonic Orders
The harmonic current generation of semi-conductor electronic equipment and its harmonic levels are identified depending on the number of pulses i.e. the number of components exists such as thyristors or diodes in the system. In today’s three-phase electronic technologies, the systems are named as six-pulse systems or twelve- pulse systems. 

n = hq ± 1








(1.2)

In the formula “h” represents the pulse number, “q” represents integer serial: 1, 2, 3…. and for a six-pulse system produce the following harmonic currents.
n= 6.1 ± 1 = 5 and 7

n= 6.2 ± 1 = 11 and 13

n= 6.3 ± 1 = 17 and 19

n= 6.4 ± 1 = 23 and 25

The percentage of these harmonics to the current at the fundamental frequency can be calculated as: 

% = 100 / n








(1.3)

Example: 

5th.   Harmonic percentage % = 100 / 5 = % 20

7th.   Harmonic percentage % = 100 / 7 = % 15

11th. Harmonic percentage % = 100 / 11 = % 9

13th. Harmonic percentage % = 100 / 13 = % 8

17th. Harmonic percentage % = 100 / 17 = % 6

19th. Harmonic percentage % = 100 / 19 = % 5

23rd. Harmonic percentage % = 100 / 23 = % 4

25th. Harmonic percentage % = 100 / 25 = % 4

1.6 Harmonic Sources
The electric distribution companies and their customers definitely want the energy quality to be good. But some loads disrupt supply voltage and current as a matter of design and control features, so do the others as a matter of their nature, in other words they create harmonics. The most explicit reason to this situation is a non-linear correlation between terminal voltage and current. These kinds of loads are mostly seen in the systems such as, some mechanisms work upon arc principle, gas discharge lighting fixtures, iron-core machines, and semi-conductor or electronic systems. Every passing day, the number of devices, which generate harmonics and are used in houses, business sections, offices, factories, etc. increase. Even though the changes in the creation and control principles of electronic devices have brought too many benefits to modern life, they also can cause serious problems. For example, components which have iron-cores (i.e. generator, transformer, engine and bobbin) generate harmonic currents in the case of saturation. Arc furnaces and welding machines also generate harmonics dependently on their normal functions. Furthermore, Thyristors such as Gate-Turn-Off Thyristor (GTO), MOS-Controlled Thyristor (MCT) or Insulated Gate Bipolar Transistors (IGBT) generate harmonics by switching off the sine current [6].
1.6.1 Generators

Rotating machines generate current harmonics dependent on the number of armature slots and machine speed. Induced electromotive forces have the same number of harmonics accordingly with the numbers of field line harmonics which are odd numbers such as 1,3,5,7...etc. As the number of the harmonic increases, its amplitude decreases, and the frequency increases (h.f1). 

If the stator windings star-connected, three and multiple of three (triplen) frequency harmonics only exist in phase-neutral voltage but they do not exist in inter phase’s voltage. 

If star connected generator feeds three phase symmetrical load and the load’s star point does not connect to generator star point, triplen harmonic current do not flow through. If the star point is connect to load which is also connected to neutral, triplen frequency I0 current passes in live conductor and the sum of these currents which is equal to 3I0 flows in neutral conductor. These currents can also cause a triplen voltage drop.

If generator windings are delta-connected, multiple of three times circulation current, which is independent of the load, passes from these windings and causes great loses in windings.
1.6.2 Transformers

In power systems the components like transformers, which consist of coils placed on magnetic steel core, create harmonics dependent on the saturation of iron the whose magnetization characteristic is not linear.

As far as it is known, the wave shape of the magnetization current of transformers is not very close to sine-wave form. Therefore, the magnetization current contains current components with high frequency. The magnetization current is a small fraction of the rated current, usually with a few percent (i.e. 1%). That is to say, power transformers can be negligible when they are compared to some other serious harmonic sources (i.e. electronic power converters and arc furnaces) which generate harmonic currents up to 20% of their nominal currents. As a result of that, transformers are usually represented as linear circuit elements. But as it should be taken into account that hundreds of transformers are used in a distribution system, holistically they can be considered as harmonic sources. 
Here are harmonic current components of a distribution transformer as it shown in Table 1.1, where Iμ is the magnetization current of the transformer and In is the nth harmonic current injected by the transformer into the system.
Table 1.1 Harmonic Spectrum of Distribution Transformer
	HARMONIC ORDER (n) 
	(%) In / Iμ

	3
	50

	5
	20

	7
	5

	9
	2.6


Power transformers are designed to work at the fields in which the magnetization curves are linear. But in the case of a decrease in the load of transformer, the voltage increases respectively, therefore magnetic core becomes over-excited and process continues at the fields in which the magnetization curve is non-linear. In these circumstances, transformer generates harmonics and as it can be seen in the Table 1, the third harmonic becomes the dominant harmonic component at all.

In existence of Transformers feeding nonlinear loads, the effects of the harmonic component of the current on transformer increase.

