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ABSTRACT 

In recent years different harmonic-reduction techniques have been proposed and applied among those techniques, passive harmonic filters are still considered to be the most effective and viable solution for harmonic mitigation.

The current industry practice is to combine filters of different topologies to achieve a certain harmonic filtering goal.

In this thesis a combination of three tuned harmonic filters have been designed and used for the mitigation of harmonic distortions in three phase transformer which is generated by nonlinear load (three phase full wave bridge rectifier used as nonlinear load). Two types of filters are used, C-type filters to eliminate or to reduce the effects of  and  harmonics, and one double-tuned filter to eliminate or to reduce the effects of  and  harmonics. 

The tuned harmonic filters have been designed depending on a new method based on resonance frequency. It does not need to solve equations, so it reduces the amounts of computation when compared to traditional methods.

 Analytical study of combination of three tuned harmonic filters technique for proposed filter circuits shows a drastic minimization of , , , and  harmonic components of the input current. 

Tuned harmonic filters are designed to reduce harmonic distortions to locate within the IEEE 519 harmonic voltage and current limits. The results of the proposed filters are analyzed to evaluate the effectiveness of the filter design



Key words: Three phase transformer, nonlinear load, harmonic, passive filter , simulation.
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1.1 Background of the Study
Harmonic voltage and currents affect normal operation of a three-phase transformer. As iron and copper losses increase depending on the level of harmonic and distortion, the transformer is not loaded with nominal power, thus its efficiency decreases significantly. As the efficiency of the transformer working under nominal power, operational expenses will increase, which is bad for the economy. In general transformers are designed to supply sinusoidal loads in their nominal frequencies. However, mostly transformers supply non-linear loads and these non-sinusoidal currents lead to excessive heating of the transformer, which in turn cause distortion in its power quality [1].

 This problem has been studied since the 1980s. This procedure is presented in IEEE-C57-110 document by supposing that eddy current losses change with harmonic level and the square of the current [2, 3]. 

In recent years, there has been an increased concern about the effects of nonlinear loads on the electric power system. Nonlinear loads are any loads which draw current that is not sinusoidal and include such equipment as fluorescent lamp, gas discharge lighting, solid state motor drives, diodes, transistors and the increasingly common electronic power supply causes generation of harmonics [4].

Transformers are one of the component and usually the interface between the supply and most non-linear loads. They are usually manufactured for operating at the linear load under rated frequency. 

Nowadays the presence of nonlinear load results in producing harmonic current [5]. Increasing in harmonic currents causes extra loss in transformer winding and thus, leads to increase in temperature, reduction in insulation life, increase to higher losses and finally reduction of the useful life of the transformer. There are three effects that result in increased transformer heating when the load current includes harmonic components.

· RMS current: If the transformer is sized only for the kVA requirements of the load, harmonic currents may result in the transformer RMS current being higher than its capacity;
· Eddy-current losses: These are induced currents in a transformer caused by the magnetic fluxes.
· Core losses: The increase in nonlinear core losses in the presence of harmonics will be dependent under the effect of the harmonics on the applied voltage and design of the transformer core [6].

1.2  Estimation of Harmonic load methods
The measurement of a transformer’s losses and calculation of its efficiency is applied in the power and distribution transformer. Three methods of estimating harmonic load content are; the harmonic factor (percent total harmonic distortion- %THD), K-Factor and Crest Factor.

1.2.1 Total Harmonic Distortion (THD)
The ratio of the root mean square of the harmonic content to the RMS value of the fundamental quantity, expressed as a percent of the fundamental.

The THD is a measure of the effective value of the harmonic components of a distorted waveform. That is, it is the potential heating value of the harmonics relative to the fundamental. This index can be calculated for either voltage or current. The percentage of the total harmonic distortion (%THD) can be written as




Where is the amplitude of the harmonic component of order h andis the r.m.s values of all the harmonics that can be represented as



1.2.2 K-Factor Rated Transformers.

K-factor is a means of rating a transformer with respect to the harmonic magnitude and frequency of the load. It is an alternate technique for transformer de-rating which considers load characteristics. It is a rating optionally applied to a transformer indicating its suitability for use with loads that draw non-sinusoidal currents. It is an index that determines the changes in conventional transformers must undergo so that they can dissipate heat due to additional iron and copper losses because of harmonic currents at rated power. Hence the K-factor can be written as,



Where is the load current at the harmonic h, expressed in a per-unit basis such that the total RMS current equals one ampere, i.e.



A K-Factor of 1.0 indicates a linear load (no harmonics). The higher K-Factor, the greater the effect of harmonic heating.

K-factor transformers are designed to supply non-sinusoidal loads and there are used smaller, insulated, secondary conductors in parallel to reduce skin effect but that is more expensive than conventional transformers [7].
1.2.3 Crest- factor Method.

Crest-factor methods used to determine the maximum load that may be safely placed on a transformer that supplies harmonic loads.



By definition, a perfect sine wave current or voltage will have a crest factor of 1.414 and any deviation of this value represents a distorted waveform [8].

1.3 Three Phase Transformer with Linear Load
Circuit diagram shown in Figure 1.1 is a configuration of delta/star three phase transformer with linear load, the linear loads are a combinations of resistance, capacitance, and inductance or individually, or any other loads subject to Ohm's law.  
 
 


Where is No load loss, is Load loss

   


[image: ]
Figure1.1 Connection of the three phase transformer with linear load [1]
1.3.1 Resistive Load

Fig.1.2 presents the relation between voltage, and current in one phase of three phase transformer with purely linear resistive load. Both waveforms are inphase and there is no waveform distortion will take place. Total harmonic distortion THD=0.03% as shown in Fig.1.3

[image: ]Figure 1.2 Relation between voltages, current in a purely resistive load [9].

[image: ]
Figure 1.3 Current harmonic spectrum of the linear resistive load at phase a

1.3.2 Inductive Load
In this case the current lags the voltage as shown in Figure1.4 which shows the relation between voltage, and current, in one phase of three phase transformer with linear inductive load. The two waveforms will be out of phase. 

However, no waveform distortion will take place and the total harmonic distortion (THD) =0.02% as shown in Fig.1.5
[image: ]Figure 1.4 Relation between voltage, current in inductive load [9]

[image: ]
Figure 1.5 Current harmonic spectrum of the linear inductive load at phase a

1.3.3 Capacitive Load
In this case the current leads the voltage as shown in Figure1.6 which shows the relation between voltage, and current in one phase of three phase transformer with capacitive load. The two waveforms will be out of phase from one another. However, no waveform distortion will take place and total harmonic distortion (THD) = 0.02% as shown in Fig.1.7 and Table1.1 shows examples of linear loads

[image: ]
Figure 1.6 Relation between voltage, current in capacitive load [9]
[image: ]

Figure 1.7 Current harmonic spectrum of the  linear capacitive load at phase a


Table 1.1 Examples of linear loads.

