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ABSTRACT 

Over, the last few decays, harmonic distortion in power supplies have increased significantly 

due to many electronic devices used in industry. This study focused on: one of these 

electronics device which is variable frequency drives (VFD) used for bagasse feeder’s 

application in wonji shoa sugar factory (WSSF). This drive produce harmonics because of 

variation in load pattern which must be suppressed the harmonics and improve the power 

factor using Distributed Static Compensator (DSTATCOM) device. In this thesis, the control 

strategy of DSTATCOM is synchronous reference frame theory based; It depends on DQ 

transformation, Phase Locked Loop (PLL) synchronization. The suggested method of filter 

design reduces harmonic distortion and improve power factor. The study focuses on 

investigation and mitigation of the harmonics on VFD of bagasse feeders in the factory as 

per IEEE standards. The data required for the study is measured and collected from the 

factory using three phases Power Quality Analyzer. Based on which measured and collected 

data, total harmonic distortions of current (𝑇𝐻𝐷𝐼) is 24%, total harmonic distortion of 

voltage (𝑇𝐻𝐷𝑉) is less than 5% and the power factor is 0.48. The collected data have been 

analyzed and simulated using MATLAB/SIMULINK. According to the results obtained from 

MATLAB/simulink, it observed that DSTATCOM with SRF theory method could minimize 

the THD less than 5% (IEEE – 519 standard) and improved the power factor. 

  

Key word: DSTATCOM, Phase Locked Loop (PLL), VFDs, MATLAB/SIMULINK 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background  

Power quality is very broad by nature. It covers all aspects of power system engineering, 

from transmission and distribution level analysis to end user problems. Therefore, electric 

power quality problem has become the concern of utilities, end users and manufacturers. An 

electric distribution system is part of electric system between the bulk power source and the 

consumer service switches. The bulk power sources are located near the load area to be 

served by the distribution system. One of the most power quality problem today is voltage 

sag; voltage swell and harmonic distortion. Harmonic distortions are voltage and current 

wave forms assume non sinusoidal shape. The wave form corresponds to the sum of different 

sine waves with different magnitude and phase having frequencies that are multiples of 

power system. Existence of nonlinear loads such as switching converter, converter for 

variable frequency drive in the power system produce harmonics on load side [1],[2].  

Wonji shoa new sugar Factory is located in Adama town at Dodota some 21Km from Wonji 

has started operation in 2013 with new technology and sensitive manufacturing machineries 

and equipment. WSSF operational process is essentially a combination of juice extraction 

from sugar cane by milling, clarification of juice, concentration of juice by evaporation to 

syrup, crystallization of sucrose by vacuum pan boiling, centrifugal separation of sugar and 

molasses from massecuites, drying and cooling of sugar and sugar grading and bagging. All 

the process needs relatively large amount of energy in different forms. This power is needed 

mainly in the form of   electricity for electric motors. The control method of induction motors 

in the factory are installed with VFD drive system. 

These VFD’s area are the major source of harmonics in the power system, to say power 

electronic devices are source of harmonics. In WSSF on bagasse feeders, the total harmonic 

distortion (THD) of current are measured at the point of common coupling (PCC). Basically, 

harmonics are the integral multiple of frequency of current and voltage. These harmonics 

injected into source side of the system causing a lot of disadvantage. In order to solve this 

problem harmonic component of current should be provided from some other external 

sources. This can be effectively done by active power filters. Among them shunt active filter 

can provide better compensation to harmonics. Basically, shunt active power filter is an 

inverter which is connected on the distribution side is known as DSTATCOM. It will inject 

the harmonic component of the current at the PCC needed to nonlinear load due to VFD. So, 
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the harmonic cancelation takes place and the current b/n source to PCC is sinusoidal in nature 

[3]. 

Therefore, it is considerable to reduce or eliminate the harmonics in the system. So, to 

mitigate these harmonics on the source side for maintaining the stability and improve the 

power factor of the system. The compensating current which is output of DSTATCOM is 

injected on PCC. DSTATCOM is very well known and can provide cost effective solution 

for compensation of reactive power, elimination of harmonics and improve power factor. 

The performance of DSTATCOM depends on the control strategy i.e. the extraction of 

current components which is used to generate gating signals for the voltage source converter. 

The synchronous reference frame (SRF) or DQ frame is selected on this thesis for harmonic 

detection, because this method fast calculation time and more accuracy in which it is suitable 

for the real time application [4],[5]. 

1.2 Statement of the problem 

The factory extensive use of power electronic based devices like variable frequency drives 

(VFD) which creates current harmonic distortions in the system, which in turn distorts the 

supplied voltage. As the factory’s daily remark book is facing a problem in boiler plant on 

bagasse feeders due to low level of power quality. The problem on the operation time of the 

bagasse feeders are frequently tripping of breaker and the motor winding is burn out causes 

the failure of insulation. In order to identify and characterize the existing harmonic distortion 

precisely, this study select and apply a proper solution to mitigate the disturbances which 

exceeds the standard limits set by IEEE STD 519-1992. Hence, Harmonic distortion 

assessment has to be carried out in the plant on bagasse feeders. Therefore, this thesis work 

will try to address the total harmonic distortion and power factor problems by carrying out a 

harmonic distortion assessment on the bagasse feeders and proposing DSTATCOM for 

mitigate the total harmonic distortion and improve the power factor, which helps the factory 

to operate in normal operation without failure of equipment  and stay competitive in the 

market by reducing cost. 

1.3 Objective 

1.3.1 General objective 

The main objective of the thesis is Investigation and mitigation of harmonics of VFD 

1.3.2. Specific objective 
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 To Measure and collect currently the existing system of the harmonic distortion level 

of WSSF on bagasse feeders.  

 To analyze and Investigate of THD from measured data and compare with IEEE STD 

519-1992. 

 To identify DSTATCOM for minimization of THD problem as per IEEE 519. 

 Design and simulate by using MATLAB software to mitigate/reduce THD problem. 

1.4 Scope of the Thesis 

The main scope of this thesis is investigation and mitigation of harmonic distortion problem 

of VFD on wonji shoa new sugar factory, particularly in the cogeneration plant on the 

bagasse feeder and to reduce THD using DSTATCOM by simulation analyzing. 

1.5 Significance of the Thesis 

The output of the study is significant for WSSF,  because the thesis addresses the existing 

THD of current  problem and if the factory implements the solutions provided it protects 

their equipment’s from the effect of  injection of harmonic currents which arises from 

nonlinear loads (VFD)  and improve the power factor, it increases the efficiency and 

performance of their equipment’s and it saves the money. The study may also be used as a 

reference and may provide foundation for further research on similar areas of study power 

quality by other researchers. 

1.6 Over view of Study Area 

   The development of sugar industry in Ethiopian has been remarkable since 1954 E.C. when 

the Dutch Company, established Wonji Shoa Sugar Factory (WSSF) with a crushing rate of 

1400 tons of cane per day (TCD). Wonji Shoa Sugar Factory is the pioneer sugar factory in 

Ethiopia. Eight years after the establishment of Wonji Shoa Sugar Factory, in 1962 Shoa 

Sugar Factory was established with a crushing rate of 1600 TCD. They are under one 

management and collectively called Wonji Shoa Sugar Factory (WSSF). However, presently 

the two oldest factories are not operational and as an extension a new factory is established 

at Dodota some 21Km from Wonji. The rated crushing capacity of the factory is 6250 TCD. 

The Factory is located in the rift valley, Oromia region, in East Central Ethiopia, some 149 

Km South East of Addis Ababa at an elevation of 1540 above sea level.    
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Figure 1. 1 wonji shoa sugar factory boiler plant 
1.7 Unit operations in the factory 

The factory operation is divided into two parts: - factory operation and plantation. The 

plantation sector is concerned with the growing of the sugar cane while the factory operation 

is processing the sugarcane and produce sugar. The factory generally has five plants which 

are:  

 cane preparation and milling (Juice extraction plant) 

 clarification plant 

 boiling plant 

 steam and power generation plant (power house) 

 water treatment plant and awash pump station  

WSSF cogeneration plant has built one 31.25MW steam turbine driven generator and two 

diesel generators with a capacity of 625kva and 1250kva. Single line diagram of the system 

is shown in figure (1.2). The cogeneration unit is parallel with EEPCO national grid via 

switchyard that is erected in its premises, it has a power transformer with the capacity of 

30/38MVA, with the primary winding of the transformers 132 kV with delta-connection, the 

secondary winding adopting 11kV with star-connection. The main advantage of the power 

transformer being able to parallel to the Grid with WSSF power system to facilitate the 

power import and export. The factory has two boilers, boiler number one has 12 induction 
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motors for bagasse feeders shown on the figure (3.1) and the data taken from this bagasse 

feeders by measuring at PCC. 