By the studies of late years, a “K-factor” has been defined as a standard (criteria) to “Dry Type Transformer Capacity”, when supplying non-sinusoidal load currents. The algorithm used to compute K-factor is:
K – Factor = 
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(1.4)
Here, “n” is the harmonic order, In is the computed value of  n-th harmonic current component in per unit, by  taking the rated current of the transformer is as a basis. K-factor has been defined for the transformers whose rated power is under 500 kVA. If the star point of the transformer is grounded, by virtue of the fact that the sum of the balanced current components belonging to per phase equals zero, the current passing from the neutral conductor becomes zero. And these conditions are valid for every balanced current component apart from third and multiple of three harmonics. There is a three phase and each have third and multiple of three harmonic current passes from the neutral conductor and because of these currents, neutral conductor may become overheated. Therefore; the third harmonic current has to be taken into account on the determination of neutral conductor interruption. If the secondary of the transformer is star-connected, by the virtue of zero current at every nodal point of circuit, third and multiple of three harmonic currents can’t flow through the network. Taking advantage of this feature, it can be possible to prevent the network to be effected by third and multiple of three harmonics, so it is recommended that the transformer must be star/delta connected (in such a way that non-linear load part must be star-connected and network part must be delta-connected). In the case that the transformer is connected in a star-grounded/star-grounded form, third and multiple of three harmonics can flow through the network. If non-linear load is unbalanced, independently of transformer connection, third and multiple of three harmonic currents flow through the network because of this imbalance. 
1.6.3 Converters

One of the main harmonic sources is the network controlled converter. Some systems like DA conduction system, batteries and photovoltaic systems are fed by these kinds of converters. The Harmonic Order of the current generated by a p-pulsed converter is shown by the formula, 

h = k.p ±1








(1.5)

where k = 1,2,3,….Pulse number of converters (p) can be equal to 6, 12, 18 or 36 

Harmonic Current Formula is:

Ih = I1 . (uh / h)








(1.6)

where uh is a coefficient smaller than 1 and may take different values according to control of converters. It can be taken as 1 when commutation time is negligible. Therefore Ih = I1 / h can be derived. The effective value of harmonic current is inversely proportional to harmonic order. That means the effective value can be decreased by increasing the pulse number (p) of a harmonic current. 

One of the usage areas of single-phase high-powered converters (controlled converters) is the electronic railway transportation systems. Ideal three-phase converters have an advantage on single-phase converters, because they don’t generate third and multiple of three harmonics. Three-phase converters can be recognized by pulse number of the wave form of current drawn from AC mains by primary side of converter transformer [6].
1.6.4 Arc Furnaces

Arc furnaces that are directly connected to high voltage power network lines are important harmonic sources because of their wide harmonic spectrums. Moreover, they work based upon the electric arc generation principle and provide rated output power at MW. Since current-voltage characteristic of electric arc is non-linear, arc furnaces generate harmonics. After the arc process begins, as the arc current whose power system can only be restricted by equivalent impedance increases, arc voltage decreases. A negative resistance effect can be seen during this process. The impedance of the arc furnaces is unstable so it may show random changes by time. Hence, this situation causes random changes in harmonic currents; it becomes quite difficult to make an appropriate model for an electric arc furnace.
1.6.5 Gas Discharge Lighting Armatures
Gas Discharge Lamps which generate light by sending an electrical discharge through an ionized gas (such as mercury-vapor lamps, fluorescent lamps, sodium-vapor lamps, etc.) have a non-linear current-voltage characteristic and therefore they generate harmonics. These kinds of lamps show a negative resistance characteristic during the conduction.

In the fluorescent light systems (used in street and building lightening) the odd number harmonic orders have significant effects on the system. Especially the third harmonic current and odd-multiples of the third harmonic current components cause damages in three-phase/four-wired power supply systems by overheating neutral conductors.

Besides, the auxiliary components such as ballasts connected to fluorescent lamps also generate harmonics because of the magnetic feature of them .However, even  the electronic ballasts-which are working dependently on switched power source  principle and have been recently developed for replacing  the magnetic ballasts- generate harmonics, it is still possible to eliminate these  harmonic components by filters installed into ballasts. It is given a harmonic spectrum of a fluorescent lamp with magnetic ballast in Table 1.2 [7].
Table 1.2 Current Harmonic Spectrum of Magnetic Ballast Fluorescent Lamp 
	 
	Harmonics (n)

	
	1
	3
	5
	7
	9
	11
	13
	15
	17
	19
	21

	(%) =  In / I1
	100
	19,9
	7,4
	3,2
	2,4
	1,8
	0,8
	0,4
	0,1
	0,2
	0,1


1.6.6 Other Harmonic Sources
As an addition to the sources defined above, some other harmonic sources can be shown as in below 

1. Gears and channels in electronic devices 

2. Air-gap eccentricity (Reluctance change in air gab) in salient pole synchronous machines

3. Air gab rotary field in synchronous machines

4 Magnetic flux wave deformation caused by sudden load changes in synchronous machine

5. First energizing of transformers and starting currents of machines

6. Electronic control mechanism used to drive pumps, electric squibs and fans

7. Frequency converters used for running the linear engines, which are used especially in extraction and cement industries

8. Steel industries that use induction heating and rolling plants 

9. Welding Machines

10. Semi conductor controlled devices (engine-speed control mechanisms, heat regulation mechanisms and electronic water heaters etc.)

11. Rectifiers used in charged devices such as portable TV adaptors, irons, battery powered shavers, rechargeable batteries etc.

12. Thyristor switched static VAr compensation in the systems, especially like arc furnaces, where reactive power changes so fast and suddenly 

13. Uninterrupted Power Supplies (UPS) and Switched Power Supplies 

14. Computers, network systems and production facilities based on automation 

15. Energy conduction control with direct current and converter stations

16. Converters used for feeding universal and three-phase engines and high power rectifiers of electric trains and monorails, accumulator charge circuits in electric vehicles 

17. Devices used in houses such as fuzzy controlled washing and dishwashing machines, multi-screen TVs, smart ovens, microwave ovens, automatic adjustable aspirators and air conditioners 

18. Static converters used in electrochemistry technologies for shaping plates, in electro plating processes and in paint sprays.

