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ABSTRACT

Investigation and monitoring of power quality is necessary to maintain accurate operation of
sensitiveequipmentin an industrial environmentThis paper presents the assessment and
mitigation of power quality problem in Adama Spinning Factdipnitoring of voltage and
current harmonic distortion levelsp to the 1 order an thefour distribution transbrmersof

thef a c t electyical setwork is carried out using DELAB NV8s PR@asuring equipment
Even thoughHis equipmenis primarily intended for awdmatic power factor controllingsing
3-phase capacitor banks, thegtso have a capability to measeir%THD and mdividual
harmonic distortion up tal1™ order for voltage and current. The measured voltage and
current harmonic distortin levels are compared withe IEEE5192014 and IEC 6100Q-2 /

-3-4 international standards. THgarmonicvoltage distaion levelin the factory has found to
be well undetthe limits set bythese standards while the current harmonic distortion levels on
three of the transformers exceeds the standianids with a maximum %THDvalue of up to
43.8%.Moreover, the power faor level of the factory on the utility meter found to be below

0.9, the mimum limit not to be penalized by the utility

For mitigating the current harmonic distortion level in the factory a Distribution Static
Synchronous Compensator (DSTATCQMEurrent control modes proposedDSTATCOM

is a shunt connected device, designed to inject unbalanced and harmonically distorted current
to distribution line to eliminate unbalance or distortions in thedl@rrent. Instantaneous
reactive power (IRP) based dool theory is used to generate the reference currehte

di stribution network of the factory 1is mode
considering the distribution transformer impedances, the power factor capacitor banks and
the linear RL load. Thaonlinear loads are modeleds ideal harmonic current source$ 3°

to 11" order harmonicswith amplitude of the maximum measured harmamiplitude The
performance of the proposed DSTATCOM is evaluated by simulating the distribution network
with andwithout DSTATCOM The simulation results show that the source current becomes
pure sinusoidal and iphase with the sourosltagewithin 0.02secondgone cycle) after the
introductionof theDSTATCOM in the system

Key words:Power Quality, Harmonic Disition, Power Quality StandardsCustom Power
Devices DSTATCOM Instantaneos Reactive Power Theory, MATLABMULINK
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CHAPTER 1

INTRODUCTION

1.1 Background

The widespread use of modepower electronictechnologies in industrial, commercial and
residental equipment has raised the awareneggogfer quality issues over the last few years.

The use of electronically controlled and energy efficient machineries in modern manufacturing
industries make them sensitive to small deviation in the supply powetygd#lus, in recent

years, to realize the reduction of adverse effects and added costs related to power quality
problem in distribution network, conductingpawer quality problem assessment in industries

is becoming a requirement.

The increasing concernnopower quality issueby different stakeholderfas driven the
requirement for standards thatefines different power quality disturbancedescribe
measuring methods and how the different power quality parameters are calculated and
interpreted.Different internationalstandard have been proposed by a number of standard
organizationsThe power quality related international standarfdsmulated by thenstitute of
Electricaland Electronics Engineef$EEE) and International Electit@chnical Commission

(IEC), arethe most widely usestandards in the field

Starting from the time of awareness and identification of power quality problems a lot of
conventional solutions have been proposed and implemented to protect end used equipments
and alsoutility power system equipment3he evolution of power electronics controller
devices has gen to the birth of custom powapplications, in which avide range of flexible
controllersusing power electronics componenase utilized to improve the power quality at
distribution level. The termCustom Power DeviceCPD) refers to the use of power electronic
controllers for distribution systems to enhance the quality and reliability of power that is

delivered to customers.

In Ethiopia, the manufacturing sectiergrowving in recent years. But th@ower interruption is
continuing to bea day to day occurrence. As a result quality of power is interpreted only as
continuity of the supplied powend both the utility and consumes are focusing only on the

power quality disgirbances related to interruptioidut due to increased numbef nonlinear

1| Page



consumer loadsonnected to the distribution systemther types of power quality disturbances

like harmonic distortions are likely to present in the system. A lot of power yualit

assessments have to be conducted at different parts of the power system in order to evaluate

the power quality level and takgopermitigation actions In this thesis worla power quality
problem assessment will be domen Adama Spinning Factorgtistribution systemand a
proper way of mitigang the problenwill be proposed.