 

 

Figure 1. 2 WSSF power distribution single line diagrams 
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Figure 1. 3 WSSF bagasse feeders’ panel 

1.8  Organization of the thesis 

This thesis presents the harmonic assessment carried out in wonji shoa sugar factory on 

bagasse feeder in which measurement of harmonic distortion level, comparison of the 

measurement data with IEEE standards and simulation of the network with proposed 

mitigation technique is briefly discussed. The thesis is organized in to five chapters.  

Chapter one: deals with the complete introduction of the thesis work, statements of the 

problem, objectives, significance of the study. 

Chapter two: deals with the literature review are also given for the further references. In this 

chapter varies harmonic wave, distortion, and analysis theory of harmonics and mitigation 

method is reviewed. The working of the basic Distributed STATCOM and its circuit 

operation is explained. 

Chapter three: harmonic measurement and analysis are discussed. This chapter also presents 

how the distribution network of the bagasse feeder of VFD drive in the factory is modeled 

in MATLAB/SIMULINK environment and how different parameters are gathered and 

calculated for preparing the model. 
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Chapter four: results and discussion of the thesis work are discussed.in this chapter, A 

detailed design of Distribution STATCOM with Mathematical formula and modeling. The 

THD value of using Distribution STATCOM in simulation is compared with that of 

measured data using power quality analyzer from the existing system. 

Chapter five is dedicated for findings and conclusions of the study. Recommendation for 

future work is also presented in this chapter. 
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CHAPTER TWO 

 LITERATURE REVIEW 

2.1 Theoretical Background  

The development of technology over the years, especially the progress of power electronics 

applications, has brought about many technical conveniences and economical profits, but it 

has simultaneously created new challenges for power system operation studies. Driven by 

challenging environmental constraints, liberalization of the energy market and privatization 

of the power supply industry, power systems are more and more operating at their maximal 

performance limits - and frequently beyond them - to maximize asset utilization. To avoid 

serious functional problems from occurring under these conditions, the system’s secure and 

reliable operation needs to be maintained regarding various aspects of power system 

operation. One of the main topics of special concern is the aspect of power quality which 

deals with, among others, voltage characteristics, current characteristics and most 

importantly control and prediction of harmonics [6],[7]. 

2.1.1 Harmonics 

Harmonics are sinusoidal voltages or currents having frequencies that are integer multiples 

of the fundamental frequency. Distorted waveforms can be decomposed into the sum of the 

fundamental frequency and the harmonic components. Harmonic distortion levels are 

described by the complete harmonic spectrum with magnitudes and phase angles for each 

individual harmonic component. It is also common to use a single quantity, the Total 

Harmonic Distortion (THD), as a measure of the effective value of harmonic distortion. 

Harmonic distortion originates in the nonlinear characteristics of devices and loads in the 

power system. Typical harmonic sources are variable frequency drives, uninterruptable 

power supply and other power electronics-based equipment. One of the major problems 

related to harmonic disturbances is harmonic resonance. The resonance can magnify 

harmonic distortions to a level that can damage the equipment or cause equipment 

malfunction. Power factor correction capacitors in distribution system are the main cause of 

harmonic resonance. Other effects of harmonics are equipment overloading, increased losses 

and sometimes equipment malfunction [8]. 

Waveform Distortion 

It is defined as a steady-state deviation from an ideal sinusoidal wave of power frequency. 

It is characterized by the spectral content of the deviation. Primary types of waveform 
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distortion are harmonics, notching, inter-harmonics, DC offset and noise. Figure (2.1) 

indicates waveforms with harmonic and inter-harmonic components. 

Analysis of Harmonic Waveforms 

Unlike transient events such as lightning that last for a few microseconds, overvoltage sags 

that last from a few milliseconds to several cycles, harmonics are steady-state, periodic 

phenomena that produce continuous distortion of voltage and current waveforms. These 

periodic non-sinusoidal waveforms are described in terms of their harmonics, whose 

magnitudes and phase angles are computed using Fourier analysis. Fourier analysis permits 

a periodic distorted waveform to be decomposed into a series containing dc, fundamental 

frequency, and multiples of the fundamental frequency. 

Harmonic Distortion 

Voltage or current waveforms assume non-sinusoidal shape 

 

Figure 2. 1 Indicates waveforms with harmonic and inter-harmonic components [8] 

The waveform corresponds to the sum of different sine-waves with different magnitude and 

phase, having frequencies that are multiples of power-system frequency [9]. 

Harmonics of complex current waveform is a way to define the current or voltage waveform. 

If no harmonics exist, then the waveform is described as the fundamental sine wave (50Hz). 

The harmonic frequencies are, exact multiples of the fundamental supply frequency (which 

is typically 50 Hz), thus a voltage with a frequency of 100Hz, would be the 2nd harmonic in 

a 50 Hz electrical system. Typical harmonics for a 50 Hz system are the 5th (250 Hz), the 7th 

(350 Hz) and the 11 (550Hz). A normal supply system operates at 50 Hz power frequency, 
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However, due to any reason if voltage/current signal of higher frequencies (higher than 50 

Hz), are introduced in the supply system, they are termed as harmonics. 

Harmonic Indices 

The most common index is the Total Harmonic Distortion (THD), this is the ratio of the 

RMS harmonic content of the wave to the RMS value of the fundamental. It is applied to 

both voltage and current. If DC is ignored, then the THD for a current and voltage waveform 

are defined as 

THDV =
√∑ Vh

2∞
h=2

V1
∗ 100%                                                            (2.1)           

THDI =
√∑ Ih

2∞
h=2

I1
∗ 100%                                                                (2.2)        

h - is harmonic order 

V1 - is the RMS value of the fundamental,  

I1- is the RMS value of fundamental   

Vh - is individual harmonic distortion for voltage 

Ih - is individual harmonic distortion for current 

THDI - is total harmonic distortion of current  

THDV - is total harmonic distortion of voltage 

This is defined as the ratio of the rms value of the harmonic components to the rms value of 

the fundamental component and usually expressed in percent. This index is used to measure 

the deviation of a periodic waveform containing harmonics from a perfect sine wave. For a 

perfect sine wave at fundamental frequency, the THD is zero. 

Similarly, the measures of individual harmonic distortion for voltage and current at ℎ𝑡ℎ order 

are defined as  
Vh

V1
and

Ih

I1
, respectively. 

The THD can be expressed for a voltage wave as THDV  and for a current wave THDI. The 

THD can be misleading when used to measure current distortion particularly when the load 

current is small and the fundamental current is constantly varying. Amore practical index is 

the Total Demand Distortion (TDD) and this is defined as: 

TDD =
√∑ In2

N
n=2

IR
                                                                                                      (2.3) 

 

Where,  
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IR- is the RMS value of the rated design current,  

In - is the RMS value of the nth harmonic and  

N - is the maximum harmonic number that needs to be considered (usually 50), [9], [10]. 

2.1.2 Source of Current Harmonics 

The development of technology over decades, especially the growth of the use of switched 

power semiconductor devices has resulted in rapid proliferation of harmonics within the 

power systems, such that the harmonics introduced by rotating machinery are nowadays 

considered negligible compared to those introduced by power electronic devices. The 

nonlinear loads such as AC UPS Systems, VFDs, electric process heaters, DC motors, cyclo-

converters, and VSI compressor drives are sources of current harmonics. [10]. On this thesis 

source of current harmonics were non- linear loads (VFD) in WSSF on boiler plant. 

2.1.3 Variable Frequency Drive 

A VFD is basically an electrical circuit, which is connected between a supplying network 

and a motor. Unlike a Direct-On-Line (DOL) operated motor, the speed of which is fixed to 

the frequency of the supplying AC network, the main purpose of a VFD is to provide the 

motor with an AC supply voltage (or AC current) of variable frequency, enabling a variable 

motor speed and torque. The rectifier section rectifies the supplying AC network voltage of 

fixed frequency (usually 50Hz) into a DC voltage (or DC current), which then, in the inverter 

section of the VFD, where be transformed into an AC voltage (or AC current) of variable 

amplitude and frequency, see also Figure 2.2. 

Rectifier Inverter

C1

L1

Motor

 

Figure 2. 2 AC voltage (or AC current) of variable amplitude and frequency [11]. 