19. Semi-conductor technology especially used in ac/dc converters and in some alternative energy sources (sun-energy plants or wind-power plants)

1.7 Mathematical Analysis of Harmonics
1.7.1 Fourier Analysis

However, wave shapes of current and voltage in alternating current energy systems supposed to be ideally sinusoidal, non-sinusoidal wave shapes come out in the case of a sinusoidal voltage applied to a linear or non-linear circuit. In order to define and analyze these non-sinusoidal quantities, Fourier Analysis Method can be used. Calculation of the fundamental content of a periodic wave shape, together with a calculation of amplitude and phase angle values of high order harmonics, is called Harmonic Analysis [9]. 

The harmonic component is an element of a Fourier series which can be used to define any disrupted (non-sinusoidal) periodic wave shape. The harmonic order or number is the integral number defined by the ratio of the frequency of the harmonic to the fundamental frequency (50 Hz). As it is defined by French mathematician J. Fourier, non-sinusoidal periodic waves are sum of many sinusoidal waves that are different in frequencies and amplitudes, and additionally, this kind of wave forms can be separated into sinusoidal waves whose frequency and amplitude are multiples of the fundamental frequency. Consequently, the series derived by this way are called “Fourier Series” and the elements of the series are called “Fourier Components” as well.

y = A0 + (A1 sinx + B1 cosx) + (A2 sin2x + B2 cos2x) +...+ (An sinnx + Bn cosnx)        









(1.7)

In the formula; 

n = positive integer number of harmonic order,

x = independent variable (which is t=wt in electrical energy systems),

A0 = DC component (constant term) that A0 /2 is used instead of A0 in technical literature (in the case of non-existence of a DC component of wave, A0 equals zero)

A1,A2,....,An,….,B1,B2,…,Bn,…  are amplitudes of harmonic components.

As a matter of fact, a periodic wave is supposed to appropriate for the conditions defined by Dirichlet in order to expand on a Fourier series. These conditions known as Dirichlet Conditions and according to them , there must be a finite number of finite discontinuities, and  a finite number of extremas and minimas in  a period and  the mean of the positive and negative limits of the period must be finite. Fourier components can be derived, if wave shapes in an electrical energy system always satisfy these conditions.

1.7.2 Mathematical Definitions for the System with Harmonics
Dissimilarly to the systems containing sinusoidal components, some mathematical definitions are need to be written for the systems containing harmonic current or voltage components. The most important and used ones can be defined as in the below.

1. Distortion Power (D),

2. Total Harmonic Distortion (THD)

and the following ones which are not used very often 

1. Singular Harmonic Distortion (HD),

2. Total Demand Distortion (TDD).
1.7.2.1 Distortion Power
Equation for inter-power relations of a linear circuit with sinusoidal current and voltage;  

S2 = P2 + Q2 








(1.8)

Equation for inter-power relations of a system with Harmonic current and voltage is 

S2 = P2 + Q2 +D2 







(1.9) 

where D implies Distortion Power that can be calculated by the equation 

D2 = S2 - P2 - Q2 







(1.10)

and its unit is (VAr) where 
S: Apparent Power (VA), 
P: Active Power (W), 
Q: Reactive Power (VAr) and 

D: Distortion Power (VAr).

Distortion Power can sometimes be defined after it is added to Reactive Power, in technical. 

1.7.2.2 Total Harmonic Distortion Power (THD)
Total Harmonic Distortion Power, which is used for the standards aiming restriction of harmonics, is defined one by one for the current and the voltage. For the voltage, it is shown as:

THDV = 
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and for the current, it is shown as:

THDI = 
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where;

THDV: Total Harmonic Distortion of Voltage
THDI: Total Harmonic Distortion of Current,

Vn: Effective value of nth order Harmonic of applied Voltage 

In: Effective value of nth order Harmonic of drawn Current 

V1: Effective value of Voltage at fundamental frequency

I1: Effective value of Current at fundamental frequency

These THD values defined separately for the current and voltage are given in percentages. The results derived from equations 11 and 12 are multiplied by 100. But, the THD value of a sinusoidal wave which consists only of fundamental frequency is zero. 

1.7.2.3 Harmonic Distortion (HD)
Singular Harmonic Distortion for Current and Voltage with Harmonic Order “n”:


HDv = 
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HDI = 
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where,

HDV: Singular Harmonic Distortion of Voltage,

HDI: Singular Harmonic Distortion of Current.

1.7.2.4 Total Demand Distortion (TDD)

Total Demand Distortion belongs to a Load and it is defined by:

TDD = 
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(1.15)

where,


TDD: Total Demand Distortion,


I1: Current drawn by the load from feed system. [4]

1.8 Harmonic Standards

There are two different methods to restrict the harmonic content of electrical energy systems. The first one is preferred by IEC (International Electrotechnic Commission) and it is applied at any point which a non-linear load is connected. The second one is preferred by IEEE (Institute Electrical and Electronics Engineers) to be applied on one or more central points that many (more than one) non-linear loads are fed at.

The point of the method foreseen by IEC is to restrict harmonics arising from every load one by one. Thereby, it is seen to be possible to restrict the total effect of harmonics. However, this method is effective in accordance with a theoretical approach, but yet it contradicts reality because of the acceptations based upon harmonic restrictions made in practice 

On the other hand, the criterion defined by IEEE is more effective and limiting dependently on restriction of both current and voltage harmonics. There exist various standards grounding on Total Harmonic Distortion (THD) criterion for restriction of harmonics in many countries. 