1.2 Statement of theProblem

Adama Spinning Factong located in Adama city andas started operation in 20@8th new
technologically advanceand sensitivenanufacturing machimgs and equipmestAs every
electric consumer in Ethiopia, the factory is facing a lot of problems due to lowolgveWwer
quality and reliability of the supplied electric power. Tdxensiveuse of power electronic
baseddevices like adjustable speellives (ASD) in the factorycreates currenharmonic
distortionsin the systemyhich in turn distorts the supplied voltaddoreover the connection
of new electric consumers to the distribution system is changing the charactenfidiies
distribution systemfrom time to time.The combined consequence of thésets makes the
factory more prone to power quality and reliability problems.lrAgt f act or y d s
performance reportsl§] show, the factory is facing lot of problemsas a result opower
quality disturbances whiclncludes failure of expensive electronic printed boards A8D
(inverters) repeatedourn out of electric motorsoftware corruptiorandalso a repeatefire

accidentin the power factor correcting uniin order to iderifty and characterize the existing

we e k|

power quality disturbances preciseind to select and apply a proper solution to mitigate the

disturbances which exceeds the standard limits set by staodgadizations, power quality
assessmeriias to be carried oumh the factory Therefore, this thesis work wilht to address
the power quality related problems by carrying out a power quality assessmntést fantory

and propomg a way to mitigate thepwhich in effect helps the factotyg stay competitive in

the market by reducing costs

2| Page



1.3 Objective

The general objectivef this thesis work is to investigate the Adama Spinning Factory
distribution networlfor power quality problemand propos& mitigation techniqueif power
guality disturbance levelsutsiderecommendedtandardimits are found in the system.
The specific objectives of the project include:
1 To investigate power quality problems in Adama Spinning Factory distribution
network and to compare the level of disturbances intdrnational/nationastandards.
1 To simulate and analyze the distribution network of Adama Spinning Faatong
collected data
1 To proposemitigation technique, if there exipbwer qualitydisturbance levela/hich
exceedrecommended standatfighits, and simulate the distribion network with the
proposedechniqueo see its performance.

1.4 Motivation

Adama spinning factory is one of the largest factories in Adama city with sophisticated
electronic and electrmechanical equipments. | was one of the staff member and edéctric

section head for the last couple of years in which | got best opportunity to closely investigate
the overall electrical phenomenon of the factory. During those times, | came to see and

observe many electrical problems which are the consequences ofquaaiigr problems.

An investigation of power quality problem had been carried out in the factory in 2010 by [2],

in which a tuned shunt passive filter is proposed and designed to compensate the current
harmonic distortion presented on the system at timt. tSince then there have been a lot of
changes on the utility and factory side, which changes the overall characteristic and
performance of the factoryds distr éxpamdohon ne
project in 2011, to increase itsqgaluction capacity by 35%. This expansion project includes
installation of machineries with total additional installed capacity of about 1107.04d(0dA

to accommodate this, ongdditional 800KVA distribution transforner is installed in the

factory. On theutility side, the capacity of the substation supplying the factory has upgraded

its capacity by installing one 50MVA step down transformer to accommodate the increasing

demand of electricity in the city. whiMedereover,
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line in 2016.As a result, the proposed mitigation techniques by [2] may not be applicable for
the present distribution network of the factory. Therefdre researcher is interested to further
assesshe power quality problems on the currentigséing distribution system of the factory
andpropose a proper way of mitigatida bring additional benefit fothe factory in terms of

continuous and reliable operation.
1.5 Significance of the Study

In recent years, industries are trying to optimizeirtlprocess to stay competitive in the
production of their particular product. Hence, the significance of this study, in particular, is to
help Adama Spinning factory in minimizing the costs incurred in its process due to power
quality problem.The outcomeof this study is mainly usefdobr the factory, tobecome aware

of the quality of the electric power utilized by its production machineries and equipaneint
most importantly, § implementing the proposed solution of this study, the factory can reduce
downtime, offstandard products and thus production loss by limiting the effects of power

quality problems.

Moreover, the study encourages industries and/or researchers to conduct a power quality
investigation in different distribution networks and takerective actions to enhance the
quality of power used by consumerds a result, industries will become profitable and
competitive in the global mar ket , which in
growth.