 “Variable-Frequency Drive” (VFD) is a system for controlling the rotational speed of an 

AC electric motor by controlling the frequency of the electrical power supplied to the 

motor”. The operating speed of a motor connected to a VFD is varied by changing the 

frequency of the motor supply voltage. There are some basic things that need to be pointed 

out about VFD’s: 

1. The frequency of the power going into the motor where control the speed.  

2. The voltage being applied to the motor where control the torque of motor.  
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Speed of motor depends upon frequency of the supply. As frequency changes, speed of the 

motor also changes  

2.1.4 VFD applications in sugar factories 

Pump applications 

The sugar industry in particular uses pumps for transferring liquor with, 

(a) Controlled flow rate, 

(b) Con-trolled pressure, 

(c) Controlled level in the vessel. 

Besides the transfer of liquor, pumps are also used in power generation to feed water to the 

boiler. Using VFDs for such applications contributes to very high energy saving potential, 

making it the most economical and efficient method available as of today. 

Conveyor applications 

VFDs can be used to control the speed and torque of belt conveyors, resulting in easy 

management and very precise control. 

ID and FD fan applications 

Sugar plants use boilers to generate high-pressure steam for electrical power generation and 

low-pressure steam for heat exchangers. 

Since the steam consumption varies depending on the demand, the boiler has to 

accommodate this variation by controlling the fuel and air. In Order for this to be achieved 

with better performance and remarkable energy savings, VFDs Are used for the control of 

boiler Induced Draft (ID) and Forced Draft (FD) fans. 

Centrifuge applications 

VFDs can also be applied in centrifuge applications -being the heart of sugar refining - for 

the batch centrifugal speed control. In This application the use of VFDs with common DC 

bus is also the most reliable and efficient control method, contributing to minimum electrical 

equipment installations and lowest energy consumption. 

 

Bagasse feeder application  

Highly rated furnace generally requires high bagasse feed rate through relatively small 

opening into long, enclosed boiler feed chute. According to the furnace rating and steam 

consumption, the bagasse feeding into the boiler by the use bagasse feeders i.e., Bagasse 

feeders are used for fuel (bagasse) feeding into the boiler.  
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2.1.5 Power Factor (PF) 

In PS, wasted energy capacity, also known as poor PF, is often over looked. It can result in 

poor reliability, safety problems and higher energy costs. The lower PF, the less 

economically your system operates.PF is the ratio of the active power measured in kilowatts 

(kW), to the total apparent power measured in kilovolt amperes (kVA), and is calculated as, 

 

PF =
P

S
 

(2.4) 

PF =
KW

KVA
 

(2.5) 

 

Where: 

P is active power 

S is apparent Power 

PF is commonly referred to in percent, with 100% being a perfect PF, also called unity. At 

unity PF, the KVA= KW, therefore the utility company does not supply any reactive power 

[12]. 

 Power Factor with linear Loads 

When the loads connected to the system are linear and the voltage is sinusoidal,  

the PF is calculated with the following equation: 

PF = VICos(¢) (2.6) 

S = VI (2.7) 

A low PF means a that a low amount of the total power delivered or consumed (S) is used 

as (P) and a considerable amount is reactive power (Q). the purpose of PFC is to reduce the 

reactive component of the total power. This achieves a more efficient use of the energy 

because when the PF is improved the working power is equal (or nearly equal) to the total 

power, and reactive power is zero or negligible. The most common way to correct PF is by 

adding a capacitor bank connected in parallel with the PS, to calculate the capacitor banks 

to be installed, use the following method: 

➢ Select the month in which the bill is highest (kvar to be billed) 

➢ Assess the number of hours the installation operates each month 

➢ Calculate the capacitor power Qc to be installed 

Qc =
KVArh to be billed (monthly)

No, of hours Operation(mothly)
 

(2.8) 
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The capacitor bank supplies most of the reactive power needed by the load and 

a small amount is supplied by the utility (Q2). The original angle (ϕ1) between the P and S 

is reduced to a smaller value (ϕ2) and the PF is improved because of (cosϕ2) > cos (ϕ1). It 

is very important to note that the reduction in the angle obtained by the PF improvement is 

a result of the vector relationship between the active, reactive and S, but what we are really 

doing is reducing the Q, consequently the S is also reduced and the PF is increased [12], 

[13]. 

 Power Factor with nonlinear Loads 

A non-linear load on a PS is typically a rectifier or device such as (a fluorescent lamp, electric 

welding machine, or arc furnace, Because current in these systems is interrupted by a 

switching action, the current contains frequency components that are multiples of the PSF. 

Distortion PF is a measure of how much the harmonic distortion of a load current decreases 

the average power transferred to the load.When the loads are non–linear but the voltage is 

sinusoidal, the current has harmonics and the P, Q and S should not be calculated using the 

traditional methods as demonstrated by equations (2.6), (2.7) .This means that the equation 

(2.4) and (2.5) cannot be used to calculate the PF when non–linear loads are 

concerned. In General power factor is the cosine of the angle between voltage and current in 

an ac circuit. If the circuit is inductive, the current lags behind the voltage and power factor 

is referred to as lagging. However, in a capacitive circuit, current leads the voltage and the 

power factor are said to be leading [13]. 

The active power is the mean (or average) value of the instantaneous power, so 

it can be calculated. 

P = VIcos (ϕ1) (2.9) 

     Reactive Power (VAR)                       
Apparent power(VA)                                                              

Active power (Watt)

 
Figure 2. 3 Power Factor[13] 
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 True Power Factor  

Voltage and current harmonics produced by nonlinear loads increase power losses and, 

therefore, have a negative impact on electric utility distribution systems and components. 

While the exact relationship between harmonics and losses is complex and difficult to 

generalize, the well-established concept of power factor does provide some measure of the 

relationship, and it is useful when comparing the relative impacts of nonlinear loads, 

providing that harmonics are incorporated into the power factor definition [14],[15]. 

True power factor is defined as: 

pftrue =
Pavg

VrmsIrms
 

(2.10) 

When the voltage and current waveforms are both sinusoidal, (2.11) reduces to  

the familiar displacement power factor   

dpf1 =
P1,avg

V1,rmsI1,rms
= cos (θ) 

(2.11) 

Where theta (𝜃)  is the angle between the fundamental voltage and current.  

When harmonics are present, (2.12) can be expanded as; 

Pftru =
P1,avg + P2,avg + P3,avg

V1,rms√1 + THDv
2. Irms√1 + THD1

2
 

(2.12) 

Why because the rms value of the current is a function of the THDi and the rms value of the 

fundamental component of the current can be calculated by: 

I = I1√1 + THD2
i 

(2.13) 

The PF for non–linear loads, can be calculated using equations (2.5), (2.9) and (2.13). 

PF = Cos (ϕ1) ∗ 1/√1 + THD2
i 

(2.14) 

Where: 

cos(𝜙1)is called displacement power factor (PFdisp) because it depends on the phase angle 

between the voltage and the fundamental component of the current, and it is similar to the 

PF calculated with linear loads and sinusoidal voltage. 

1/√1 + THD2
iis called distortion power factor (PFdist) because it depends on the current 

harmonic distortion. Thus, the total power factor calculated as the product of displacement 

power factor and distribution power factor is known as(PFT).  

PFT = PFdist ∗ PFdisp (2.15) 

If the Q of the load’s increases, the displacement angle between the voltage and the 

fundamental component of the current also increases and the total PF decreases. Likewise, 

if the THD of current increases, PFT   is decreased. It is clear by equation (2.10) that PFT will 
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always be lower than the whenever harmonic distortion is present. can only be achieved 

when both and are corrected. This requires a two steps process: 

➢Reduce the displacement angle between voltage and current 

➢Reduce the total harmonic current distortion 

If either of these steps is taken without the other, the PFT will be increased but it may not be 

high enough to reach the minimum value required by the utility. Additionally, if one step is 

taken without the other, the PFT and the corresponding efficiencies will not be achieved. 

Now, vector relationship, as shown in figure (2.4A), can be obtained from the P, the 

fundamental (Q1f) and the fundamental (S1f)) prior to displacement power factor 

improvement. This relationship allows us to visualize the effect that a capacitor bank (QCF) 

has on correcting the displacement power factor figure (2.4B). Whenever capacitors are 

used, care should be taken to avoid a resonant condition between the capacitor bank and the 

main transformer. 

 

 

A) Power Factor before correction          B) Power Factor after correction 

Figure 2. 4 Power factor correction [15]. 