As it’s been defined by IEEE (standard 519-1992), for many industrial facilities, allowed maximum percentage of THD is 5% and 3% for any harmonic component. IEEE (519-1992) Current Distortion limits are given in Table 1.3 and Voltage Distortion limits are given in Table 1.4. [5]
Table 1.3 Current Distortion Limits for Distribution Systems
	 IK / I1
	<11
	11≤ h <17
	17≤ h <23
	23≤ h <35
	35≤ h
	THD

	<20
	4
	2
	1,5
	0,6
	0,3
	5

	20<50
	7
	3,5
	2,5
	1
	0,5
	8

	50<100
	10
	4,5
	4
	1,5
	0,7
	12

	100<1000
	12
	5,5
	5
	2
	1
	15

	>1000
	15
	7
	6
	2,5
	1,4
	20


IK: Short-circuit current

I1: Basic component current

h: Harmonic Order

Table 1.4 Maximum Voltage Distortions According to IEEE 
	Maximum Distortion (%)
	System Voltage

	 
	< 69 kV
	69 - 138 kV
	> 138 kV

	Single Harmonic Value
	3,0
	1,5
	1,0

	Total Harmonic Value
	5,0
	2,5
	1,5


1.9 Effects of Harmonics on Power Systems

Power line harmonics are generated when a load draws a non-linear current from a sinusoidal voltage. Current harmonics are just one of the many power quality issues that arise with public utilities and effectively represent a distortion of the normal sine wave provided by the utility. 

When a product such a transformer or generator distorts the current, harmonics at multiples of the power line frequency (50 Hz) are generated. Since these voltage frequencies are different from the fundamental power line voltage frequency, the sinusoidal voltage form becomes deformed and results in an increase of transformer, generator and engine losses. By virtue of different frequencies in the system, resonance probability increases. In reaction to a probable resonance event, by generation of large voltage and current values, system components may get seriously damaged. 
Potential problems attributed to harmonics include: 

- Resonance events in main network, and high voltage and currents caused by resonance  

- Disruptions of network voltage and generators,

- Insulation material damages caused by high voltage

- Mismeasurements with induction counters

- Decreases in lifetimes of electronic devices 

- Malfunctions of power control and remote control 

- Signal failures of conservation and control systems

- Damages in compensation facilities because of over-reactive-loading and dielectric stress

- Overheating and moment oscillation in synchronous and asynchronous engines. 

- Anomalous activity and interferences in voice-communication and vision-communication devices.

- Malfunction of Micro Data Processors and Computers. 

1.10 Resonance by Harmonics

One of the grant effects of harmonics on network and system is to cause resonance. In the case of mutual cancellation of inductors and capacitors in a circuit, only ohmic loads take effect on the current and therefore, resonance occurs. By the virtue of this event, a maximum current flows through the system. Since the network reactance value is not constant and changes depending on network conditions, undamped oscillation frequency of the system can’t be calculated yet this value is usually between 250 Hz and 350 Hz.

 In the wake of changes in network reactance, if undamped oscillation frequency reaches the value 250Hz (which is the value for 5th harmonic frequency) or the value 350 Hz(which is the value of 7th harmonic frequency), 5th or 7th harmonic voltage exposes a short-circuit to ground. This may cause capacitors to be damaged so by purpose of avoiding this unsolicited status, it is obliged to secure the frequency value measured when absolute values of capacitor reactance and network reactance become equal. For this reason, a choke coil has to be inserted in front of the capacitors in compensation systems.  The frequency value measured when capacitive reactance equals to inductive reactance is called Resonance Frequency. If any possible resonance differences at a system get closed to any actual harmonic frequency, considerably large currents and voltages would be released. 

Resonance is one of the most important factors which affect harmonic orders. Parallel resonance reveals high impedance value to harmonic current flow whereas series resonance reveals low impedance. If there is not any resonance effect on the system, harmonic currents at high levels can easily flow through. Therefore it is important to analyze the response characteristic of the system to eliminate resonance problems.  

Resonance types can be examined in two categories which are Series Resonance and Parallel Resonance.

1.10.1 Parallel Resonance

Parallel resonance is one of the problems encountered often. There could be resonance event between system inductance and capacitor groups closed to one of the harmonic frequencies generated by nonlinear loads. In case of such kind of disadvantageous circumstances, voltage would reach at extreme values and therefore capacitor could be damaged.  The general presentation of the parallel resonance shown in figure 1.2.
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Figure 1.2 General illustration of parallel resonance

Harmonic currents induce harmonic voltage on the network dependently on ohm’s law. As a matter of course, the value of this voltage distortion is contingent upon network impedance as well as it is upon the harmonic current. There are 2 parallel impedances fundamentally forming the total impedance. First of them is the transfer impedance, symbolically represented as 

Ztr = WL








(1.16)

and the second one is compensation impedance, symbolically represented as  

Zk = 1/WC 








(1.17)

Total impedance is calculated with the following formula:

Ztotal = wL / (1-w2 LC )






(1.18)

If the denominator value represented by 1-w2 LC reaches to zero “0”, system theoretically reaches an infinite impedance level for related frequency and it’s called Parallel Resonance. In other words, this theoretically infinite impedance causes an increase in harmonic currents generated in practical applications by threefold to six fold and poses a great danger in transformer line and compensation system. The standard productions mentioned above (for example 20% for the fifth harmonic etc...) can’t be seen anymore because these values may increase to 100% depending upon the compensation amount applied into circuit.
1.10.1.1 Parallel Resonance Frequency

The time and the frequency level for the Parallel resonance can be calculated by the following formula: 

fp= f .( Sk / Qc) ½ 







(1.19)
here, 
Sk = The shortcut power of related transformer, Sn /uk ( kVA )
Qc = The power of parallel capacitor, ( kVAr )