	Resistive elements
	Inductive elements
	Capacitive elements

	• Incandescent lighting
• Electric heaters
	• Induction motors
• Current limiting reactors
• Induction generators
(wind mills)
• Damping reactors used
to attenuate harmonics
• Tuning reactors in
harmonic filters
	• Power factor correction
capacitor banks
• Underground cables
• Insulated cables
• Capacitors used in
harmonic filters




1.4 Three Phase Transformer with Non-Linear Loads
Nonlinear loads are loads in which the current waveform does not resemble the applied voltage waveform due to a number of reasons, for example, the use of electronic switches that conduct load current only during a fraction of the power frequency period. Therefore, we can conceive nonlinear loads as those in which Ohm’s law cannot describe the relation between V and I. Among the most common nonlinear loads in power systems are all types of rectifying devices like those found in power converters, power sources, uninterruptible power supply (UPS) units, and arc devices like electric furnaces and fluorescent lamps [9].Table1.2 shows some examples of nonlinear loads. Fig.1.8 presents delta/star configuration of three phase transformer under nonlinear load (three phase Full wave bridge rectifier). As shown in Figure1.9 the voltage VL and current IL waveforms are distorted and total harmonic distortion (THD) = 21% as shown in Figure1.10 and the Table1.2 shows some examples of nonlinear loads.
[image: ]
Figure 1.8 connection of the three phase transformer with nonlinear load[1]

[image: ]

Figure 1.9 Current and Voltage waveforms of Full wave bridge rectifier

[image: ]
Figure 1.10 Current harmonic spectrum of the nonlinear load at phase a [9]
	Power electronics
	ARC devices

	• Power converters
• Variable frequency drives
• DC motor controllers
• Cycloconverters
• Cranes
• Elevators
• Steel mills
• Power supplies
• UPS
• Battery chargers
• Inverters
	• Fluorescent lighting
• ARC furnaces
• Welding machines


Table 1.2 Examples of some non- linear loads.










1.5 Thermal Effects on Transformer
Modern industrial and commercial networks are increasingly influenced by significant amount of harmonic currents produced by a variety of nonlinear loads like variable speed drives, electric and induction furnaces, and fluorescent lighting. Add to the list uninterruptible power supplies and massive numbers of home entertaining devices including personal computers. All of these currents are sourced through service transformers. A particular aspect of transformers is that, under saturation conditions, they become a source of harmonics. Delta–wye- or delta–delta-connected transformers trap zero sequence currents that would otherwise overheat neutral conductors. The circulating currents in the delta increase the rms value of the current and produce additional heat. This is an important aspect to watch. Currents measured on the high-voltage side of a delta-connected transformer will not reflect the zero sequence currents but their effect in producing heat losses is there [9].
In general, harmonics losses occur from increased heat dissipation in the windings and skin effect; both are a function of the square of the RMS current, as well as from eddy currents and core losses. This extra heat can have a significant impact in reducing the operating life of the transformer insulation. Transformers are a particular case of power equipment that has experienced an evolution that allows them to operate in electrical environments with considerable harmonic distortion. Here we only stress the importance of harmonic currents in preventing conventional transformer designs from operating at rated power under particular harmonic environments. In industry applications in which transformers are primarily loaded with nonlinear loads, continuous operation at or above rated power can impose a high operating temperature, which can have a significant impact on their lifetime.
1.6 Review of Transformer Losses in Harmonic Loads
In general, transformer loss is divided into two groups, no load and load loss [10].



Where No load loss or core loss is, is Load loss, and is total loss

1.6.1 No Load Loss
No load loss or core loss (iron loss) appears because of time variable nature of electromagnetic flux passing through the core and its arrangement is affected by the amount of this loss. Since distribution transformers are always under service, considering the number of this type of transformer in network, the amount of no load loss is high but constant(constant losses) this type of loss is caused by hysteresis phenomenon and eddy currents into the core. These losses are proportional to frequency and maximum flux density of the core and are separated from load currents.

1.6.2 Load Loss
Load losses consist of  loss, eddy loss, and stray loss, or in equation form 



Is loss due to resistance of windings, is Windings eddy current loss, is other stray losses in structural parts of transformer such as tank, clamps [11].

The sum of and is called total stray loss. According to Eq. (1.13), we can calculate its value from the difference of load loss and Ohmic loss:



There is no test method mentioned for the  process of separating windings eddy loss and other stray loss yet [11].
1.6.2.1 Ohmic Loss (copper Loss):
This loss can be calculated by measuring winding dc resistance and load current. If RMS value of the load current increases due to harmonic component, this loss will increase by square of RMS of load current [3]. The winding copper loss under harmonic condition is shown in Eq. (1.14)



1.6.2.2 Eddy Current Loss in Windings:

Eddy Current Loss is caused by time variable electromagnetic flux that covers windings. Skin effect and proximity effect are the most important phenomenon in creating these losses in transformers, in comparison to external windings, internal windings adjacent to core have more eddy current loss. The reason is the high electromagnetic flux intensity near the core that covers these windings.

Also, the most amount of loss is in the last layer of conductors in winding, which is due to high radial flux density in this region [12].



Here:
  A conductor width perpendicular to field line
  Conductor’s resistance



The impact of lower-order harmonics on the skin effect is negligible in the transformer windings.
1.6.2.3 Other Stray Loss:

 A voltage induces in the conductor Due to the linkage between electromagnetic flux and conductor, and this will lead to producing eddy current produces loss and rise temperature.

 Other stray loss is a part of eddy current loss which is produced in structural parts of transformers (except in the windings) different factors such as size of core, class of voltage of transformer and construction of materials used to build tank and clamps. To calculate the effect of frequency on the value of other stray loss, different tests have been achieved. Results shown that the AC resistance of other stray loss in low frequency (0-360Hz) is equal to:



The frequencies in the range of (420-1200 Hz), resistance will be calculated by:
	


Thus lossis proportional to the square of the load current and the frequency to the power of 0.8



For calculating the other stray loss the equation below can be used



1.7 Harmonic Current Effect on no-Load Losses
According to Faraday’s law the terminal voltage determines the transformer flux level, i.e.


Transferring this equation into the frequency domain shows the relation between the voltage harmonics and the flux components:



This equation shows that flux magnitude is directly proportional to the harmonic voltage and inversely proportional to the harmonic order h. Furthermore, within most power systems, the harmonic distortion of the system voltage THD is well below 5% and the magnitudes of the voltage harmonic components are small compared to fundamental components. Hence neglecting the effect of harmonic voltage will only give rise to an insignificant error. Nevertheless, if THDv is not negligible, losses under distorted voltages can be calculated based on ANSI-C.27-1920 standard.


Where,
and are the RMS values of distorted and sinusoidal voltages, PM and P are no-load losses under distorted and sinusoidal voltages, and are hysteresis and eddy current losses, respectively [13].

1.8 Harmonic Current Effect on Load Losses
According to [3], in most power systems, current harmonics are of more significance. It causes increase losses in the windings and other structural parts of the distribution transformer

1.8.1 Harmonic Current Effect on DC Losses

1.8.2 Harmonic Current  Effect on Eddy Current Losses
Eddy current loss of windings is proportional to square of current and square of harmonic frequency in harmonic condition. 



Where, is Rated eddy current loss of windings, is the current related harmonics is Rated load current, h is the Order of harmonics[3].

1.8.3 Harmonic Loss Factor for other stray losses
The other stray losses are assumed to vary with the square of the RMS current and the harmonic frequency to the 0.8 power [3]:















1.9 Literature Review

The techniques developed so far to clear the harmonic pollution in nonlinear load can be classified in three groups

· Passive filter
· Active filter
· Hybrid filter

There are many papers proposed for minimizing current distortion in nonlinear load as follow: 

F. Z. Peng, H. Akagi and A. Nabae (1990) proposed a new approach to compensate for harmonics in power  systems. It is a combined system of a shunt passive filter and a small rated series active filter. The compensation principle is described, and some interesting filtering characteristics are discussed in detail theoretically. Excellent practicability and validity to compensate for harmonics in power systems are demonstrated experimentally [14].

Elham B. Makram, and E. V. Subramaniam (1993) presented a study of harmonic filters design to minimize harmonic distortion caused by a harmonic source such as drives. Several types of shunt harmonic filters are presented. The analysis includes the basic principles, the application of the 2-bus method and the economic aspects for harmonic filter design[15].