The relation of Harmonic and Power factor  

Harmonic power factor is related to harmonic distortion and can be calculated using 

expression (2.16). users of power equipment having non-linear characteristics would be 

better to discuss harmonic distortion rather than power factor since it is the distortion of the 

load current that causes the lower power factor. 

The PF for non–linear loads, can be calculated using equations  

PF = 1/√1 + THD2
i 

(2.16) 

If the power factor is known, the current harmonic distortion can be estimated by 

                                            THDI = [(
1

PF2) − 1]      (2.17) 

Only apply displacement power factor is minimal. 
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2.1.6 CUSTUM POWER DEVICES 

A Static compensator is a flexible ac-transmission system (FACTS) controller, which can 

either absorb or deliver reactive power to a power system. The Distributed Static 

Compensator (D-STATCOM) is used in distributed system for reactive power compensation 

and to reduce harmonics. D-STATCOM is connected in parallel with transmission lines. [16] 

A D-STATCOM (Distributed Static Compensator), which is pictorially depicted in Figure 

(2.5) is accumulated with a two-level Voltage Source Converter (VSC), a dc energy storage 

device, a coupling transformer connected in shunt to the distributed network through a 

coupling transformer. The dc voltage across the storage device into a set of three-phase ac 

output voltages with the use of VSC. These voltages are in phase and coupled with the ac 

system through the reactance of the coupling transformer. Suitable adjustment of the phase 

and magnitude of the D-STATCOM output voltages allows effective control of active and 

reactive power exchanges between the D-STATCOM and the ac system. The configuration 

allows the device to absorb or generate Controllable active and reactive power. The ac 

system in combination with a shunt VSC provides a multifunctional topology results in the 

following advancements: 

1. Elimination of current harmonics; 

2. Correction of power factor; and   

3. Voltage regulation and compensation of reactive power. 

 

Figure 2. 5 voltage source converters [16] 
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2.1.7 Voltage Source Converter 

Three-phase Voltage Source Converter (VSC) is heart of most new FACTS and custom 

power equipment. It may be employed as a series or shunt element or combination of both. 

A voltage-source converter is a power electronic device, which can generate a sinusoidal 

voltage with any required magnitude, frequency and phase angle. Voltage source converters 

are widely used in adjustable- speed drives, but can also be used to eliminate harmonics, 

mitigate voltage dips compensate the reactive power and improve the power factor. The 

converter is normally based on some kind of energy storage, which will supply the converter 

with a DC voltage. The solid-state electronics in the converter is then switched to get the 

desired output voltage. Normally the VSC is used for power quality issues like harmonics, 

voltage dip mitigation and flicker etc., Voltage source converters (VSC) are commonly used 

to transfer power between a dc system and an AC system or back to back connection for ac 

systems with different frequencies, Two level Voltage Source Converter is a standard 

application widely used in industry as a rectifier, inverter and compensator system. This 

application is chosen as basic by leading world electrical companies for its efficiency and 

simplicity.  Depending on the converter rating, series-connected IGBT valves are arranged 

in either a three-phase. The switches in the circuit represent controllable semiconductors, 

such as IGBT or power transistors. 6-pulse D-STATCOM configuration with the IGBT’s 

used as power devices. The IGBTs are connected anti parallel with diodes for commutation 

purposes and charging of the DC capacitor. For converter the most important part is the 

sequences of operation of the IGBTs. The IGBTs signals are referred to the Pulse Width 

Modulation (PWM) that will generate the pulses for the firing of the IGBTs. IGBTs are used 

in this simulation because it is easy to control the switch on and off of their gates and Suitable 

adjustment of the phase and magnitude of the DSTATCOM output voltages allows effectives 

control of active and reactive power exchanges between D-STATCOM and AC system. [17], 

[18]. 

2.1.8 D-STATCOM OPERATION 

D-STATCOM (Distributed STATCOM) is used to improve the power quality at distributed 

side. This device can able to absorb as well as generate the reactive power against variation 

of load. This device consists of VSC, storing devices (dc-storing capacitor), coupling 

transformer. These are main parts of D-STATCOM connected in shunt mode to main line 

shown in fig (2.6). Here Ia, Ib, Ic are source current and Ia’, Ib’, Ic’ are load current and Ifa, 

Ifb, If care compensating current of D-STATCOM. 
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Figure 2. 6 Configuration of DSTATCOM 
The operation of D-STATCOM depends the capacity of dc storing device. It works against 

the voltage variation at PCC. If the voltage at source side Vs greater than Load voltage Vr 

then it absorbs the reactive power and if Vs is less than load voltage Vr then it generates 

reactive power. The reactive power generation by using VSI which triggering by control 

system of its gate pulse. In control system the PWM technique is used to give a gate pulse 

to VSI, this technique is more efficient than another control method. In VSI mostly IGBT 

static semiconductor devices which have low switching losses. Generally, D-STATCOM 

devices is used for non-stiff source, non-stiff source means A sub-station which provide the 

electricity at remote area have some distance to load. 

2.1.9 Control Strategy 

DSTATCOM has been used extensively for reactive power compensation, load balancing 

and harmonic mitigation in the distributed system. The objective of the compensating 

scheme is to supply the oscillating component of power such that the dc component can be 

supplied by the source. The performance of DSTATCOM depends on the control algorithm 

used for extraction of reference current components. The aim of control scheme is to 

generate the reference current waveforms which are to be injected to serve the required 

objective. The compensator would produce desired results as long as its bandwidth is 

sufficient to follow the fluctuations in the load. There are many controls approaches 

available for the generation of reference source currents for the control of VSC of three-

phase, DSTATCOM system [19],[20]. 
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The various issues are present in the control of Distributed Static Compensator are as 

follows:  

1.  Measurement of voltage and current signals 

2.  Control of dc link terminal voltage  

3.  Generation of switching signal commands for semiconductor switches. 

4.  Extraction of reference compensator currents 

2.2 Review of other Workers 

The increase in recent decades of electrical equipment that produce harmonics has posed 

severe problems for electrical networks and power quality. Sinusoidal voltages or currents, 

the frequency of which are a multiple of the fundamental frequency (50 Hz) of the power 

system are called harmonics. Effect of harmonic presence is considerable in all sections of 

power systems [21]. Preliminary description and results of some research works, which are 

reviewed while preparing this research paper, is presented below. 

Kevin O'Connell [22], 2013, Over the last few decades, harmonic distortion in power 

supplies has increased significantly due to the increasing use of electronic components in 

industry. the heating effects through harmonics on electric cables in the built environment 

and in particular how harmonic loads impact on the current carrying capacity of electric 

cables. The phenomenon of skin effect and proximity effect although recognized as reducing 

the ampacity of cables had not evolved into a set of de-rating tables that could be easily 

applied on a day to day basis in engineering design. The research examined existing methods 

of determining the ampacity of cables and proposes a new harmonic de-rating algorithm that 

may be applied to cables supplying harmonic loads. 

Hussein Mohamed EL-EISSAWI FATHI [23], in 2012, investigate and mitigate the 

power quality problems in nuclear installation The Assessment of power quality was 

performed at the nuclear installations for both sources at different operation conditions. 

Mitigation techniques were suggested to install passive harmonic filter to mitigate harmonic 

distortion, install a dynamic voltage restorer (DVR) to mitigate voltage disturbances and 

isolate all the sensitive and critical loads of nuclear installations. The mitigation techniques 

should be done to keep good performance of the electrical system and then avoid operation 

problems of the nuclear installations. The Passive Filters, Dynamic Voltage Restorer (DVR) 

and Uninterruptible Power Supply (UPS) are most economic and effective solutions to 

mitigate the power quality problems. 

Stjepan Maticevic [24], in 2011, Off-shore oil and gas production facilities consist of a 

small compact power system. The power system incorporates either its own power 
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generation or is supplied via subsea cable from a remote node. A typical mineral processing 

plant, located in a remote area includes its own power station. The power generation capacity 

of those systems is an order of magnitude higher than the power generation of a typical off-

shore production facility. Those systems comprise large non-linear loads generating current 

and voltage inter harmonics. Harmonic measurements and harmonic survey provide a 

reliable method for determining power system harmonics in an industrial power system. 

Compared results of manual calculation with the results obtained via ETAP power system 

analysis software. The author using ETAP software, but now MATLAB/SIMULINK 

software are used in this thesis work.     