As it is seen, resonance frequency of the system is directly proportional to transformer’s shortcut power and inversely proportional to parallel capacitor’s power. So long as the capacitor power increases, resonance frequency proceeds to low harmonic levels such 5 and 7.
But it’s important to keep in mind that, for whichever harmonic component the resonance frequency proceeds, that harmonic becomes the most dangerous component for the system, so in no circumstances the resonance should be allowed to occur for any harmonic frequency. [4]
1.10.2 Series Resonance

Series Resonance Circuit in general can be represented as in figure 1.3;
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Figure 1.3 General illustration of series resonance

The formula for the series resonance condition is,
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(1.20)
Here, fs series resonance frequency, St nominal power of transformer, Zt transformer’s impedance in terms of per unit, SL the load power. Since series resonance provides a low impedance root for harmonic currents which correlate with resonance frequency, there won’t be an increase in harmonic currents but they can flow through unsolicited parts of the network. This kind of undesired conditions may cause two different problems. If there are circuits connected in series with resonance circuit, serious interferences may occur. And, because of the harmonic currents on the resonance line, high voltage harmonics may be generated and there becomes a compulsion in field windings. The voltage on capacitor terminals gets multiplied by Xc/R times of line voltage. 

Resonance events can cause breakdowns in systems and damages on devices. At times where system load is low (for example at late night hours and holidays) effect of the harmonic resonance gets strong. When the load level gets higher, impedance roots which current flow through gets smaller and therefore harmonic increment slows down. As it often happens in many industrial facilities, circuits become more sensitive when they are less loaded and where all the loads are engines. [7]
1.11 Harmonic Measurement Techniques

The best way to analyze harmonics generated at a facility is to measure them. Electrical structure of the facility has to be examined in detail before starting to measurement.

Harmonic Measurement has to be carried out for a long time by the side of the transformer via FFT “Fast Fourier Transform” Method with %0.5 margins of error and with at least 1 kHz frequency, additionally for the purpose of detecting load and harmonic imbalances at the facility, it has to be done a 3 phase–4 line imbalanced current/voltage sampling and Harmonic frequency has to be determined. The effect of central and secondary compensations has to be taken into consideration but one should not wander from normal operating conditions like granting extreme compensation. Significant harmonic sources have to be determined and if it is necessary, measurements have to be carry out by the side of the source. 
1.11.1 Interpretation Measurement

After measurements of harmonics, interpretations vary from facility to facility but with a roughly generalization it can be stated as following:

if THDV<%2,5 and THDI<%10, there is no energy pollution because of the harmonics

if THDV=%2,5–3 and THDI≥ %10, application of harmonic filtration can be suitable technically but not economically  

if THDV≥%3 there is a resonance risk and application of harmonic filtration is suitable both technically and economically.

After measurements and interpretations of harmonics, the most accurate solutions for the facility have to be determined.
1.12 Solution for Harmonic Problems

Some precautions should be taken to eliminate damages of harmonics on the power systems. However it’s not possible to abolish all detrimental effects of harmonics on networks, various methods should be used to level down these effects. In accordance with the first method, during fabrication period of harmonic components, they should be designed in such a way that they create merely or any harmonics or their connection to the network should be planned appropriately. This method can be called as “Precautions to be taken during the Fabrication Period”. And the second method which is called Harmonic Filtration depends on elimination of harmonics after they are generated. [5]
1.12.1 Harmonic Filtration
Precautions which are taken during designing or fabrication period are not enough to stop detrimental effects of harmonics. In addition to these precautions, harmonic currents have to be stopped before they flow through the network so there should be extra circuits to be inserted into the system. These circuits providing infiltration of harmonic currents are called Harmonic Filters. Purpose of Harmonic Filters is to reduce or to eliminate the effects of currents or voltages at one or more frequencies in other words it is to reduce the effect of harmonic content.

Missions of Harmonic Filters can be specified as follows:  

- Correcting voltage wave of a load fed from a device which creates harmonics (such as a rectifier or an inverter)

- Blocking off harmonic contents that were sent back to AC system

- Eliminating radio frequency interferences 

Basically there are two types of filters 

- Passive filters that their components consist of passive elements like resistor, inductance and capacitor 

- Active Filters that are possessed of controlled current or voltage source 

1.12.1.1 Passive Filter

Passive filter is a resonance circuit derived from connection of a power capacitor and a proper inductance in series. Thereby the compensator providing reactive power need of the system carries out filtration of harmonics at the same time, with a low investment. As a result of it, harmonic currents in the system flow through the filters which show a low resistance instead of ramblingly completing circuits from devices. The aim is to determine L and C values which can resonance with harmonic content desired to be eliminated. There must be a different filter root for each harmonic component to resonate it. Usually designs are done for the most effective harmonic components but for the less effective ones, a lowering filter circuit can be taken into account. The point to consider is that the capacitors which are being used in filter circuits must have higher voltages when they are compared to normal power capacitors. Such kind of design is appropriate for balanced power systems. Because, in balanced systems Even Numbered Harmonic Orders (2., 4., 6., 8., …) don’t appear. On the other hand, the third order and the multiples of three harmonics are negligible in delta-star connected transformers because they circulate on delta-winding. Therefore, filter design for balanced systems should be done depending upon odd numbered harmonic orders. In imbalanced three-phase systems, for example in the facilities possessing arc furnace, filtration of odd and even numbered harmonics has to be taken into consideration together.