S. kim, P. Enjeti (1994) proposed a new approach to improve power factor and reduce current harmonics of a three-phase diode rectifier using the technique of the line injection. The proposed approach is passive and consists of a novel interconnection of a star-delta transformer between the AC and DC sides of the diode rectifier. A circulating third harmonic current is automatically generated, and injected to the AC side lines of the rectifier. The resulting input current is near sinusoidal in shape with a significant reduction in supply current harmonics. The disadvantage of this approach is the additional cost of the star-delta transformer which is rated about 43% of the rectifier output power [16].
J. Carlos and A.H. Samra (1998) discussed a novel approach of zigzag transformer connected between AC and DC sides of UCC. They showed by simulation using Electromagnetic Transient Program, that the generated circulating current drastically reduces the supply current harmonics. No practical results are presented [17]. 

P. Pejovic and Z. Janda (1999) proposed a low harmonic three phase diode rectifier that applies near optimal current injection. The rectifier utilizes a novel passive current injection network consists of three resistors and three nondissipative filters. The injection network consists of thirteen elements [18].

C. J. Choo, and C.W. Lio (2000) proposed the optimal planning of large passive-harmonic-filters set at high voltage level based on multi-type and multi-set of filters, from which, the types, set numbers, capacities and the important parameters of filters are well determined to satisfy the requirements of harmonic filtering and power factor. Four types of filters, namely single-tuned filter, second-order, third-order and C-type damped filters are selected for the planning. The characteristics of filters are analyzed [19].

 Basil. M. S and Hussein.I.Z (2006) proposed a new concept and a novel passive resonant network, which is connected between the AC and DC sides of the Three-phase rectifier, analyses and simulated by PSPICE program. The result show that the shape of line current becomes nearly sinusoidal and the THD of the AC supply current can be reduced from 32% to 5% [20].

Babak. Badrzadeh, Kenneth S. Smith (2011) presented the results of harmonic analysis and harmonic filter design for a grid-connected aluminum smelting plant. Harmonic-penetration-analysis studies are carried out to determine the system resonance frequencies and the individual and total harmonic voltage distortions for a wide range of possible system operating conditions. A conceptual harmonic-filter-design procedure for the filters required for the smelting plant is presented. The suitability and robustness of the proposed harmonic filter configuration in terms of the filter’s component current and voltage ratings and corresponding rms values are investigated[21].

1.10 Objective and Organization

1.10.1 Aim of the Thesis

The aim of this thesis is to reduce current harmonics in a Three-phase transformer under linear and nonlinear load based on harmonic tuned filters technique in order to get current waveform near to sinusoidal waveform. For this purpose combination of two types of filters (double tuned filter and c-type filter) have been used and proposed. Therefore the broad objectives of this thesis are:
1. Studying three phase transformer under linear and nonlinear load.
2. Analyzing the tuned harmonic filter technique for the system under nonlinear load in order to minimize harmonic distortion. 
3. Mathematical analysis of the passive harmonic filter network in order to get the equations of elements to design passive filters circuit.
4. Simulating the circuit configuration with and without tuned harmonic filter, using (Matlab Simulink) program, and comparing the results.

1.10.2 Thesis Organization
This thesis is organized in five chapters,
In which chapter one is an introduction to the three phase transformer under linear and nonlinear load.
 
The second chapter generally deals with the harmonic spectrum analysis in the system under linear and nonlinear load. 

Chapter three provides parameter calculation and designing tuned harmonic filter for harmonic reduction.
 
Chapter four shows the simulation results for circuit configuration with and without filters.

The fifth and final chapter provides the concluding remarks that summarize the research results and gives future work recommendations on subjects related to the thesis.
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THEORETICAL ANALYSIS FOR THE SYSTEM

2.1 Harmonic Analyses of Three Phase Full Wave Bridge Rectifier
 
The circuit arrangement as shown in Fig. 2.1, where the three phase full wave  bridge rectifier is used as a nonlinear load the input current(ia) waveform of these bridge rectifier is a series of equally spaced rectangular pulses alternately positive and negative as shown in Fig. 2.2.  Fourier analysis of  such a waveform shows that it contains a converging series of superimposed harmonic components have frequencies of 5, 7, 11, 13,as shown in Fig. 2.3 and in general   each 6n harmonic in the DC voltage requires harmonic currents of frequencies of 6n+ 1 and 6n-1 in the AC line. The magnitude of the harmonic current is essentially inversely proportional to the harmonic number [22], Expressed as:
  

Where
h = harmonic number
k = any integer
q= pulse number of circuit
= fundamental current
= harmonic current

[image: ]
Figure 2.1 Three Phase Transformer with Nonlinear Load [1]
[image: ]
Figure 2.2 (a) Waveforms of Va, Vb, Vc (b) Phase -a-current waveform for high inductive 
Load [20]

[image: ]

Figure 2.3 Distorted Waveform Composed of Fundamental and   Harmonics [9] 

Therefore, for a three phase full wave bridge rectifier, the per unit harmonic currents in the AC power supply would theoretically be:
Table 2.1 per unit harmonic currents for a three phase full wave bridge rectifier [22]
	h
	5
	7
	11
	13
	17
	19
	23
	25

	
	0.200
	0.143
	0.091
	0.077
	0.059
	0.053
	0.043
	0.040


 
These values apply for k= 1 to 4. Because the harmonic currents are essentially zero for values of k above 4, it is customary only to analyze for k values up through 4. Rigorous treatment would require extending the range of k.

The switching elements of a three phase full wave bridge rectifier are diodes. They will start conducting as soon as a voltage is applied in the forward or current carrying direction. The switching elements of a phase controlled rectifier or converter are thyristors. Table2.2 and Fig.2.4 show the relationship of the theoretical values to typical values due the trapezoidal waves.

Table 2.2 per unit harmonic currents for three phase full wave bridge rectifier the relationship of the theoretical values to typical values due the trapezoidal waves [22]
	h
	5
	7
	11
	13
	17
	19
	23
	25

	Theory
	0.200
	0.143
	0.091
	0.077
	0.059
	0.053
	0.043
	0.040

	Typical
	0.175
	0.111
	0.045
	0.029
	0.015
	0.010
	0.009
	0.008





[image: ]

Figure 2.4 Theoretical and Typical Values of Harmonic Current For a three phase full wave bridge rectifier [22]
2.2 Mathematical Structure  

In general, a non-sinusoidal waveform repeating with an angular frequency can be expressed as in equation (2.3) [9].



Where


And



Each frequency component has the following value



Can be represented as a phasor in terms of its RMS value as shown in equation (2.7) 



Where


Fourier series of  


 

 
 

(2.11)

2.3 Proposed System Configuration for Harmonic Cancellation

Due to the rapid development of electronic and semiconductor devices, harmonic problems have become a major concern for present day engineer the harmonic filtering is one of the solutions to prevent the troublesome harmonics from entering the rest of the system passive filter components are passive elements such as resistor, inductor, and capacitor, Among the passive filters, there are two approaches to suppress undesired harmonic currents; a) using a series impedance to block them, b) diverting them by means of a low impedance shunt path[15]. Fig. 2.5 shows a proposed system consisting of a shunt passive filter which are a combination of three tuned filters, two C-type filters to eliminate or to reduce the effects of 5th and7th harmonics, and one double-tuned filter to eliminate or to reduce the effects of 11th and 13th harmonics as shown in Fig. 2.6. The reactive power of each filter is 1KVAr, and the nominal voltage of capacitance is 220V which is connected in parallel with the system. It is installed in parallel with a harmonic-producing load, that is, a three-phase bridge rectifier of rating 10 kVA.
 
The filtering performance of the ‘C’ type filter lies in between the second and third order types. The main advantage in the ‘C’ type filter is a considerable reduction in fundamental frequency losses, the double tuned filter can eliminate two harmonics and its equivalent impedance is the same as two parallel single tuned filters. This filter has the advantage of reducing the power losses at fundamental frequency as compared with two single tuned filters.