1.6 Scope of the Studgnd Methodology

In this studyvoltage and current harmonic distortidevels, which areamongthe most

common power quality disturbances in modern distribution systeene investigatedin

Adama Spinning Fact o.rDatéd was uohifiallyt gatheted byirewing net wo
different papers and standards. Additional dataewollected by reviewinglifferent electrical

installation documents and weekly/monthberformance reportef the factory and also

through discussion with the factory engine®ELAB NV8s instrumat was used to easure

the voltage and current harmonic distortion lewef the factoryods di st
Analysis and comparison of the measurement datathatlEEE 5192014 and IEC 6100@-

2 /-3-4recommended harmonic distortion limits was @atrout.
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The factory distribution network was modeledhie MATLAB/SIMULINK environment. The
model includes the distribution transformers, power factor correcting capacitors with anti
resonant reactors, linear and nonlinear loads of the factory distnbutetwork. A
DSTATCOM in current control mode was proposed as a mitigation technique and simulation
of the factory distribution network with proposed DSTATCOM is done to see its performance.

1.6 Organization of the Thesis

This thesispresentsthe power qality assessment carried out on Adama Spinning Factory
distribution network in which measurement of harmonic distortion level, comparison of the
measurement data with international standards and simulatithe afetwork withproposed
mitigation techniquere briefly discussed.he thesis is organized in $ix chapters.

Chapter ongas the introductory part of this research papmmtains the background,
statemenbf the problem, objectivespotivationand significancef the study.

Chapter two presentthe summary of the research papers and publication reviewed. This
chapteralso presents a brief definition of different power quality phenomena with possible
ways of mitigation techniqued.he available international standards and the availability of

national standards on power quality are discussed.

Chapter three describes the general overview of Adama spinning Factwyelectrical
distribution network of the fdory is presented in detail. How the electrical power is
distributed; what kinds of linearnd nonlinear electrical loads are connected to the
distribution network and what kinds of power quality related problems are commonly faced in
the factory are addressed in detBiscription of he monitoring equipment used for this study

is also preserd in this chapter.

This chapter also presents how the distribution network of the factory is modeled in MATLAB
SIMULINK environment and how different parameters are gathered and calcufated
preparing the modeThe IEEE and IEC international standardiated to harmonic distortions

are presenteh this chapter

Chapter four comprises measurement resatjsther withinterpretation and discussion of the

results obtained.
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Chapter five presents ariéf description of the proposed current harmonic méimn
techniqueand simulationof the distribution network with the proposed soluti@mulation
results and discussion of the distribution network with and without the proposed mitigation

technique is also presented.

Chaptersix is dedicated for findingand conclusions of the study. Recommendation for future

work is also presented in this chapter.
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CHAPTER TWO

LITERATURE REVIEW

2.1 ReviewedStudies andPapers

Both electric utilities and end users of electric power are becoming increasogtgrned
about the quality of electric power andb&of researclworksand case studidsve been done
on the issue of electric power qualitydifferent parts of the worldThere are manyelevant
papers written relating to the scope of this projécirthermore, an investigation of power
quality problem has been conducted Mitkias Berhanu[2] in 2010, onAdama Spinning
Factory Preliminary descriptin and results of some research works, whichravewed
while preparing this research papsrpresented below.

Milkias Berhanu [2] in 2010 has done an investigation of power quality proldem
distribution network ofAdama Spinning Factorylhis thesis work focusesnly on harmonic

current dstortion level of factoyd dlistribution networkand it was compared with the power
quality standardevek stated on IEEE159 and IEG@1000. Out of the four distribution
transformer, monitoring of harmonic current distortion level was carried out only on three of
them due to measurement device problem on ornbeofransformer. The research work tries

to find out the parallel resonance frequency of teéwork by considering all the PFC
capacitors Then, the paper proposes a tuned passive filter to mitigate the current harmonics
which was above the standard limget by IEEE and IEC. Moreovd?Spice software was

used for simulatiorof the network with and without the proposed tuned passive. filties
simulation results on this paper show that the addition of shunt tuned passive filter on the
distribution netwok reduces the distortion of the current waveform significaniliie
simulaion was done by consideriradl the available PFC capacitor banks in the system, but in
actual scenario the capacitor banks are switched in to and out of the system automatically
based on the power factor level of the systéinis will make the electrical characteristics of

the network to change dynamically and affect the performance of the proposed tuned passive

filters.
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Hussein Mohamed ElEissawi Fathi [3], in 2012 has done a lD thesis submitted to Al