1.12.1.2 Active Filter

Active filter structure is completely different from Passive Filter structure and it can be defined as a power electronic system, it eliminates current harmonics at the network side by measuring voltage and current in the system. The voltage distortion due to the current distortion can be eliminated by this way. Elimination of current distortion is the exact solution. 

The chief goal here is to eliminate 97% of network harmonics. Besides in case of a need, reactive power can be electively provided .On the other hand, negative effects of harmonics on the system would be completely eliminated and thus the energy quality would increase. 
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Figure 1.4 Working principle of active harmonic filter
However, measurement techniques of active filters are different, their working principles are similar. An active filter is connected with the network in parallel at a harmonics source point and it measures the voltage and the current drawn by harmonics source from network, via a trigger system it produces a current which is negative of the harmonic current drawn from the network and gives it to the system at the connection point to the network. By this way it can be possible to draw a nonharmonic current from the network. Active filters are sized according to harmonic currents and harmonic producers which are going to be filtered.

If it is required active filter to correct cos φ, necessary reactive current has to be involved in the sizing process. There are two types of production processes consisting of analog and microprocessor techniques. 

Active Filters, which are sampling via microprocessor techniques, does FFT after sampling in need of analyzing the system. Dependently on the out come of FFT, filters generate current to correct harmonics in system. Because of the intensity of calculations made by microprocessor, response time of the filters working via this technique increases dependently on brand and model by starting from 40 milliseconds. As a consequence, efficiency ratio of these type active filters is bounded by 94%.
Active filters, which are produced by analog measurement techniques, compare reference current with current components (at 50 Hz) measured by analog filters, and compare reference voltage with  voltage components derived by filtration of components over 50 Hz. 

Active filters produced by analog techniques can filter all harmonic currents in the system by 98% efficiency and with only 2 milliseconds delay.

Active filters should be designed due to harmonic order and structure of the system which is going to be filtrated. An important point which has to be taken into account is structure of the system. There exist active filters for single-phased, three phase-three wired, three phase-four wired systems. If there is a high ordered third harmonic in the system, a three phase-four wired harmonic filter should certainly be used. A three phase-three wired harmonic filter is not enough to filter third harmonic currents therefore active filter doesn’t work with a full performance. 

1.12.1.3 Comparison of Active and Passive Filter

Behaviors of active and passive filters in some conditions are comparatively shown in the following chart. [7]
Table 1.5 Comparison of Active and Passive Filters
	SUBJECT 
	PASSIVE FILTER
	ACTIVE FILTER

	Controlling the harmonic currents 
	Requires one filter for each frequency (it has a high volume) 
	It’s possible to control many harmonic currents at the same time 

	Frequency changing effect 
	Less effective
	Non-effective

	Impedance modification effect
	Carries resonance risk
	Non-effective

	Current increasing effect 
	Can be overloaded and damaged
	There is no risk of overloading 

	Addition of a new load
	The filter would need to be changed 
	Doesn’t cause any problems 

	Controlling the harmonic order 
	Very hard 
	Possible after a calibration

	Main wave frequency change
	impossible
	Possible after a calibration

	Dimensions and weight 
	Very changeable due to the harmonic order 
	Provides compact solutions


CHAPTER TWO
CHAPTER 2 Harmonic Analysis of Star-Delta Inverter
2.1 Overview
This chapter presents harmonic analysis of star-delta converter based HVDC system. First, current harmonics will analyze then voltage harmonics will analyze by using PSCAD/EMTDC software.
PSCAD is fast, accurate and easy-to-use power system simulation software for the design and verification of all types of power systems. PSCAD is also known as PSCAD/EMTDC because EMTDC is the simulation engine, which is the integral part of PSCAD graphical user interface. PSCAD is suitable for simulating time domain instantaneous responses, in both electrical and control systems. The PSCAD graphical user interface greatly enhances the power and usability of the simulation environment. It allows the user to efficiently construct a circuit schematic, run a simulation, analyze the results, and manage the data in a completely integrated graphical environment. PSCAD provides intuitive and interactive control input, meters, and online plotting functions and graphs. [8]
By using PSCAD software, the simulation of Star-Delta Inverter will analyze by the point of current and voltage harmonics. 
2.2 Star-Delta Inverter
Existing transmission system can be upgraded very effectively by converting the AC transmission lines to HVDC.  Star-Delta converter is developed for this purpose. The complete configuration of Star-Delta converter is in figure 2.1. The hexagon design of Star Delta Converter is in figure 2.2 and this figure shows that the star and delta configurations of valves and load together. This is why the converter is called Star-Delta converter. It enables to convert three phase AC power to three lines of DC output at rectifier mode and enables to convert back three DC lines into three phase of AC at inverter mode. The main advantage of the Star-Delta converter is the ac-dc rectifier and dc-ac inverter in upper part have three extra bidirectional valves per converter, labeled as 1, 4 and 6. During ac-dc-ac they help fully utilize three lines of existing ac transmission as dc transmission (increasing the transmission capacity). Another advantage of the system is that, it is also possible to switch back to ac-ac transmission by keeping valves 1, 4 and 6 in conduction and turning off the rest six valves. If all valves of the converters are bi-directional, the ac-dc-ac (HVDC) transmission will be also bi-directional, and each converter can be used as either rectifier or inverter depending upon the direction of AC-DC-AC transmission direction. The system enhances controllability.
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Figure 2.1 Star-delta converter complete configuration


Figure 2.2 Star-delta converter (hexahedron design)