[image: ]

Figure 2.5 Proposed system configuration
[image: ]
Figure 2.6 Proposed system configuration with filters

2.4 Harmonic Impedance Plot for the Proposed Harmonic Filter

If shunt harmonic filters are not selected carefully, they can resonate with existing electrical components and cause additional harmonic currents. In order to ensure that the proposed harmonic filter does not cause any new resonance point on the system, a harmonic impedance sensitivity plot for the filter was produced, as shown in Fig. 2.7
Harmonic filter banks are typically tuned to approximately 2%–10% below the desired harmonic frequency [21]. If a filter is tuned exactly at the frequency in concern, an upward shift in the tuned frequency will result in a sharp increase in impedance, as seen by harmonics. In order to mitigate the low-order 5th and 7th harmonics, a two c-type filter tuned at the 4.8th, and 6.8th  harmonics was initially investigated, To mitigate the 11th and 13th harmonics, it was observed that the filter design can be simplified by using double tuned filter at the 10.8th, and 12.8th harmonics. The quality factor of this tuned harmonic filter is set to 10.
[image: ]
Figure 2.7 Harmonic impedance characteristics of the proposed harmonic filter.

2.5 Harmonic Standards and recommendation

The most widespread standards for harmonic control worldwide are due to IEEE in the U.S. and IEC (International Electrotechnical Commission) in the European Union. In 1981, the IEEE issued Standard 519-1981, which aimed to provide guidelines and recommended practices for commutation notching, voltage distortion, telephone influence, and flicker limits produced by power converters. The standard contended with cumulative effects but did little to consider the strong interaction between harmonic producers and power system operation [9].

The IEC, which governs the European Union, adopted a philosophy of requiring manufacturers to limit their products’ consumption of current harmonics in their standard IEC 61000-3-2. This standard applies to all single-phase and three-phase loads rated at less than 16 A per phase. Products must be tested in approved laboratories to insure they meet the standard. 61000-3-2 took effect on January 1, 2001, although enforcement seems to be limited [23].

2.6 Harmonic distortion effects on plant equipment [24]

High levels of harmonic distortion can lead to problems for the utility's distribution system, plant distribution system and any other equipment serviced by that distribution system. Effects can range from spurious operation of equipment to a shutdown of important plant equipment, such as machines.
Harmonics can lead to power system inefficiency. Some of the negative ways that harmonics may affect plant equipment are listed below: 

Conductor Overheating: a function of the square RMS current per unit volume of the conductor. Harmonic currents on undersized conductors or cables can cause a “skin effect”, which increases with frequency and is similar to a centrifugal force.

Capacitors: can be affected by heat rise increases due to power loss and reduced life on the capacitors. If a capacitor is tuned to one of the characteristic harmonics such as the 5th or 7th, overvoltage and resonance can cause dielectric failure or rupture the capacitor.

Fuses and Circuit Breakers: harmonics can cause false or spurious operations and trips, damaging or blowing components for no apparent reason.
Transformers: have increased iron and copper losses or eddy currents due to stray flux losses. This causes excessive overheating in the transformer windings. 

Generators: have similar problems to transformers. Sizing and coordination is critical to the operation of the voltage regulator and controls. Excessive harmonic voltage distortion will cause multiple zero crossings of the current waveform. Multiple zero crossings affect the timing of the voltage regulator, causing interference and operation instability.

Utility Meters: may record measurements incorrectly, result in higher billings to consumers.

Drives/Power Supplies: can be affected by disoperation due to multiple zero crossings. Harmonics can cause failure of the commutation circuits, found in DC drives and AC drives with silicon controlled rectifiers (SCRs).
2.7 Harmonic Mitigating Techniques

Several different solutions are proposed for harmonic mitigation. The right choice is always dependent on a variety of factors, such as the activity sector, the applicable standards, and the power level. Several solutions are relative to Variable Speed Drives, as this type of electrical equipment represents a large part of the installed power in industrial installations and the most significant power harmonic current generators.
According to Hussein A. Kazem (2013) harmonic mitigation techniques classified into three categories: passive techniques, active techniques, and hybrid harmonic reduction techniques using a combination of active and passive methods as shown in Table 2.3.

Table 2.3 Categorization of harmonic reduction methods

Passive Filters

Active Filters

Harmonic Current Reduction Methods

Using Filter
Injection Current
Through Capacitors
Neutral Injection
Line Injection

         Through delta/star
Or delta /zigzag Transformer

Injecting with external triple frequency current source
Injecting with self-generated 3rd harmonic current



















2.8 Passive Harmonic Mitigation Techniques

Many passive techniques are available to reduce the level of harmonic pollution in an electrical network, including the connection of series line reactors, tuned harmonic filters, and the use of higher pulse number converter circuits such as 12-pulse, 18-pulse, and 24-pulse rectifiers. In these methods, the undesirable harmonic currents may be prevented from flowing into the system by either installing a high series impedance to block their flow or diverting the flow of harmonic currents by means of a low-impedance parallel path [25].

2.8.1 Effect of Source Reactance

Typical AC current waveforms in single-phase and three-phase rectifiers are far from a sinusoid. The magnitude of harmonic currents in some nonlinear loads depends greatly on the total effective input reactance, comprised of the source reactance plus any added line reactance. For example, given a 6-pulse diode rectifier feeding a DC bus capacitor and operating with discontinuous DC current, the level of the resultant input current harmonic spectrum is largely dependent on the value of AC source reactance and an added series line reactance; the lower the reactance, the higher the harmonic content . Other nonlinear loads, such as a 6-pulse diode rectifier feeding a highly inductive DC load and operating with continuous DC current, act as harmonic current sources. In such cases, the amount of voltage distortion at the PCC is dependent on the total supply impedance, including the effects of any power factor correction capacitors, with higher impedances producing higher distortion levels [26].

2.8.2 Series Line Reactors

The use of series AC line reactors as shown in Fig. 2.8 is a common and economically means if increasing the source impedance relative to an individual load, for example, the input rectifier used as part of a motor drive system. The harmonic mitigation performance of series reactors is a function of the load; however, their effective impedance reduces proportionality as the current through them is decreased [27].
[image: ]
Figure 2.8 Duplex reactors [27]


2.8.3 Tuned Harmonic Filters

Passive harmonic filters (PHF) involve the series or parallel connection of a tuned LC and high-pass filter circuit to form a low-impedance path for a specific harmonic frequency. The filter is connected in parallel or series with the nonlinear load to divert the tuned frequency harmonic current away from the power supply. Unlike series line reactors, harmonic filters do not attenuate all harmonic frequencies but eliminate a single harmonic frequency from the supply current waveform [28]. Eliminating harmonics at their source has been shown to be the most many types of harmonic filters are commonly employed, including the following:
 
2.8.3.1 Shunt passive filters

Passive LC filters tuned to eliminate a particular harmonic are often used to reduce the level of low-frequency harmonic components like the 5th and 7th produced by three-phase rectifier and inverter circuits. The filter is usually connected across the line as shown in Fig. 2.9 if more than one harmonic is to be eliminated, and then a shunt filter must be installed for each harmonic. Care must be taken to ensure that the peak impedances of such an arrangement are tuned to frequencies between the required harmonic frequencies to avoid causing high levels of voltage distortion at the supply’s PCC because of the presence of an LC resonance circuit [28].

[image: ]
Figure 2.9 Shunt passive filters [24]


2.8.3.2 Series Passive Filter

A series passive filter is connected in series with the load. The inductance and capacitance are connected in parallel and are tuned to provide high impedance at a selected harmonic frequency. The high impedance then blocks the flow of harmonic currents at the tuned frequency only.
 At fundamental frequency, the filter would be designed to yield low impedance, thereby allowing the fundamental current to follow with only minor additional impedance and losses. Fig.2.10 shows a typical series filter arrangement [28].