Lasya Priya B V, Dr. G.V.Marutheswar [25], in 2015, Power Quality in electrical 

networks is one of today’s most concerned areas of electric power system. DSTATCOM 

(Distribution Static Compensation) in the reduction of harmonics in the distribution network, 

connected to the non-linear loads, here DSTATCOM is used to correct the line currents and 

minimize the THD (Total Harmonic Distortion) value by using IRP (Instantaneous reactive 

power) theory as the control. power quality problem such as elimination of harmonics and 

minimization of THD. The simulated results show good accuracy as per the reported index 

journals. DSTATCOM shows the effectiveness in mitigating the current harmonics. 

Joy Mazumdar [26], in 2006, In electrical networks, harmonic currents are injected into the 

network by non-linear loads such as power electronic equipment, arc furnaces, saturating 

inductances, and so on.  When such loads are supplied from a sinusoidal voltage, their 

injected harmonic currents are referred to as contributions from the customer. several loads 

are connected to a PCC, another important parameter of interest is to monitor the change in 

the voltage distortion level at the PCC, if a nonlinear load were to filter out its harmonics. 

The source modeling scheme aids the implementation of IEEE 519 by predicting whether or 

not the voltage distortion limit at the PCC is restored if corrective action is taken by a 

nonlinear load in terms of reducing its current harmonics. The harmonic currents injected by 

a thyristor drive cause the voltage at the PCC to exceed the prescribed IEEE 519 limits. The 

proposed source modeling tool predicts the voltage distortion at the PCC if the thyristor drive 

was replaced by a clean sine wave current source. Validation of the source modeling scheme 

is established by comparing the voltage distortion at the PCC predicted by the neural network 

with a clean sine wave current input and the voltage measured at the PCC by replacing the 

thyristor drive by a clean current source. The research gap on this thesis does not include 

VFD system. 
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Hazem M. Zubi [27], in 2013, A variety of techniques exist to control the harmonic current 

injected by ASDs, and allow three-phase AC-line-connected medium-power systems to meet 

stringent power quality standards. The broadband harmonic passive filter deserves 

special attention because of its good harmonic mitigation and reactive power compensation 

abilities, and low cost. It is also relatively free from harmonic resonance problems, has 

relatively simple structural complexity and involves considerably less engineering effort 

when compared to systems of single tuned shunt passive filters or active filters and active 

rectifier solutions. passive broadband harmonic filters are investigated. In particular, the 

improved broadband filter (IBF) which has superior overall performance. The proposed 

design methods are based on frequency domain modelling of the system and then using a 

genetic algorithm optimization technique to search for optimal filter component values.  

Finally, the broadband filter design’s effectiveness and performance are evaluated by 

involving them in a standard IEEE distribution network operating under different penetration 

levels of connected nonlinear total loads (ASD system).  
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CHAPTER THREE 

3. Methodology 

3.1 Harmonic Measurement at Bagasse Feeders 

From the power quality point of view, the bagasse feeders are the most important part of 

the boiler plant because of its continuous process on bagasse feeding into the boiler. One 

boiler having 12 induction motors for bagasse feeders in WSSF from these induction 

motors, 6 extraction feeders and the other 6 screw feeders which using the operation time 

with the rating value of 400v line to line and 7.7 kw. The figure 3.1 shows all bagasse 

feeder drives are installed with VFD. The variable frequency drives of the plant are 

working continuously with multi drive control strategy. Each induction motor drive has 

microcontroller processor board and its speed is regulated with static accuracy. These 

drives were ABB and SIEMENS made. On the operation time these drives are controlled 

from operators via DCS or PLC programmed master follower methods for different speed 

and steam rating consumption. 

 

  

 

 

Figure 3. 1 schematic diagram of WSSF Boiler number 1 screw and extraction bagasse 

feeders’ motors with VFD 
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3.1.1 Point of Common Coupling (PCC) 

It is the point at which the data is collected in WSSF on bagasse feeders shows in the figure 

(3.1). During the operation time, the total harmonic distortion & the power factor are 

measured at this point using power quality analyzer. The total harmonic distortion and 

power factor of 12 induction motors are recorded at different time interval. From collected 

data the significant harmonics of three phases are 5th and 7th orders, which the 5th harmonic 

order being the largest in most instances shown on the table (3.1). 

HIOKI, Power Quality Analyzer 

 It is used to monitor the power quality parameters. This is installed on the 400V (220V 

phase to ground) bagasse feeders on incoming feeder. There are four current transformer 

(CT) for current measurement; therefore, three phase currents could be monitored. It 

sampled all three voltages and three currents of the system. Using a HIOKI, POWER 

QUALITY ANALYZER serial data transfer, and with HIOKI, view software, the recorded 

data was transferred to a computer. The quantities such as power factor, Total Harmonic 

Distortion (THD), harmonic order magnitude, active and reactive power, is transferred to 

the personal computer through the software and saved in the analyzer for later analysis. 

 

Figure 3. 2 HIOKI, POWER QUALITY ANALYZE on measuring time 
All the three phases of harmonic distortion of the bagasse feeders are exceed IEEE 519 

standard as shown in the table 3.1. 
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Table 3. 1 harmonic measuring by using power quality analyzer on bagasse feeders  
Harmonic analyzing for phase 1 

Time H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 THDI PF 

  0 0 0 22.5 0 15.2 0 0 0 0 27.1 0.44 

  0 0 0 20.4 0 10.8 0 0 0 0 18.8 0.46 

  0 0 0 20.48 0 13.6 0 0 0 0 25.6 0.49 

  0 0 0 19.7 0 10.1 0 0 0 0 28.0 0.48 

Average for 

phase 1 

0 0 0 21 0 12.4 0 0 0 0 24 0.47 

Harmonic analyzing for phase 2 

TIME H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 THDI PF 

  0 0 0 21.9 0 15.2 0 0 0 0 27.4 0.47 

  0 0 0 14.1 0 8.9 0 0 0 0 26.5 0.54 

  0 0 0 18.5 0 10.4 0 0 0 0 18.7 0.52 

  0 0 0 19.7 0 21.9 0 0 0 0 27.1 0.44 

Average for 

phase 2  

0 0 0 19 0 14.1 0 0 0 0 25 0.49 

 

 Harmonic analyzing for phase 3 

TIME H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 THDI PF 

  0 0 0 21.6 0 12.8 0 0 0 0 26.1 0.46 

  0 0 0 18.8 0 9.2 0 0 0 0 18.2 0.45 

  0 0 0 19.7 0 12.7 0 0 0 0 23.3 0.47 

  0 0 0 20 0 20.6 0 0 0 0 25.3 0.48 

Average for 

phase 3 

0 0 0 20 0 14 0 0 0 0 23 0.47 

 

     Generally, the three-phase total harmonic distortion of current and power factor  

 Phase1 Phase2 Phase3 Three phase Average  

THDI 24% 25% 23%              24% 

         PF 0.47 0.49 0.47             0.48 
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During the measurement period, it observed that all three phases is combined into one single 

plot for comparisons. As shown in the figure 3.3, the total harmonic distortion of 

voltage (THDV) level did not exceed the acceptable tolerance of 5% according to IEEE 

standard. On the table 3.1 and figure 3.3 the Total Harmonic Distortion Current of (THDI) 

levels are exceeding the acceptable tolerance of 5% according to IEEE standard. The THDI 

is 24% at the PCC and the power factor is 0.48 from the measured data. 

 

Figure 3. 3 Bar chart of THDI Bagasse feeder in WSSF 
 

3.1.2 Analysis of Measured Harmonics Data 

Harmonic analysis of the distribution system is essential to study the behavior of 

equipment’s connected in the non-sinusoidal system environment and for optimal design and 

location of filters. 

Many AC motor drives are extensively utilized in WSSF. From these AC motors focusing 

on bagasse feeder on the boiler plant using VFD. The most used front-end topology for the 

VFD's is 6-pulse thyristor rectifiers, due to well-known advantages such as, high efficiency, 

robustness and reliability. Nevertheless, the major drawback of this type of VFD is the 

emission of the harmonic currents Table 3.1.  showed the harmonic spectrum of currents for 

bagasse feeder motor drives and summarized in figure 3.3 for all the motor drives. It is 

observed that 24%THDI of electric drives is very high and beyond the International 

standards (IEEE).  
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3.1.3 Total Harmonic Distortion of Bagasse Feeders 

The total harmonic distortion of current (THD) is the ratio between the RMS value of the 

harmonics and the RMS value of fundamental. THD is a term used to describe the net 

deviation of a nonlinear wave form ideal sine waveform characteristics. 