Star-Delta converter’s inverter side will be focused to see the harmonic behavior of the voltage and current output. Star-Delta inverter operates like conventional inverter but it has additional three valves in upper part of the inverter as shown in figure 2.3. The (1, 2), (3, 4), and (5, 6) pairs of valves are fired together like the upper valves of conventional six valve inverter. The lower three valves also fired as conventional six valves inverter. For this reason the Star-Delta inverter uses same control circuit for firing the valves as conventional six valves inverter. [9]
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Figure 2.3 Star-delta inverter applied to PSCAD for current harmonics
2.3 Current Harmonic Analysis of Star-Delta Inverter
Star-Delta inverter phase one current total harmonic distortion is in figure 2.4 and figure 2.5. 
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Figure 2.4 Phase 1 harmonic current output of star-delta inverter
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Figure 2.5 Phase 1 harmonic current output of star-delta inverter after triggering of thyristors
Star-Delta inverter phase two current total harmonic distortion is in figure 2.6 and figure 2.7.
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Figure 2.6 Phase 2 harmonic current output of star-delta inverter
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Figure 2.7 Phase 2 harmonic current output of star-delta inverter after triggering of thyristors
Star-Delta inverter phase three current total harmonic distortion is in figure 2.8 and figure 2.9.

[image: image21.png]AC current Harmonics ph3
Inverter Output Current ph3
B Fast Fourier Transform ph3

+3500

+2800

+2100

+1400

+700

o

B T i R
Time (sec)




Figure 2.8 Phase 3 harmonic current output of star-delta inverter
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Figure 2.9 Phase 3 harmonic current output of star-delta inverter after triggering of thyristors
2.4 Voltage Harmonic Analysis of Star-Delta Inverter
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Figure 2.10 Star-delta inverter applied to PSCAD for voltage harmonics
Star-Delta inverter phase one voltage total harmonic distortion is in figure 2.11 and figure 2.12.
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Figure 2.11 Phase 1 harmonic voltage output of star-delta inverter
[image: image25.png]AC Voltage Harmonics ph1
Inverter Output VVoltage ph1
B Fast Fourier Transform ph

+09

+078

+066[

+054

+042

0375 TEr T8 2%
Time (sec)




Figure 2.12 Phase 1 harmonic voltage output after triggering of thyristors of star-delta inverter
Star-Delta inverter phase two voltage total harmonic distortion is in figure 2.13 and figure 2.14.
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Figure 2.13 Phase 2 harmonic voltage output of star-delta inverter
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Figure 2.14 Phase 2 harmonic voltage output of star-delta inverter after triggering of thyristors
Star-Delta inverter phase three voltage total harmonic distortion is in figure 2.15 and figure 2.16.
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Figure 2.15 Phase 3 harmonic voltage output of star-delta inverter
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Figure 2.16 Phase 3 harmonic voltage output of star-delta inverter after triggering of thyristors
CHAPTER THREE

CHAPTER 3 Harmonic Analysis of Conventional Inverter
3.1 Overview
Large-capacity Static VAR Compensator (SVC) and fuel-cell power generation have been developed in electric power and electric industry fields and have been actually introduced in power systems in recent years. For the design of an inverter, inverter loss reduction and harmonic reduction have been important considerations. In an actual system with an inverter is connected, an over current control against system disturbances such as voltage dip has been also an important consideration from the viewpoint of inverter operation. 

In this chapter the simulation of conventional inverter will analyze by the point of current and voltage harmonics with PSCAD software simulation.
3.2 Conventional Inverter

The figure 3.1 presents the main circuit configuration of six-pulse conventional inverter. 
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Figure 3.1 Conventional inverter applied to PSCAD for current harmonics
3.3 Current Harmonic Analysis of Conventional Inverter
Conventional inverter phase one current total harmonic distortion is in figure 3.2 and figure 3.3.
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Figure 3.2 Phase 1 harmonic current output of conventional inverter
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Figure 3.3 Phase 1 harmonic current output of conventional inverter after triggering of thyristors
Conventional inverter phase two current total harmonic distortion is in figure 3.4 and figure 3.5.
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Figure 3.4 Phase 2 harmonic current output of conventional inverter
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Figure 3.5 Phase 2 harmonic current output of conventional inverter after triggering of thyristors
Conventional inverter phase three current total harmonic distortion is in figure 3.6 and figure 3.7.
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Figure 3.6 Phase 3 harmonic current output of conventional inverter
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Figure 3.7 Phase 3 harmonic current output of conventional inverter after triggering of thyristors
3.4 Voltage Harmonic Analysis of Conventional Inverter
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Figure 3.8 Conventional inverter applied to PSCAD for voltage harmonics
Conventional inverter phase one voltage total harmonic distortion is in figure 3.9 and figure 3.10.
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Figure 3.9 Phase 1 harmonic voltage output of conventional inverter
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Figure 3.10 Phase 1 harmonic voltage output of conventional inverter after triggering of thyristors
Conventional inverter phase two voltage total harmonic distortion is in figure 3.11 and figure 3.12.
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Figure 3.11 Phase 2 harmonic voltage output of conventional inverter
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Figure 3.12 Phase 2 harmonic voltage output of conventional inverter after triggering of thyristors
Conventional inverter phase three voltage total harmonic distortion is in figure 3.13 and figure 3.14.
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Figure 3.13 Phase 3 harmonic voltage output of conventional inverter
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Figure 3.14 Phase 3 harmonic voltage output of conventional inverter after triggering of thyristors
CHAPTER FOUR
CHAPTER 4 Harmonic Analysis of Star-Delta Prototype System
4.1 Overview
Star-delta converter prototype system harmonic analysis will be covered in this chapter. Voltage harmonics analysis is done by using FLUKE 43B Power Quality Analyzer.
FLUKE 43B Power Quality Analyzer combines the most useful capabilities of a power quality analyzer, multimeter and scope. It can calculate 3-phase power on balanced loads, from a single-phase measurement. Power harmonic measurements, voltage sags capturing, transients and inrush current monitoring functions help track intermittent problems and power system performance. FLUKE 43B can records two selectable parameters for up to 16 days. With Fluke View Software logging of harmonics and all other reading over time can be done. Fluke View Software also provides a complete harmonics profile up to the 51st harmonic. Resistance, diode, voltage drop, continuity, and capacitance measurements can also be done with Fluke 43B. [10]
4.2 Voltage Harmonic Analysis of Star-Delta Prototype