[image: ]
Figure 2.10 Series passive filter [28]

2.8.3.3 Higher Pulse Converters


 Three phases, 6-pulse static power converters, such as those found in variable speed drives (VSD), generate low frequency current harmonics. Predominantly, these are the 5th, 7th, 11th, and 13th with other higher orders harmonics also present but at lower levels. With a 6-pulse converter circuit, harmonics of the order 6𝑘 ± 1, where 𝑘 = 1, 2, 3, 4, and so forth, will be present in the supply current waveform.

 In high-power applications, AC-DC converters based on the concept of multi pulse, namely, 12, 18, or 24 pulses, is used to reduce the harmonics in AC supply currents. They are referred to as a multi pulse converters. They use either a diode bridge or Thyristor Bridge and a special arrangement of phase shifting magnetic circuit such as transformers and inductors to produce the required supply current waveforms [29]. A parallel 12-pulse arrangement is shown in Fig. 2.11 Parallel connections require special care to ensure adequate balance between the currents drawn by each bridge.

[image: ]
Figure 2.11 parallel twelve-pulse rectifier connections [40]

2.8.3.4 Zigzag Grounding Filter

By integrating phase shifting into a single or multiphase transformer with extremely low zero-sequence impedance, substantial reduction of 3rd, 5th, and 7th harmonics can be achieved. This method provides an alternative to protect the transformer neutral conductor from triple harmonics by canceling these harmonics near the load. In this method, an autotransformer connected in parallel with the supply can provide a zero sequence current path to trap and cancel triple harmonics as shown in Fig. 2.12 [16].

[image: ]

Figure 2.12 Zigzag autotransformer connected to three-phase nonlinear loads[40].


2.8.4 Active Harmonic Mitigation Techniques

When using active harmonic reduction techniques, the improvement in the power quality came from injecting equal but- opposite current or voltage distortion into the network, thereby canceling the original distortion. Active harmonic filter (AHF) utilizes fast-switching insulated gate bipolar transistors (IGBTs) to produce an output current of the required shape such that when injected into the AC lines, it cancels the original load-generated harmonics. 

The heart of the AHF is the controller part. The control strategies applied to the AHF play a very important role on the improvement of the performance and stability of the filter. AHF is designed with two types of control scheme, the first performs fast Fourier transforms to calculate the amplitude and phase angle of each harmonic order. The power devices are directed to produce a current of equal amplitude but opposite phase angle for specific harmonic orders. The second method of control is often referred to as full spectrum cancellation in which the full current waveform is used by the controller of the filter, which removes the fundamental frequency component and directs the filter to inject the inverse of the remaining waveform [30]. The AHF classified as parallel or series AHF according to the circuit configuration.

2.8.4.1 Parallel Active Filters
This is the most widely used type of AHF (more preferable than series AHF in terms of form and function). As the name implies, it is connected in parallel to the main power circuit as shown in Fig. 2.13 the filter is operated to cancel out the load harmonic currents leaving the supply current free from any harmonic distortion. Parallel filters have the advantage of carrying the load harmonic current components only and not the full load current of the circuit [31]
[image: ]
Figure 2.13 parallel active filters [33]

2.8.4.2 Series Active Filters

Series AHF is shown in Fig. 2.14 The idea here is to eliminate voltage harmonic distortions and improve the quality of the voltage applied to the load. This is achieved by producing a sinusoidal pulse width modulated (PWM) voltage waveform across the connection transformer, which is added to the supply voltage to counter the distortion across the supply impedance and present a sinusoidal voltage across the load. Series AHF has to carry the full load current increasing their current ratings and losses compared with parallel filters, especially across the secondary side of the coupling transformer [32].

[image: ]

Figure 2.14 Series active filter [33]

2.8.5 Hybrid Harmonic Mitigation Techniques


Hybrid connections of AHF and passive harmonic filter PHF are also employed to reduce harmonics distortion levels in the network. The PHF with fixed compensation characteristics is ineffective to filter the current harmonics. AHF overcomes the drawbacks of the PHF by using the switching-mode power converter to perform the harmonic current elimination. However, the AHF construction cost in an industry is too high. The AHF power rating of power converter is very large. These bound the applications of AHF used in the power system. Hybrid harmonic filter (HHF) topologies have been developed [33] to solve the problems of reactive power and harmonic currents effectively. Using low cost PHF in the HHF, the power rating of active converter is reduced compared with that of AHF. HHF retains the advantages of AHF and does not have the drawbacks of PHF and AHF. Fig. 2.15 shows a number of possible hybrid combinations. Fig. 2.15(a) is a combination of shunt AHF and shunts PHF. Using a combination of PHF will make a significant reduction in the rating of the AHF. As a result, no harmonic resonance occurs, and no harmonic current flows in the supply.	Fig. 2.15(b) shows a combination of AHF series with the supply and a shunt PHF, Fig. 2.15(c) shows an AHF in series with a shunt PHF.

[image: ]
Figure 2.15 Hybrid connections of active and passive filters [40].
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CHAPTER 3




DESIGNING AND PARAMETER CALCULATION OF HARMONIC TUNED FILTERS

3.1 Passive Harmonic Filters

In recent years various harmonic-mitigation techniques have been proposed and applied. Among those techniques, passive harmonic filters are still considered to be the most effective and viable solution for harmonic reduction. The passive filters have several topologies as shown in Fig. 3.1 that give different frequency response characteristics. The current industry practice is to use the combination of several different topologies of filters to achieve desired harmonic filtering performance [34].  

[image: ]Figure 3.1 Topologies of passive harmonic filters

Precautionary solutions are not generally sufficient to eliminate the harmonics in power system, so we should use harmonic filters to eliminate or to reduce the effects of one or more orders of harmonic components. Passive filters are capacitance, inductance, and resistance elements configured and tuned to control harmonics. Passive filtering techniques that make use of
· Single-tuned filter or double-tuned filters providing low impedance path to harmonic currents at certain frequencies, or
· High or band-pass filters (damped filters) that can filter harmonics over a certain frequency bandwidth. 
Passive filters are relatively inexpensive compared with other methods for eliminating harmonic distortion. However, they have the disadvantage of potentially interacting adversely with the power system, and it is important to check all possible system interactions when they are designed. 
Passive filters work efficiently when they are located closer to harmonic generators            (nonlinear loads). The resonant frequency must be safely away from any significant harmonic or other frequency component that may be produced by the load. Filters are commonly tuned slightly lower than the harmonic frequency for safety.
 
Passive filter design must take into account expected growth in harmonic current sources or load reconfiguration because it can otherwise be exposed to overloading, which can rapidly develop into extreme overheating and thermal breakdown. The design of a passive filter requires a precise knowledge of the harmonic-producing load and of the power system. A great deal of simulation work is often required to test its performance under varying load conditions or changes in the topology of the network. 

3.2 Circuit Configurations

 Passive filters consisting of capacitors, inductors and resistors can be classified into tuned filters and high-pass filters. They are connected in parallel with nonlinear loads such as diode/thyristor rectifiers, AC electric arc furnaces [35], and so on. Fig. 3.2 and 3.3 showed the circuit configurations of the passive filters, the combination of three tuned filters, two C-type filters to eliminate or to reduce the effects of 5th and7th harmonics, and one double-tuned filter to eliminate or to reduce the effects of 11th and 13th harmonics. The reactive power of each filter is 1KVAr, and the nominal voltage of capacitance is 220V.
[image: ]
Figure 3.2 Proposed passive harmonic filters scheme

[image: ]
Figure 3.3 passive harmonic filters (two C-type filters and one double-tuned filter)

3.3 Single Tuned Filters

To design double-tuned filter we must start with Single Tuned Filters, Capacitor  , Inductance and resistance  are connected in series to construct a single tuned filter as shown in Fig. 3.4. 