Total Harmonic Distortions are calculated as per IEEE STD 519-1992 as below 

           THDI =
√I3

2 +I5
2+I7

2+I9
2

I1
∗ 100                                                                                           (3.1)     

                                          THDI=
√02+20.482+13.62+02

100
∗ 100% = 24.4% 

TDD value can be computed using the equations given below for the rated current of 125A. 

TDD =  
√∑ Ih

2∞
h=2

IL
∗ 100                                                                                                        (3.2)       

                                                            

TDD = 
√∑ Ih

2∞
h=2

IL
*100== 

√202+13.62

125
*100=20% 

3.1.4 Individual harmonic distortion 

Individual harmonic distortion of bagasse feeders on WSSF are calculated as below from 

measured value on figure 3.3 bar chart. 

3rd order harmonic distortion in % = (
I3

I1
) * 100 = (

0

100
) * 100 = 0 

5rd order harmonic distortion in % = (
I5

I1
)  * 100 =(

20.48

100
)*100 = 20.48% 

7rd order harmonic distortion in % = (
I7

I1
)  * 100 =(

13.6

100
)*100=13.6% 

9rd order harmonic distortion in % = (
I9

I1
)) * 100 = (

0

100
)*100=0 

Table 3. 2 Individual harmonic distortion of current on the table 
         Harmonic order % of Individual Harmonic Distortion 

           3 0 

           5 20.48 

           7 13.6 

          9 0 
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The average power factor of three phases from measured data on table 3.1  

pf =
pf of phase 1 + pf of phase2 + pf of phase3 

3
                                                        (3.3)     

                 

pf =
0.47 + 0.49 + 0.47

3
 = 0.48                              

Hence, total harmonics distortion needs to be reduced, for which different solutions are 

available such as adding line reactors, passive harmonic filters but Active power filter is 

most preferred for effective minimization of Total Harmonic Distortion (THD) of current. 

Therefore, many applications currently in use, in this thesis using DSTATCOM to minimize 

THDI and improve the power factor. 

 

3.2 Designing of the DSTATCOM Component for WSSF on Bagasse Feeders 

Bagasse feeders of the boiler number one have 12 induction motors, six extraction feeders 

and six screw feeders. The rating values of each motor is 400v line to line voltage and the 

calculation of reactive power as follows. 

This thesis work designed to mitigate harmonics and improve the power factor of bagasse 

feeders from presently operating with THD of 24% and 0.48 lagging respectively. 

Depending on IEEE standard, the THD is 5% and below, and the power factor is considered 

to 0.9 lagging from the name plat data of motors. From this concept after designed, the 

harmonics reduced from 24% to 5% or less than and power factor improved from 0.48 to 0.9 

lagging.   

The reactive power calculation using the apparent power from measured data and using the  

existing power factor of the load (0.48) or  𝜃1 = 61.3, and for the desired power factor (0.9) 

or 𝜃2 = 25.84 used for compensation the reactive power to mitigate the harmonics and 

improve the power factor. 

𝑄1       = s ∗ sin𝜃1 = 162 ∗ sin (cos−1( 0.48)) = 162 ∗ sin 61.3 = 142𝑘𝑣𝑎𝑟         (3.4)      

𝑄2   = 𝑠 ∗ sin 𝜃2 = 162 ∗ sin (cos−1( 0.9)) =  162 ∗ 𝑠𝑖𝑛25.84 =  70.6𝑘𝑣𝑎𝑟          (3.5)                                 

From the reactive power to be compensated is  

           𝑄3 =𝑄2− 𝑄1 = 70.6 − 142 =  −71.4𝑘𝑣𝑎𝑟   

          𝑄3 = 71.4𝑘𝑣𝑎𝑟  

The D-STATCOM size to compensate the reactive power is71.4kvar. 

The rating of D-STATCOM is almost fully reactive power with on the D-STATCOM IGBT 

Switches 1% active power dissipation. 
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From this concept the active power of D-STATCOM is calculated as  

𝑝 = 𝑄3 ∗ 1% = 71.4 ∗ 0.1 = 7.14𝑘𝑤                                                                                   (3.6)  

Apparent power of the designed D-STATCOM is  

𝑆 =  √𝑄2 + 𝑃2 = √71.42 + 7.852 = 71.76𝐾𝑉𝐴                                                               (3.7)   

hence, 71.76 kVA rating of D-STATCOM is used to compensate the reactive power. For 

this DSTATCOM size, select the ac inductor and dc capacitor by considering 400V line to 

line voltage as follows.   

 

DC BUS Voltage 

For proper operation of the VSC as DSTATCOM, a minimum DC-link voltage is needed to 

obtain current compensation waveforms. The required DC-link voltage is obtained through 

rectification mode of VSC. The minimum dc bus voltage of VSC based of DSTATCOM 

should be greater than twice the peak of the phase voltage of the distribution system. 

Otherwise the DSTATCOM cannot supply the compensating current to the system. In case 

of Active Power Flow control using DSTATCOM one need to use either battery energy 

storage or a voltage source but for only reactive power flow control capacitor alone can be 

used as energy storage. 

The DC bus voltage was calculated as: 

𝑉𝐿−𝐿=voltage line to line 

𝑣𝐷𝐶1 =  
2√2 ∗ 𝑉𝐿𝐿

√3 𝑚
  =  

2√2 ∗ 400

√3 ∗ 1
 = 653.2𝑉 

(3.8) 

 

Modulation index =1 

The selected 𝑉𝐷𝐶=680V 

DC bus capacitor 

The design of the DC capacitor is governed by the net variation in the DC bus voltage i.e. 

reduction during application of the load and rise in the DC bus voltage during removal of 

the load. The value of DC bus capacitor value depends upon instantaneous energy available 

at D-STATCOM during transient. The value of this capacitor was calculated, Using the 

principle of energy balance equation governing which is written as: 

1

2
𝐶𝐷𝐶[𝑉𝐷𝐶

2 + 𝑉𝐷𝐶1
2 ] = 3𝑘𝑎𝑉𝐼𝑡                                                                                                   (3.9)  

1

2
𝐶𝐷𝐶[( 6802) + (6532)] = 3 ∗ 156 ∗ 1.2 ∗ 230.94 ∗ 350 = 45393566.4                               
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Where 𝑉𝐷𝐶  is the reference DC voltage and 𝑉𝐷𝐶1 is the minimum voltage level of the DC 

bus, a is the over loading factor, V is the phase voltage, I is the phase current of  the VSC 

and t is the time for which the DC bus voltage is to be recovered. Considering 

𝑉𝐷𝐶=680, 𝑉𝐷𝐶1 =653, V=400, I=156A, assume t=30ms, a=1.2. 

1

2
𝐶𝐷𝐶[(680)2 + (553.2)2 = 3 ∗ .1 ∗ 156 ∗ 1.2 ∗ 230.94 ∗ 350 = 45393566.4                     

The calculated value of 𝐶𝐷𝐶 = 2541𝑚𝑖𝑐𝑟𝑜𝑓𝑎𝑟𝑎𝑑 and the selected DC capacitor value = 

𝐶𝐷𝐶 = 3000𝑚𝑖𝑐𝑟𝑜𝑓𝑎𝑟𝑎𝑑.  

 

DC Inductor  

The selection of the AC inductance (𝐿𝑓) of VSC depends on the current ripple, switching 

frequency (𝑓𝑠)  , DC bus voltage (𝑉𝐷𝐶), and it is given as 

Lf =
√3 MVDC

12afsicr−pp

                                                                                                                           (3.10) 

Where m is the modulation index, (𝑉𝐷𝐶) DC bus voltage and a is over loading factor, the 

switching frequency, depending up on the speed of the DSP processor and the highest order 

harmonic to be compensated by the DSTATCOM. the sampling frequency is selected as 

𝑓𝑠 = 10𝑘𝑧 , m=1, 𝑉𝐷𝐶  = 680v, and a = 1.2, 𝑖𝑐𝑟 = 5%.  