Azhar University on power quality Assessment oEgypt 2nd Testing Research Reactor
(ETRR-2) center.Measurement and analysis of different power quality disturbances like
transients,voltage sag, voltage swell, flicker, harmoniesltage unbalancand frequency
deviationshave been done on the distribution system. The paper tries to compare the measured
data with international standards and also propose and dagigation mechanisms for the
disturbances which exceed standandits. For the disturbances captured during measurement

a single tuned passive filter, Dynamic Voltage Restorer (DVR) and Uninterruptable Power
Supply (UPS) has been proposed to be installed at different locations of the electrical
distribution network. Theosts and payback times of these mitigation techniques have been
included in the paper. Finally the paper recommends that power quality assessment has to be
done continually with monitoring for longer period of time and with more number of

monitoring poiris for sensitive projects like the one considered orstiney

Prafull A. Desale et al[4], in 2014, publish a brief review papen the CPDs for power
quality improvement. The paper gives a comprehensive surve@PBis by presenting
different applicationof these devices on a distribution network to compensate a number of
power quality disturbancesThe paper indicates that a DSTATCOM, being one of the
compensating type CPDsan beused effectively for harmonic current compensatiticker

effect compesation, power factor improvement and load currealancing in distribution
systemsThe paper presentample simulation resutinly for voltage sag /swettompensation
using DVRin aMATLAB/Simulink environment

Shabana Urooj and Pikasha Sharma[6], in 2 01 6 , publ i sh a paper
El i minati on u sanwkich h&analySidbhdddmparison of two DSTATCOM

control theories are presented. The two control theories analyzed on this pdRd? teory

and SRF theory which are used for extractingference currents to be compensated by
DSTATCOM. The analysis is done by simulating the DSTATCOM with the two control
theoriesconnected to a sample network configuration with-toeear load, on a MATLAB
environmenu si ng SI MULI NK&s Sntaolbox dipadly, tRe@aper pres8ngss t e
different simulation results and indicates that both the control techniques are reliable and

useful for eliminating harmonic distortion.
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Gokulananda Sahu et al[7], in 2014, publish a paper on egformance analysis fo
DSTATCOM. The paper presents the design and analysrstEntaneou®-q control based
DSTATCOM for composite compensation, i.e. harmonic distortion and reactive power
compensation. A simulation of DSTATCOM performance is done for balanced and
unbalancdnonrl i near | oad cases using MATLABOGOs S| MUI

Gunjan Varshney et al [8], in 2016, publish a paper on Photovoltaic (PV) based
DSTATCOM in which the DC Ilink voltage is regulated by the PV module.
MATLAB/Simulink software is used to evaluate the perforngié DSTATCOM in unity
power factor and AC voltage control moddis paper performs comparative analysis of three
different control theories of DSTATCOM based on simulation results. The control theories are
synchronous reference frame based control thewnstantaneous reactive power control theory
and unit template based control theory.

2.2 Power Quality Definitions

Power Quality can be defined as any power problem manifested in voltage, current, or
frequency deviations those results in failure or-ompsration of customer equipment [1].
Power quality disturbances are usually caused by load switching, system faults, motor starting,
load variations, notfinear loads, intermittent loads and arc furnaces. Thesglts inmany
electrcal disturbances likeusge, sag, swelharmonic distortions, interruptions, flickers, and

signaling voltages.

Categories & typical characteristicd different power qualityphenomenaas defined and
presented in IEEE Std 118909: Recommended Practice for Monitoring ElecPiower
Quality, are listed inAppendixA of this documentEach of theseclasses of power quality

problemis defined andliscussed herein after as preserg{l].
2.2.1Transients

The termTransientSurgedenotes an event that is undesirable but momeifmanature that
disappears during transition from one steady state operating condition to aBat&st.on the
wave shape of voltage or current, transients can be classified in to two categories, impulsive

and oscillatory.
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Impulsive transient is a sudén, nof power frequency change in the steatigte condition of
voltage, current, or both that is unidirectional in polarity (primarily either positive or
negative). Impulsive transients are normally characterized by their rise and decayvnés
can dso be revealed by their spectral content. Theycarmmonly causedue to lighhing
striking on a powersystem poor grounding, switching of inductive loads, switching of power
factor correction capacitors, and utility fault clearingmpulsive transierst can excite the
natural frequency of power system circuits and produce oscillatory transients.