A series tuned filter is designed to trap a certain harmonic by adding a reactor to an existing capacitor. According to [36] design steps of the following single-tuned series filter are as follows.

[image: ]
Figure3.4. Single Tuned filter

The resonant angular frequency of the single tuned filter is expressed as:


The quality factor is expressed as:

Ignoring the effect of resistance, with the symbols of the order of harmonic to restrain  , the voltage of system bus at fundamental frequency  , the current  , the capacitor of the filter  , the inductance  , and the output reactive power of the single tuned filter is shown as:

Because

So,    

The parameters of filters are calculated according to the bus voltage  , the order of harmonic  , the requirement of reactive power 


the reactor resistance for a specified quality factor,
)

3.4 Designing Double-tuned Filter

According to [36], a new method of designing double-tuned filter is proposed based on resonance frequency, by using the relationship that the impedance of double-tuned filter and two parallel single tuned filters are equal and the resonance frequency of single tuned filter is the zero of the impedance of double-tuned filter. Fig. 3.5 show double-tuned filter and two single-tuned filters. 

[image: ]
Figure 3.5 double-tuned filter and two single-tuned filter [36]
The conventional double-tuned filter is composed of series resonance circuit and parallel resonance circuit. The structure and frequency impedance characteristic curve of traditional double-tuned filter are shown in Fig. 3.6. Series resonance circuit (,) and parallel resonance circuit（,) respectively have resonance frequencies and. They can be expressed as:



 The impedance of double-tuned filter shown in Figure 3.6 is


[image: ]
Figure 3.6 Double-tuned Filter Configuration and Impendence frequency Characteristic Curve

Where ω is the angular frequency in radians
The impedance of series resonance circuit can be expressed as

Has a zero. When ω<, the impedance is capacitive; when ω>, it is inductive. The Impedance of parallel resonance circuit can be expressed as

Has a pole. When ω<, the impedance is inductive; when ω>, it is capacitive. Their frequency impedance characteristic curves are shown in Fig. 3.7. At the two tuned frequencies, the total impedance of the filter is zero, so double-tuned filter can filter two different frequency harmonics [36].

[image: ]
Figure 3.7 Impedance-frequency Curve of Series and Parallel Branch a) Series Resonance Circuit b) Parallel Resonance Circuit
 
3.5 The Parameters Calculation of Double-Tuned Filter

Two parallel single tuned filters are shown in Fig. 3.8. Their resonance frequencies respectively can be expressed as:
[image: ]	






Figure 3.8 Parallel Single Tuned Filter


The impedance of two parallel single tuned filters can be expressed as:



Two parallel single tuned filters and double-tuned filter are equivalent, so their impedance are equal Z has two zeros: and. Formula (3.10) and (3.14) have the same constant term of 1, so their molecular and denominator is equal respectively. First of all, a set is defined as S= {a,b}. After analyzing the coefficient of, we can gain an equation based on frequency, that is:	
                    
Analyzing the coefficient of  we can find out the equation of 

Analyzing the coefficient of  we can find out that

The parameter of L1 can be calculated from (3.9)


Using,, series resonance frequency  can be calculate and parallel resonance frequency  , their frequencies can be obtained:
      	

Since is the zero of double-tuned filter impedance, so Z () =0. The equation to solve L2 is as follow:

Equation (3.21) can be simplified to get the value of. 


We also can solve by using. The two results are the same. Using equation (3.20), and (3.22), the value of can be obtained. 

the parameters of filters are calculated according to the bus voltage  , the order of harmonic  , the requirement of reactive power the three Phase double-tuned filter parameters L1,C1,L2 and C2 as shown in fig.3.9. Are calculated and tabulated in the table1.
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Figure 3.9 three Phase double-tuned filters for 11th and 13th harmonic reduction
Table3.1.parameters of double-tuned filter for 11th and 13th harmonic reduction
	Reactive Power(Q VAr)
	200
	400
	600
	800
	1000
	2000

	Capacitance C1
	26
	52
	78.3
	104.4
	130.4
	260.8

	Capacitance C2
	22
	44
	64
	90.8
	113
	222.7

	Inductance L1(mH)
	2.7
	1.35
	0.9
	0.67
	0.54
	0.27

	Inductance L2(mH)
	3.2
	1.6
	1.1
	0.79
	0.63
	0.32



The value of  calculated when the quality factor (Q) =10

3.6 Designing C-type Filter
The first step in designing a C-type harmonic filter as shown in Fig. 3.10 is to determine the individual component values, , , and , based on specified tuning frequency, required VAr output at rated voltage and quality factor, Q. The filter parameters can be determined from relations given in [28]. The value of  (total capacitance of main capacitor section) is based on the required reactive power output of the filter at rated voltage and frequency, and can be determined using equation (3.24)



[image: ]
Figure 3.10 C-type filter diagram
Where, is the nominal system frequency (rad/sec), is the rated line-to-line voltage of the filter bank and is the rated three-phase output of the filter. The tuning frequency, , of the filter is defined by equation (3.25)

In transmission applications, the tuning frequency is normally selected to be below the lowest expected resonant frequency of the system. This generally results in either a 3rd harmonic or 5th harmonic filter [37]. Another criterion that must be satisfied is that the tuning section components (and) are series resonant at fundamental frequency, 

There for,

Substituting (3.27) into (3.25) and solving for results in (3.28)



Where h is the tuning frequency of the filter bank or. Once the values of and have been determined, the inductance,  of the tuning reactor can be computed using (3.27). Lastly, the damping resistance value, R, can be found using equation (3.29)


Where, Q is the quality factor of the filter. The optimum value of R will be a compromise between the damping needed and the level of harmonic losses it absorbs [38].
The filter impedance is given by:




3.7 Parameters Calculation of C-type Filter for 5th order harmonic

 The parameters of filters are calculated according to the bus voltage  , the order of harmonic  , the requirement of reactive power the three Phase C-type tuned filter for 5th order harmonic parameters, C1, L2 and C2 as shown in Fig.3.11 are calculated and tabulated in the Table 3.2.
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Figure 3.11 Three Phase C-type tuned filter for 5th harmonic reduction

Table3.2. Parameters of c-type-tuned filter for 5th harmonic
	Reactive Power(Q VAr)
	200
	400
	600
	800
	1000
	2000

	Capacitance C1
	13.15
	26.3
	39.5
	52.6
	65.7
	131.5

	Capacitance C2
	0.32
	0.63
	0.95
	1.25
	1.58
	3.156

	Inductance L1(mH)
	31.6
	16
	10.6
	8.1
	6.4
	3.2

	Resistance R(Ω)
	5
	2.5
	1.65
	1.25
	1
	0.5





The value of  calculated when the quality factor (Q) =10
3.8 Parameters Calculation of C-type Filter for 7th order harmonic

the parameters of filters are calculated according to the bus voltage  , the order of harmonic  , the requirement of reactive power the three Phase C-type tuned filter for 7th order harmonic parameters, , and  as shown in Fig. 3.12 are calculated and tabulated in the Table 3.3.
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Figure 3.12 three Phase C-type tuned filter for7th harmonic reduction

Table 3.3 Parameters of C-type-tuned filter for 7th harmonic
	Reactive Power(Q VAr)
	200
	400
	600
	800
	1000
	2000

	Capacitance 
	13
	26.3
	39.5
	52.6
	65.7
	131.5

	Capacitance 
	0.624
	1.26
	1.9
	2.5
	3.15
	6.3

	Inductance  (mH)
	16
	8
	5.3
	4
	3.2
	1.6

	Resistance  (Ω)
	3.5
	1.76
	1.2
	0.88
	0.7
	0.35




The value of  calculated when the quality factor (Q) =10
3.9 Frequency-Response 

The overall frequency responses of the system, Fig. 3.13 are shown in Fig. 3.14. It is calculated from the system frequency response with the filters installed and is obtained from the values of the frequency scan at the 5th, 7th, 11th, 13th, harmonic. The filter tuning frequency is set to a value slightly below the harmonic frequency to avoid possible harmonic amplification due to resonance effects [39].