Star-delta converter prototype is designed to convert three phase AC power to three lines of DC output at rectifier mode and enables to convert back three DC lines into three phase of AC at inverter mode. Star-delta converter prototype is used to test the inverter side harmonic outputs experimentally in laboratory. The figure of the prototype star-delta converter is in figure 4.1 and the laboratory test is in figure 4.2. The harmonic analysis of the star-delta converter’s inverter side is performed by using FLUKE 43B Power Quality Analyzer which enables to capture the single phase harmonic distortion over a certain period of time. Total harmonic distortion of voltage of each phase is recorded for four minutes to see the changes during in that time. The outputs of each phase are illustrated in figure 4.3, figure 4.4 and figure 4.5.
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Figure 4.1 Picture of star-delta prototype
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Figure 4.2 Picture of experimental voltage harmonic analysis of star-delta prototype with FLUKE 43B power quality analyzer
Prototype Star-delta inverter phase one voltage total harmonic distortion is in figure 4.3. 
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Figure 4.3 Phase 1 harmonic voltage output of star-delta prototype

Prototype Star-delta inverter phase two voltage total harmonic distortion is in figure 4.4 
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Figure 4.4 Phase 2 harmonic voltage output of star-delta prototype
Prototype Star-delta inverter phase three voltage total harmonic distortion is in figure 4.5 
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Figure 4.5 Phase 3 harmonic voltage output of star-delta prototype

CHAPTER FIVE
CHAPTER 5 Conclusion and Discussion
5.1 Conclusions
The compensation process brings great advantage to both producers and users; however it can cause serious problems to facilities which it is being applied in, especially in facilities that have harmonic creating devices such as powerful thyristor-controlled rectifiers, arc furnaces and source generators. Some necessary measurments have to be taken and some prevention has to be done before establishing compensation in plants. Otherwise some resonant events can arise in the system. 
Negative effects of harmonics on energy systems can be defined in two ways. 

Technical problems effect system work negatively and prevent a high energy quality to be submitted to the customers. Energy systems should benefit from lack of harmonics, but unfortunately it is obviously impossible in today’s conditions. So, decreasing or totally eliminating these effects should be taken into consideration. There are two methods for such a situation, firstly devices have to be designed as they would never create harmonics or as they would barely create harmonics, secondly harmonics have to be filtrated from the system by harmonic filters. In chapter one, as far as we have examined the definition, effects and analysis of harmonics, we emphatically mentioned about harmonic filters.
The voltage and current harmonic analysis of the star-delta based HVDC system was the main topic of this work. Star-delta based HVDC system harmonic outputs compared with the conventional based HVDC system to investigate the difference between them. To simulate the star-delta and conventional based HVDC systems, PSCAD/ETMDC software is used which is powerful power system analysis tool to analyze the harmonic outputs of both systems. 

Prototype of star-delta based HVDC system was constructed to analyze the star-delta based HVDC system harmonic behaviors practically in laboratory conditions. The conditions allowed taking only the voltage harmonic outputs of the star-delta based HVDC system inverter side three phases. 

The aim of the work is to find out the harmonic behavior of the star-delta based HVDC system both in simulation and experimentally to compare the results with conventional based HVDC system harmonic analysis results. According to the simulation of PSCAD/EMTDC software, the harmonic analysis results of the conventional and star-delta based HVDC systems are in table 5.1 and table 5.2. The experimental harmonic analysis results of the star-delta based HVDC system are in table 5.3. 
Table 5.1 Conventional Based HVDC System THDV PSCAD Simulation Results
	Conventional based HVDC system (PSCAD simulation results)

	 
	Phase1
	Phase2
	Phase3

	THDV
	0.59
	0.45
	0.46


Table 5.2 Star-Delta Based HVDC System THDV PSCAD Simulation Results 

	Star-Delta based HVDC system (PSCAD simulation results)

	 
	Phase1
	Phase2
	Phase3

	THDV
	0.56
	0.45
	0.46


Table 5.3 Star-Delta Based HVDC System THDV Experimental Results
	Star-Delta based HVDC system (Experimental results)

	 
	Phase1
	Phase2
	Phase3

	THDV
	0.48
	0.43
	0.42



The results obtain are compared with the table 1.4, which is IEEE Maximum Voltage Distortions Limits. Comparison parameter is System Voltage >138 kV, IEEE permits the THDV =1.5. So according to the result obtained from the simulations for conventional and star-delta based HVDC systems, the IEEE requirements are satisfied. This means that star-delta based HVDC system can be used in real life applications as conventional based HVDC systems. Example of an application is connecting the wind turbines to the main power distribution grid.  By using Star-Delta Converter in HVDC systems, existing transmission lines can be upgraded very effectively as it increases the transmission capacity. Another advantage of the Star-Delta based HVDC system is that, it is also possible to switch back to ac-ac transmission by keeping valves 1, 4 and 6 in conduction and turning off the rest six valves [9]. 
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