Then the value of 𝐿𝑓 is calculated as    

Lf =
√3 MVDC

12afsicr−pp

=
√𝟑∗𝟏∗𝟔𝟖𝟎  

𝟏𝟐∗𝟏.𝟐∗𝟏𝟎∗.𝟎𝟓
= 

1177.79

7200
= 2.5𝑚𝐻 

Filter capacitor 

𝐶 = 
1

2𝜋𝑓𝐿
=  

1

2𝜋 ∗ 50 ∗ 2.5
= 4 microfarad                                                                     (3.11)   

Table 3.3 Parameters of designed DSTATCOM  
System parameters   Values 

Voltage source 400V 

Fundamental frequency  50 Hz 

DC bus voltage  680v 

DC link capacitor  3000mf 

Switching frequency 10KHz 

LC filter L= 2.5mH 

DC link PI controller   
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Proportional gain 50 

Integral time constant 0.5s 

AC voltage PI controller parameters   

Proportional gain  100 

Integral time constant 0.05s 

 

3.3 Mathematical modeling of DSTATCOM 

The DSTATCOM is modeled using a three bridge six-pulse IGBT VSC with a DC link 

capacitor connected on the DC side. IGBT with anti-parallel connected diode is used to 

construct the VSC because it is low power device, switching frequency is also medium. The 

anti-parallel connected diode is to provide the path for charging DC link capacitor. 

DSTATCOM connected to a distribution system through interfacing inductor with 

equivalent circuit as shown in the figure (3.4). In this figure, the VSC of D-STATCOM is 

connected to the network through the interfacing inductors which are used to filter high-

frequency components of compensating currents. The resistance 𝑅𝑓 and inductance (𝐿𝑓) in 

this figure represent reactance of interfacing inductors. In this thesis, the D-STATCOM is 

used for harmonic mitigation and power factor correction by injecting the reactive power to 

induction motors of WSSF bagasse feeders. Therefore, the control systems of the D-

STATCOM consist of a current control, DC voltage control, and AC voltage control.  

The primary control objective is to rapidly regulate the D-STATCOM currents to the 

reference values that are generated by the voltage controllers. A secondary control objective 

is to keep the DC voltage around a desired value, which is dc voltage to keep the bagasse 

feeders load bus voltage at constant value. As in Figure, the D-STATCOM output AC 

voltage is represented by, 𝑒𝑡abc. This voltage is generated by the converter and is assumed 

quasi-sinusoidal voltage waveform. Therefore, the voltage equation of AC system can be 

written as in (3.4) 
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THREE PHASE SOURCE
NON-LINEAR LOAD

VOLTAGE SOURCE INVERTER

Rf

Lf

ec

ea

eb

 

Figure 3.4 Equivalent circuit of D-STATCOM 

 

                            From Fig.3.4, KVL equations at PCC can be written as 

                                        ea = icaRf + Lf
dica

dt
+ vsa   

(3.12) 

𝑒𝑏 = 𝑖𝑐𝑏𝑅𝑓 + Lf

dicb
dt

+ vsb 
(3.13) 

ec =  iccRf + Lf

dicc
dt

+ vsc    
(3.14) 

                                 In matrix form, these equations can be written as, 

          
𝑑

𝑑𝑡
[
ica
icb
icc

] =

[
 
 
 
 
−Rf

Lf
               0                 0

  0              
−Rf

Lf
              0

 0                0              
−Rf

Lf ]
 
 
 
 

[
𝑖𝑐𝑎
𝑖𝑐𝑏
𝑖𝑐𝑐

]+
1

𝐿𝑓
[

𝑒𝑎 − 𝑣𝑠𝑎

𝑒𝑏 − 𝑣𝑠𝑏

𝑒𝑐 − 𝑣𝑠𝑐

]     

(3.15) 
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If
𝑑

𝑑𝑡
 is represented as p, then above eqn.  Becomes as, 

          𝑝 [
ica
icb
icc

] =

[
 
 
 
 
−Rf

Lf
               0                 0

  0              
−Rf

Lf
              0

 0                0              
−Rf

Lf ]
 
 
 
 

[
𝑖𝑐𝑎
𝑖𝑐𝑏
𝑖𝑐𝑐

]+
1

𝐿𝑓
[

𝑒𝑎 − 𝑣𝑠𝑎

𝑒𝑏 − 𝑣𝑠𝑏

𝑒𝑐 − 𝑣𝑠𝑐

]               

(3.16) 

 converting a-b-c to d-q quantities using Parks transformation using eqn.4.8, it can be written 

as, 

[

𝑖𝑑
𝑖𝑞
𝑖𝑐𝑐

]= 
2

3

[
 
 
 
 𝑐𝑜𝑠𝜃        cos (𝜃 −

2

3
)       cos (𝜃 +

2𝜋

3
)

−𝑠𝑖𝑛𝜃  − sin (𝜃 −
2𝜋

3
)  − sin (𝜃 +

2𝜋

3
) 

     
1

2
                       

1

2
                                

1

2
              ]

 
 
 
 

[
𝑖𝑐𝑎
𝑖𝑐𝑏
𝑖𝑐𝑐

] 

(3.17) 

By using the above eqn., a 4.8 & eqn. 4.9 it can be written as: 

p[
𝑖𝑑
𝑖𝑞

] = [

−Rf

Lf
               w 

−w              
−Rf

Lf
     

] [
𝑖𝑑
𝑖𝑞

]+
1

𝐿𝑓
[
𝑒𝑑 −  𝑣𝑑

𝑣𝑞    −   𝑒𝑞
] 

(3.18) 

where w is the system frequency, m is modulation index of the converter. 

Considering that q-axis coincides with the voltage vector 𝑣𝑑, then 𝑣𝑞 becomes zero. 

Neglecting the voltage harmonics produced by direct and quadrature axis voltages, 

𝑒𝑑 = 𝑚𝑣𝑑𝑐 cos𝛼 (3.19) 

𝑒𝑞 =  𝑚𝑣𝑑𝑐 sin 𝛼 (3.20) 

As per the power balance theory, the instantaneous power as the ac-dc terminals of the 

inverter is equal, giving the following power balance equation. 

𝑣𝑑𝑐𝑖𝑑𝑐 = 
3

2
(𝑒𝑑𝑖𝑑 + 𝑒𝑞𝑖𝑞) 

(3.21) 

  And the dc side circuit equation given as, 

𝑖𝑑𝑐 =  
3

2
 m(𝑖𝑑 cos𝛼 − 𝑖𝑞 sin 𝛼) = 𝐶

𝑑𝑉𝑑𝑐

𝑑𝑡
 (3.22) 

 

Which relates the DC-side voltage, Vdc is DC bus voltage, 𝛼 the angle by which the 

DSTATCOM voltage leads the line voltage vector. 

3.4 Synchronous Reference frame Theory (SRF) Method 

SRF theory is based on the transformation of currents in synchronously rotating d–q frame. 

Shows the basic building blocks of this theory. Sensed inputs 𝑣𝑎, 𝑣𝑏, and 𝑣𝑐 and 𝑖𝐿𝑎, 𝑖𝐿𝑏, and 

𝑖𝐿𝑐  are fed to the controller. Voltage signals are processed by a phase-locked loop (PLL) to 
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generate unit voltage templates (sine and cosine signals). Current signals are transformed to 

d–q frame. where these signals are filtered and transformed back to abc frame (𝑖𝑠𝑎, 𝑖𝑠𝑏 and 

𝑖𝑠𝑐 ), which are fed to a hysteresis based PWM signal generator to generate final switching 

signals fed to the DSTATCOM; current components in a–ß coordinates are generated, and 

using θ as a transformation angle, these currents are transformed from a–ß to d–q frame 

defined as (Park’s transformation) [25]. 

[
id
iq

] = [
cos 𝜃 sin 𝜃

− sin 𝜃 cos𝜃
] [

𝑖𝛼
𝑖𝛽

] 

 

(3.23) 

SRF isolator extracts the dc component by low-pass filters (LPFs) for each id and iq realized 

by moving average at 100 Hz. The extracted dc components iddc and iqdc are transformed 

back into α-β frame using reverse Park’s [1]. 

[
iαdc

iβdc
] = [

cos θ sin θ
− sin θ cos θ

] [
iddc

iqdc
] 

 

(3.24) 

From these currents, the transformation is made to obtain. Three-phase reference source 

currents in a–b–c coordinate using Reactive power compensation can also be provided by 

keeping 𝑖𝑞 component zero for calculating the reference source currents [28]. 