[image: ]Figure3.13The system
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Figure 3.14 the Overall Frequency Responses of the System
3.10 Harmonic Impedance Plot for the Proposed Harmonic Filter

If shunt harmonic filters are not selected carefully, they can resonate with existing electrical components and cause additional harmonic currents. In order to ensure that the proposed harmonic filter does not cause any new resonance point on the system, a harmonic impedance sensitivity plot for the filter was produced, as shown in Fig. 3.15.

Harmonic filter banks are typically tuned to approximately 2%–10% below the desired harmonic frequency as shown in Fig. 3.16. If a filter is tuned exactly at the frequency of concern, an upward shift in the tuned frequency will result in a sharp increase in impedance.as explained in chapter 2 page 23 tuning the harmonic filter at a frequency slightly lower than the desired frequency allows for the operation of the filter bank in the event of the removal of a few capacitor units.

[image: ]


Figure 3.15 Harmonic impedance characteristics of the proposed harmonic filter tuned exactly at the desired frequency

[image: ]

Figure 3.16 Harmonic impedance characteristics of the proposed harmonic filter tuned at a frequency slightly lower than the desired frequency
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SIMULATION RESULTS OF CIRCUIT CONFIGURATION

4.1 Introduction
In this chapter, the three phase transformer under linear load (resistive, inductive, and capacitive) and nonlinear load (three phase full wave bridge rectifier) are simulated on Matlab Simulink program.

Simulation results under linear and nonlinear load conditions are presented. The waveforms of the voltage and current with its spectrum for various conditions of operation are presented.

4.2 Simulation Results of Three Phase Transformer under Linear Load

Fig. 4.1 shows three phase transformer under linear load (resistive, inductive, and capacitive) and simulation results of three phase transformer under linear load (resistive load 15 Ω, inductive load, and capacitive load) source voltage 380 V, frequency of the source 50 Hz, source resistance 0.1 Ω, source reactance primary voltage of the three phase transformer 380 V, and secondary voltage 220 V are arranged as below:

[image: ]

Figure 4.1 three phase transformer under linear load
4.2.1 Simulation Results of Three Phase Transformer under Resistive Load

Fig. 4.2 shows simulated three phase transformer under resistive load and Fig. 4.3 presents the waveforms of the voltage and current in three phase transformer with linear purely resistive load. 

Both waveforms are inphase and no waveform distortion takes place. Total harmonic distortion THD=0.02% as shown in Fig. 4.4

[image: ]


Figure 4.2 Simulated three phase transformer under resistive load
[image: ]
Figure 4.3 Current and voltage waveforms of  transformer under resistive load


[image: ]

Figure 4.4 Harmonic spectrum of resistive load
4.2.2 Simulation Results of Three Phase Transformer under Inductive Load

Fig. 4.5 shows simulated three phase transformer under inductive load and Fig. 4.6 presents the waveforms of the voltage and current in three phase transformer with linear purely inductive load, in this case the current lags the voltage which Fig. 4.6 shows the relation between voltage, and current, in three phase transformer with linear inductive load. The two waveforms will be out of phase from one another. 

However, no waveform distortion will take place and total harmonic distortion (THD) =0.02% as shown in Fig. 4.7.


[image: ]

Figure 4.5 Simulated Three Phase Transformer under Inductive Load
[image: ]

Figure 4.6 Current and voltage waveforms of  transformer under inductive load
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Figure 4.7 Harmonic spectrum of inductive load
4.2.3 Simulation Results of Three Phase Transformer under Capacitive Load

Figure 4.8 shows simulated three phase transformer under capacitive load In this case the current leads the voltage as shown in Fig. 4.9 which shows the relation between voltage, and current in three phase transformer with capacitive load.

 The two waveforms will be out of phase from one another. However, no waveform distortion will take place and total harmonic distortion (THD) = 0.02% as shown in Fig.  4.10 

[image: ]

Figure 4.8 Simulated Three Phase Transformer under capacitive Load
[image: ]

Figure 4.9 Current and voltage waveform of transformer under capacitive load


[image: ]
	Figure 4.10 Harmonic spectrum of capacitive load
4.3 Simulation Results of  Transformer under Nonlinear Load without Filter

Fig. 4.11 presents delta/star configuration of three phase transformer (380V/220V) under nonlinear load (three phase Full wave bridge rectifier). Fig. 4.12 shows simulated three phase transformer under nonlinear load. 

The voltage VL (load voltage) and current IL (load current) waveforms are distorted as shown in Fig. 4.13 and total harmonic distortion (THD) = 18.51% as shown in Fig. 4.14 

[image: ]
Figure 4.11 Three phase transformer under nonlinear load

[image: ]Figure 4.12 Simulated Three Phase Transformer under Nonlinear Load without filter

[image: ]
Figure 4.13 Current and voltage waveform of three phase transformer under nonlinear load without Filter
[image: ]
Figure 4.14 Harmonic spectrum of nonlinear load ( bridge rectifier) without Filter
4.4 Simulation Results of Three Phase Transformer under Nonlinear Load with Tuned Harmonic Filter from Simulation Power Systems Blocks Elements. 

Fig. 4.15 presents delta/star configuration of three phase transformer (380V/220V) under nonlinear load (three phase Full wave bridge rectifier). Fig. 4.16 shows simulated three phase transformer under nonlinear load with tuned harmonic filter from simulation power systems blocks elements, the circuit configurations of the passive filters are also showed among them, the combination of three tuned filters, two C-type filters to eliminate or to reduce the effects of 5th and 7th harmonics, and one double-tuned filter to eliminate or to reduce the effects of 11th and 13th harmonics. The reactive power of each filter is 1kVAr, and the nominal voltage of capacitance is 220V. Fig. 4.17 shows the Matlab simulated results obtained, using circuit given in Figure 4.16. See appendix (B) for Overall Circuit diagram.

The near sinusoidal wave shape of the input current () and a drastic reduction in current harmonic is therefore obtained. The THD in this case is reduced significantly to ~2%, as shown in Fig. 4.18 the effective power factor is increased.

[image: ]
Figure 4.15 Transformer under Nonlinear Load with tuned harmonic filter 
[image: ]
Figure 4.16 Simulated Ttransformer under Nonlinear Load with tuned harmonic filter

[image: ]
Figure 4.17 Current and voltage waveform of transformer under nonlinear load with Filter
[image: ]

Figure 4.18 Harmonic spectrum of nonlinear load current ( bridge rectifier) with Filter

4.5 Simulation Results of  Transformer under Nonlinear Load with proposed Tuned Harmonic Filter

Fig. 4.19 shows the proposed system consisting of a shunt passive filter which is a combination of three tuned filters, two C-type filters to eliminate or to reduce the effects of 5th and7th harmonics, and one double-tuned filter to eliminate or to reduce the effects of 11th and 13th harmonics. The reactive power of each filters are 1kVAr, and the nominal voltage of capacitance is 220V which is connected in parallel with the system. It is installed in parallel with a harmonic-producing load, that is, a three-phase bridge rectifier of rating 20 kVA. Figure 4.20 shows simulated three phase transformer under nonlinear load with designed tuned harmonic filter. Fig. 4.21 shows the Matlab simulated results obtained, using circuit given in Fig. 4.20.  See appendix (A) for Overall Circuit diagram. 