Oscillatory transient is a sudden, nampower frequency change in the steatigte condition

of voltage, current, or both, that includes both positive and ivegpblarity valueslt is a
brief, bidirectionalvariation of voltage/current and described by its spectral content, duration,
and magnitudeOscillatory transients are most commonly a resuliswitching capacitor
energizatiopand local system respongeimpulsive transients.
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Figure 21: (a) Lightning stoke impulsive transiergnd (b) Oscillatory transient[1]

Transients lead to equipment failure, nuisance tripping of adjustpbled Drives, system
lock-up, data corruption and data loss. Differéethniques and devices can be utilized to
minimize and/or avoid transient problems:

Surge arresters and transient voltage surge suppressors

Synchronous closing breakers with {ineertion resistors

Line reactors

Isolation transformers

Low-pass filters

= =4 4 4 -4 -

Shielding on overhead utility line
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2.2.2Short Duration Voltage Variation

Shortduration voltage variations are caused by fault conditismgtching actions to isolate

the faulted sectionghe energization of large loads which require high starting cuyrents
intermittent loose connections in power wiring. Depending on the fault location and the
system conditions, the fault can cause either temporary voltage drops (sags or dips), voltage

rises (swells), or a complete loss of voltage (interruptions).

Sagdip is a decrease to between 0.1 and 0.9 pu inmog mean squarepltage or current at

the power frequency for durations from 0.5 cycle to 1 min and commonly caused by faults on
the power system and stagiof large loads such as motox&ltage sageduces the energy

being delivered to the load and causes sensitive equipment to trip, computer systems to fail
and lose their memory, adjustatspeed drive to shut down, motors to stall and over heat.
Solutions to voltage sag problems include equipmerth sas ferroresonant transformer
(Constant Voltage Transformer, CVT), Motgenerator set, flywheel energy storage devices,
Super conducting Magnetic Energy Storage (SMES) devices, automatic transfer switches,
uninterruptible power supply (UPS) and DVRtypical voltage wave form during sag caused

by an SLG(Single Line to Groundfault.
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Figure 2.2 Typical voltagenvave form during sagaused by an SLG fault]
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Swell is defined as an increase to between 1.1 and 1.8 pu in rms voltage or current at the
power frequency for durations from 0.5 cycle to 1 min. As with sags, swells are usually
associated with system fault conditidile the temporary voltage rise on the unfaulty phases
during a Single Line to Ground (SLG) fault, but they are not as common asltage sags.

Swells can also be caused by switching off a large load or energizing a large capacitor bank.
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The increased energy from a voltage swell often overheats equipment and reduces its life.
Solutions to voltage swell problems include equipment saghsoltage regulator, motor
generator set and uninterruptible power supply (UPS), automatic transfer swictypscal

voltage wave form during swell caused by an SLG fault.
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Figure 2.3 Typical voltage wave formuring swell caused by an SLG faylt]

Interruption is an occurrence ahe supply voltage or load curreneiducedo less than 0.1 pu
for a period of time not exceeding 1 min. Interruptions caa tesultof power system faults,
the actions taken by utilities to clear transient faulequipnent failures, and control

malfunctions.
2.2.3Long Duration Voltage Variation

Long-duration variations encompass ranéansquare (rms) deviations at power frequencies
for longer than 1 min. Long duration variations can be undéages, ovewoltages and
sustained interruptions.ong duration voltage variatiopower quality problemscan be
mitigated by differentvoltage regulating deviceke motor-generator settap changing
regulatorsferroresonant transformer, onlikminterruptable Power Suppli¢gPS and static

VAR compensator

Over-voltage is an increase in the rms ac voltage greater than 110 percent at the power
frequency for duration longer than 1 min. Oweltages are usually the result of load

switching (e.g., switching off a large loademergizing a capacitor bank).

Under-voltage is a decrease in the rms ac voltage to less than 90ceset at the power
frequency fordurationlonger than 1 min. A load switching on or a capacitor bank switching

off mayresult inan undetvoltage until valage regulation equipment on the system can bring
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the voltage back to within tolerance3verloaded circuits and the loss of major transmission

support can also result in under voltages.

Sustained interruption is a long duration voltage variation whenappearance of the supply

voltage for a period of time in excess of one minute occurs.
2.2.4Voltage Imbalance

Voltage imbalance (also called voltage unbalance) is sometimes defined as the maximum
deviation from the average of the thyglease voltages or oents, divided by the average of
the threephase voltages or currents, expressed in percent.