3.5 Hysteresis current control  

These three-phase reference source currents are fed to the Hysteresis-based PWM current 

controller to control the source currents to follow the reference source currents in UPF mode 

of operation. These currents are considered as the reference source currents iref (isa
∗ , isb

∗  

and isc
∗ ), and along with the sensed source currents (isa, isband isc), these currents are fed to 

a hysteresis-based PWM current controller to control the source currents to follow these 

reference currents. Switching signals generated by PWM current controller control the 

source currents close to the reference current [28]. 
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Figure 3.5 Synchronous Reference frame Theory (SRF) Method 
The thesis work is based on Synchronous Reference Frame Theory (SRF THEORY). A 

block diagram of the control scheme equipped with the function of voltage regulation is 

shown in Fig.3.5 

We use two proportional integral (PI) controller for controlling dc bus voltage of 

DSTATCOM and ac voltage at PCC. The compensation current should lag by 90o form the 

voltage. The compensating current produces a voltage drop and then, the line-voltage 

amplitude is kept at its reference value. In this case, when the load is an inductive, the 

DSTATCOM operates as a capacitor. Along with reactive current control, the control of 

DSTATCOM consists of the following control functions: harmonic elimination and power 

factor correction in plant. The in-phase component of current is responsible for power factor 

correction of load whereas to regulate AC system voltage at PCC, quadrature component of 

SRF based DSTATCOM is responsible. The output of PI controller over the DC bus voltage 

is measured as quadrature component of supply reference currents. The instantaneous 

reference currents are obtained with adding the in-phase supply reference currents and 

quadrature supply reference currents. When reference supply currents generated in the 

circuit, a hysteresis current controller controls the sensed supply currents (isa , isb and isc) 
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and instantaneous reference currents (isar,isbr and iscr) for generating gating pulses for 

IGBT’ S of DSTAT COM. The function of controller is to control the DSTATCOM currents 

within a band around the desired reference currents values. The hysteresis controller 

generates suitable switching pulses for six IGBT ’S of the VSC working as DSTATCOM 

[29]. 
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CHAPTER FOUR 

RESULT AND DISCUSSION 

4.1 RESULT 

In order to reduce the total harmonic distortion of nonlinear load (VFD), the DSTATCOM 

has been designed for which having highest THD of current and implemented. The 

simulation is obtained by MATLAB/SIMULINK environment using sim power system 

toolbox. The simulation result without load, the signal shows on the figure 4.1 and 4.2 are 

the source voltage and current have no distortion.  

 

Figure 4. 1 at no load voltage and current magnitude 
         This figure indicates the voltage and current magnitude at no load case. 

 

Figure 4. 2 Before the VFD (passing through the cables or on the distribution line) but no 

effect on the source 
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Figure 4. 3 shows the source with load through VFD without DSTATCOM 
Figure 4.3 indicates, the system response of current and voltage source with load through 

VFD without DSTATCOM. The wave is distorted or it is not pure sinusoidal wave. There is 

harmonic distortion on the system due to nonlinear load (VFD). 

 

Figure 4. 4 shows FFT analysis before mitigate the harmonics or without DSTATCOM 
Figure 4.4 indicates the expected output of three-phase THD current value. This THD of 

current is almost the same comparing to the measured value of THD from the company on 

figure 3.3.  
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Figure 4. 5 After DSTACOM connected on the system 

Due to nonlinear load (VFD) without DSTATCOM throughout the system there is a 

distortion. Relatively it shows a fluctuation as indicate on the Figure 4.3.  After DSTATCOM 

is connected on the system the current and voltage almost pure sinusoidal wave as shown 

figure 4.5. Hence it improves that is the DSTATCOM increase the performance of the 

system. 

 



 

40 
Adama Science and Technology University                                                                       Brihanu H/G 

 

 

Figure 4. 6 shows FFT analysis after mitigate the harmonics or with DSTATCOM 

From FFT analysis after DSTATCOM is connected to the system the total harmonics 

distortion of current minimized to 0.12% and the power factor is improved to 0.9 as shown 

on figure 4.6, and 4.7.   

 

 Table 4. 1 Comparison of %THD for bagasse feeders   

 % THD without DSTATCOM % THD with DSTATCOM 

Voltage                   0.22% 0.81% 

Current                   24% 0.12% 
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Figure 4. 7 power factor correction output from MATLAB 

 

4.2 DISCUSSION  

The nonlinear load with VFD drive on bagasse feeder of WSSF is simulated with MATLAB 

SIMULINK environment. The VFD drive of bagasse feeder is modeled with three phase 

DSTATCOM and SRF control method. 

First the system is simulated without load and the signal shows on the figure 4.1 and 4.2 are 

the source voltage and current have no distortion. After connected the nonlinear load (VFD 

drive) of bagasse feeders are visualize the effect of harmonics on the figure 4.3 and 4.4. It 

clear from the nonlinear load (VFD) causes harmonic distortion is present in current wave 

form on the signals to becomes non sinusoidal.  

For settling time, the signal is distorted through the load, no steady state throughout the 

system. Due to distorted signal increasing the heat of the machine, this heat may damage of 

the insulation of the motor, the power dissipates and extra bill of utility for the company.  

The FFT analysis of THD of current value without DSTATCOM is about 23.93%. The THD 

of current value from measured data in the company on PCC is the same as the designed 

without DSTATCOM. 
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As the end, After DSTATCOM is connected and the breaker closed on the system the current 

and voltage magnitude become steady state as shown figure 4.5. Hence, the DSTATCOM is 

compensate the reactive power on the system. From FFT analysis the total harmonic 

distortion of current minimized from 24% to 0.12% and the power factor is improved from 

0.48 to 0.9 as shown on figure 4.5, 4.6, and 4.7.   
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS  

5.1 Conclusion 

           The aim of this research was to investigate and minimize the total harmonic distortion 

of VFD in wonji shoa sugar factory on bagasse feeders by the help power quality analyzer. 

Compare the measured value and design mitigation equipment if the value exceeds IEEE 

standard.  Due to use of nonlinear load (VFD) the THD of current was generated i.e.,24% 

from measured data, and above IEEE standard which is the main severe problem of the plant. 

DSTATCOM is designed with synchronous reference frame control method for minimize 

the THD of current and improve the power factor.  

 Therefore, Simulation result was shown for two condition with and without DSTATCOM 

for total harmonic distortion of current on WSSF bagasse feeders of VFD. Indeed, the first 

condition of this thesis paper proven the system response of current and voltage source with 

load through VFD without DSTATCOM. In this case system was not smooth through the 

load. For the given settling time, as a result the system was distorted, no steady state 

throughout the system. 

The second condition of this thesis work proven the improvement in power system in the 

case of wonji shoa sugar factory of bagasse feeders. After DSTATCOM was connected on 

the system the current and voltage magnitude become steady state after settling time within 

few seconds. The total harmonic distortion of current reduced from 24% to 0.12% and the 

power factor improved from 0.48 to 0.9.   

Finally, concludes that the THD of current is minimized less than IEEE standard and the 

power factor improved to 0.9 by using DSTATCOM with SRF theory control algorithm. 
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5.2 Recommendation 

DSTATCOM based speed control is the modern techniques in industrial application todays 

because of the benefit mentioned in this thesis paper comparing to the conventional variable 

frequency drives. The researcher could be recommended that the expansion of existing 

convectional VFD with DSTATCOM based speed control method.  

Since the DSTATCOM based is no need of filtering circuit the author recommends the 

company to shift their existing new version of power electronic device called DSTATCOM 

based speed control method. 

Both the utility and the factory should check the injection of harmonic currents by the 

nonlinear loads to prevent damage of equipment due to harmonic distortion. In addition to 

this, the factory should investigate harmonics level and power factor in all plants by using 

power quality analyzer for more profitable, for healthy of equipment and normal operation. 

At the end, it is recommended that for the factory to keep the harmonics problem measuring 

instrument, HIOKI, POWER QUALITY ANALYZER because this device provides great 

help for studying associated to the power quality issues smoothly and easily. 
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Appendix A 

For the case study of harmonics of WSSF (wonji shoa sugar factory), the probable sources 

of generation of harmonics were identified (VFDs), the 12-induction motor rating value of 

each motors reading were taken on the PCC for 6 extraction feeders and 6 screw feeders 

have 7.7kw. The data was collected from PCC for different time intervals with the help of 

power quality and harmonic analyzer. 

1. HIOKI, POWER QUALITY ANALYZER. 

2. MICROVIP3 PLUS POWER & HARMONICS ANALYZER, 

Typical instrument input limits are 600 V RMS for voltage and 1500A RMS for current 

which are used in this research are shown in Figure. 
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The measured value of 5th order harmonics of VFD on the bagasse feeders for phase one 

 

 

 

The measured value of 7th order harmonics of VFD on bagasse feeders for phase one 
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                                   Figure THDu and THDI for phase one 
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                                            FFT Analysis of voltage with DSTATCOM 

 

                 The output of current waveform After DSTATCOM connected  