The near sinusoidal wave shape of the input current and a drastic reduction in current harmonic is therefore obtained. The THD in this case is reduced significantly to ~2.65%, as shown in Fig. 4.22 
[image: ]
Figure 4.19  Transformer under Nonlinear Load with proposed filter

[image: ]
Figure 4.20 Simulated Transformer under Nonlinear Load with proposed filter
[image: ]

Figure 4.21 Current and voltage waveform of Transformer under nonlinear load with proposed Filter
[image: ]
Figure 4.22 Harmonic spectrum of nonlinear load ( bridge rectifier)with proposed Filter
[bookmark: _Toc356243175]4.6 Comparison between results of designed filter and the filter from (Simulation Power Systems Blocks Elements)

Tables 4.1, 4.2, 4.3 and 4.4 give a comparison of the percentage harmonics of the input current with filter and without filter. It is obvious from these tables that:

· The THD and percentage harmonics of the input current are significantly reduced.
· The power factor is significantly improved. 
Fig. 4.23 shows Simulation block diagram for measuring THD and PF

The  is defined as:

                                                                                                             
[image: ]

Figure 4.23 Simulation block diagram for measuring THD and PF



Table 4.1 Harmonic Currents for a Full Wave Bridge Rectifier without Designed Filter 
	Fundamental
50Hz
	h5
250Hz
	h7
350Hz
	h11
550Hz
	h13
650Hz

	24.2
	4.3
	1.5
	0.8
	0.45

	100%
	17.76%
	6.19%
	3.3%
	1.85%



Table 4.2 Harmonic Currents for a  Full Wave Bridge Rectifier without Filter 
	Fundamental
100Hz
	h5
250Hz
	h7
350Hz
	h11
550Hz
	h13
650Hz

	23.31
	4.02
	1.39
	0.56
	0.28

	100%
	17.235%
	5.985%
	2.40%
	1.20%




Table 4.3 Harmonic Currents for a  Full Wave Bridge Rectifier with Designed Filter 
	Fundamental
50Hz
	H5
250Hz
	H7
350Hz
	H11
550Hz
	H13
650Hz

	31.55
	0.75
	0.27
	0.02
	0.09

	100%
	2.38%
	0.85%
	0.05%
	0.3%



Table 4.4 Harmonic Currents for a  Full Wave Bridge Rectifier with Filter 
	Fundamental
100Hz
	H5
250Hz
	H7
350Hz
	H11
550Hz
	H13
650Hz

	31.47
	0.59
	0.16
	0.05
	0.02

	100%
	1.86%
	0.50%
	0.17%
	0.07%



Appendix (C) for comparing THD with the Results in Table 4.5

Table 4.5 Designed filter and Traditional Filter Input Current Harmonic 
	Harmonic order
	Without filter
	With filter

	
	Designed Filter
	Traditional Filter
	Designed Filter
	Traditional Filter

	5th
	17.76%
	17.35%
	2.38%
	1.86%

	7th
	6.19%
	5.95%
	0.85%
	0.50%

	11th
	3.3%
	2.4%
	0.05%
	0.17%

	13th
	1.85%
	1.2%
	0.3%
	0.07%

	THD
	18.95%
	18.51%
	2.65%
	2%

	PF
	0.75
	0.71
	0.967
	0.997


Fig. 4.24 shows the input current to the three phase bridge rectifier without filter, Fig. 4.25 shows the current of the filter and Fig. 4.26 shows the input current to the three phase bridge rectifier with filter.

[image: ]

Figure 4.24 Load current without filter
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Figure 4.25 filter current
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Figure 4.26 Load current with filter





4.7 The waveforms of Sourse current and Source Voltage with out Filter

Fig. 4.27 present the three phase waveform of the source current and the three phase waveform of the source voltage. The voltage  (source voltage) waveforms are not distorted as shown below but   (source current) waveforms are distorted and total harmonic distortion (THD) = 14.41% as shown in Fig. 4.28.

[image: ]

Figure 4.27 Source Current (, , ) and Source voltage (, , ) waveforms of transformer under nonlinear load without Filter

[image: ]
Figure 4.28 Harmonic spectrum of source current without filter
4.8 The waveforms of Sourse current and Source Voltage with Filter
Fig. 4.29 present the three phase waveform of the source current and the three phase waveform of the source voltage with filter. The near sinusoidal wave shape of the source current and a drastic reduction in current harmonic is therefore obtained. The THD in this case is reduced significantly to ~1.61%, as shown in Fig. 4.30

[image: ]
Figure 4.29 Source Current (,,) and Source voltage , , ) waveforms of transformer under nonlinear load with Filter

[image: ]
Figure 4.30 Harmonic spectrum of source current with filter
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

5.1 Conclusions


In this thesis, filter technique is used to reduce harmonic distortion of the input current in three phase transformer and full wave bridge rectifier is used as nonlinear load and it’s simulated by computer using (Matlab Simulink) program. The proposed passive filter is analyzed, designed and its results are compared.

Based on the theoretical analysis and simulation results, the following points are observed:


· Depending on new method for designing double tuned filter and c-type filter Simulation results show that the designed filter in this method works well when compared to traditional methods according to the results shown in table 4.5.

· A new method is proposed based on resonance frequency. It does not need to solve equations, so it reduces the amounts of computation when compared to traditional methods. 

· From the results of a designed filter, we notice that the near sinusoidal wave shape of the input current and a drastic reduction in current harmonic is obtained. 

· Tuned harmonic filter must be selected carefully to avoid resonance with the existing electrical components which cause additional harmonic currents.

· When the filter tuned exactly at the desired frequency, an upward shift in the tuned frequency will result in a sharp increase in impedance.

· The filter must be tuned slightly 2%–10% below the desired harmonic frequency to avoid possible harmonic amplification due to resonance effects.
· Passive filters are relatively inexpensive compared with other methods for eliminating harmonic distortion. 

· Passive filter design must take into account expected growth in harmonic current sources or load reconfiguration because it can otherwise be exposed to overloading, which can rapidly develop into extreme overheating and thermal breakdown.

· The double tuned filter can eliminate two harmonics and its equivalent impedance is the same as two parallel single tuned filters. This filter has the advantage of reducing the power losses at fundamental frequency as compared with two single tuned filters, Double-tuned filter cost less than two parallel single tuned filters.

· The main advantage in the ‘C’ type filter is a considerable reduction in fundamental frequency losses.

· When three phase transformers are loaded by pure resistive load the voltage and current waveforms are inphase and there is no waveforms distortion. Total harmonic distortion THD=0.02%.

· When three phase transformers loaded by pure inductive load the voltage and current waveforms will be out of phase from one another. However, no waveform distortion will take place and total harmonic distortion (THD) =0.02%.

· When three phase transformers loaded by pure capacitive load the voltage and current waveforms will be out of phase from one another. However, no waveform distortion will take place and total harmonic distortion (THD) = 0.02%.



 5.2 FUTURE WORK 


As many works have been accomplished in this thesis, several future investigations are interesting. Some topics for future studies are listed in the following.

· To verify the simulation results documented in this thesis, Practical tests should be carried out. With the verification work, the proposed passive filter and harmonic mitigation strategies could be improved.

· Using two single tuned filters instead of double tuned filter as in our case with the same parameters, to compare the results in both cases to a statement whichever is the most efficient filter

· In this work the nonlinear load was uncontrollable three phase rectifier for the future work can be extend to controllable three phase rectifier and studying the effect of firing angle on THD and power factor.
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Appendix (A)
Overall Circuit diagram of Simulated Transformer under Nonlinear Load with proposed filter

[image: ]

Fig .A Overall Circuit diagram of Simulated Ttransformer under Nonlinear Load with Proposed tuned harmonic filter.
Appendix (B)

Overall Circuit diagram of Simulated Ttransformer under Nonlinear Load with tuned harmonic filter. 
[image: ]
Fig .B Overall Circuit diagram of Simulated Ttransformer under Nonlinear Load with tuned harmonic filter.

Appendix (C)
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