Pwé dao WAM & Qe pTIEEE. . (2.1)

Imbalance is more rigorously defined in the standards using symmetrical components. The
ratio of either tle negative or zeresequence component to the posidaguence component

can be used to specify the percent unbalaviotage unbalance caoe the result oingle

phase loads on a thrpbase systeniblown fuses in one phaof a thregophase capacitdrank,

different line impedancesn long run lines, open circuit on the distribution system primary
Voltage unbalance can create a current unbalance 6 to 10 times the magnitude of voltage
unbalance. Consequently, this current unbalance causes motors refiortnar windings to

overheatwhich may result innsulationfailure.
2.2.5Voltage Fluctuation (Flicker)

Voltage fluctuationsare cyclical variations in the voltage rms values or a series of random
voltage changes, whose magnitude does not normally exodtedge ranges of 0.9 p.u. to 1.1

p.u. Loads which can exhibit continuous, rapid variations in the load current magnitude can
cause voltage fluctuations that are often referred to as flicker. The term flicker is derived from
the impact of the voltage fltiwation on lamps such that they are perceived by the human eye
to flicker. Arc furnace and welders are the most common causes of voltage fluctuations in
utility transmission and distribution systenfslickers can be mitigated by increasing the
system capaty or by implementingstatic capacitors and power electreb@sed switching
devices.Typical voltage fluctuation on a wave form caused by an arc furnace is shown in
Figure2.4.

13| Page



Phase A Voltage 10 31 00 06:56:59 am

129800

129600 : l [ ]
129400 | J‘Hl ] I
129200 L I '

Voltage (V)

129000

128800 ’. ! 1. ! —

128600 . . . . .

0 2 4 6 8 10
Time (s)

Figure 2.4: VoltageFluctuationCaused by an Arc Furnacg]
2.2.6Power Frequency Variation

Power frequency variations are defined as the deviation of the power system fundamental
frequency from it specified nominal value (50 or 60 Hz). Frequency variations can be caused
by faults on the bulk power transmission system, a lalgek of load being disconnected, or a
large source of generation going -tiffe. Frequency variation is rare in an interconnected
utility system. In isolated generation system, the dynamic response of the control system
(Governor of the generating systetn)an abrupt and huge load changes may not be adequate

to regulate within the narrow bandwidth required by frequeseysitive equipment.

2.2.7Waveform Distortion

Waveform distortion is defined as a steatigte deviation from an ideal sine wave of pow
frequency characterized by the spectral content of the deviation. There are fivey piyioesr

of waveform distortionHarmonics Inter-harmonics DC offset,NotchingandNoise

Harmonics are sinusoidal voltages or currents having frequencies thattager multiples of

the frequency at which the supply system is designed to operate (termed the fundamental
frequency; usually 50 or 60 Hz). Periodically distorted waveforms can be decomposed into a
sum of the fundamental frequency and the harmonisgmgthe Fourier series representation

as shown irFigure 2.5below. The equation for such waveform is given below.
WO O B oYOQHB“® — éééé. . eééeé. (2.2)
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Where,ayis adc component,M s peak voltage level  ;pid i s f
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Figure 2.5 Fourier series represeation of a distorted waveforri]

Harmaic currentdistortion originatesrom the nonlinear characteristics of devices and loads
on the power systenYoltage distortion is he result otharmonicdistorted currentpassing
through the linear, series impedance of the power delsygstem One ofthe 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 systera #ire main cause of harmonic resonance.
Electric pwer systendisturbances caused by harmonic effactude
9 Overload on distribution systerfiransformers, cable& capacitors) due to increase in
rms value
1 Overload of neutral conductor due t8 @riplen) harmonic current
1 Overload and torsional oscillation of motors and generators di&harBonics
1 Distortion of supply voltage capable of distorting sensitive loidas computer and
control systems
1 Premature failure or operation of protective devicesi{ss fuses)
1 Disturbance of communication networks and telephone lines
1 flickering fluorescent lighting

i inaccuracy of demand and watthour meter
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Nonlinear loadsin industrial and commercidacilities which are responsible for creating
harmonic currents inatle Singlephase switch mode power suppliesC/DC Adjustable
speed drives, Discharge type lightings with magnetic and electronic batlaste, phase
power converterssaturated reactorstatic VAR systems, inverters for distributed generation,
Arc furnaces and arc welderslarmonics in electric system can be controlled by adding
different types of passive and active filt¢ts take out the harmonic current from the system,
block the harmonic current from entering the system, or supply harmonic cuoealy),
reducing the harmonic currents produced by loaasdifying the frequency response of the
system by filters, inductors, or capacitors.

The two most commonly used indices for measuring the harmonic content of a waveform are
the Total HarmonicDistortion (THD) and theTotal DemandDistortion (TDD). The THD is a
measure of theffective valueof the harmonic components of a distorted waveform relative to

the fundamental. This index can be calculated for either voltage or current:

B B

YOO pmmp YOO

pnni@e. . (2. 3)

Where, V, and | representthe rms voltageand current values at harmonic orders of h

respectivelyVi and kL represent the fundamt&l rms voltage and currenéspectively.

Current distortion levels can be characterized more effectively by Tdaidr, which is
calculated relative to maximum demand load current rather than the fundamental of the
present sample. This is due the fdwt a small current may have a high THD but not be a

significant threat to the system.
B
“YO'O pninmbééééeéecééeéecé. . (2.4)

Where | is the maximum demand load current at the fundamental frequency component.

Inter-harmonics are \oltages or currents having frequency components that are not integer
multiples ofthe frequency at which the supply system is designed to operate (e.g., 50 or 60
Hz). Interharmonics can be found in networks of all voltage classes. The main sources of
inter-harmonic waveform distortion are static frequency converters, cycloconvantirstion

furnaces, and arcing devices.
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DC offsetoccurs when there is the presence of a dc voltage or current in an AC power system.
DC injection into the lowoltage and mediumoltage AC grids comes mostly from grid
connected static power convertgiaused by the delay mismatch in gating circuits and
imperfections of power swites), HVYDC transmissionand railway signaling equipment.

Direct current inAC networks can have a detrimental effect by biasing transformer cores so
they saturate in normal emtion. This causes additional heating and loss of transformer life.
Direct current may also cause the electrolytic erosion of grounding electrodes and other
connectors. Active compensation methods can be advantageously used in suppressing the DC
bias atgrid connection points.

Notching is a periodic voltage disturbance caused by the normal operation of power electronic
devices when current is commutated from one phase to anDilmang commutation, there is

a momentary short circuit between two phasadling the voltage as close to zero as
permitted by system impedancéstypical voltage notching caused by a thyg®ase converter

is shown in kgure 2.6 Since notching occurs continuously, it can be characterized through the

harmonic spectrum of thefatted voltage.
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Figure 2.6 Voltage notching cased by a threphase convertefl]

Noiseis defined as unwanted electrical signals with broadband spectral content lower than 200
kHz superimposed upon the power system voltage or current in phase cosductound on

neutral conductors or signal lines. Noise in power systems can be caused by power electronic
devices, control circuits, arcing equipment, loads with sstide rectifiers, and switching
power supplies. The problem can be mitigated by uiiieys, isolation transformers, and line

conditioners.
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2.3 Power Quality Standards

The increasing concern on power quality isstessilted in a lot opower qualitymonitoring

and case studies to be done by different utilities am$wnersaround diffeent parts of the

world. This increasing need fopower quality monitoring has driven the requirement for
standards that describe measuring methods and how the different power quality parameters are
calculated and interpreted. As a result a lot of intéwnat standards related to power quality

have been formulated by different standard organizations and put intoSumtiorganization
includesinstitute of Electrical and Electronics Engineers (IEEE), European Union Standards
organization (CENELEC), Intaational Electretechnical Commission (IEC), American
National Standard Institute (ANSI), National Electrical Manufactures Association (NEMA),

and so on.

The purpose of power quality standards is to protect utility andused equipment from

failing or misoperation when the voltage, current or frequency deviates from normal values.
These standards provide protection by setting measurable limits as to how far the voltage,
current or frequency can deviate from normal valiésteover, power quality standartislp

utilities and customers to gain agreement on what are acceptable and unacceptable levels of

service.

In this study, mostly théEC andIEEE standards and definitions will be used for their widely
usage in academic and research areas, and theitdvighof completeness to characterize all
the major electrical phenomena comprising power qualtyareover, the position of

Et hiopiads national standard on power quali it
2.3.11EC Standards

Founded in 1906, the IEC s t h e leading drghidization for the preparation and
publication of international standards for all electrical, electronic and related technologies.

[12] The IEC family, wth 84 member countries ar affiliate member countriegleveloping

countries) spread aciss moretha® 7 % of t he wo lEC stahdardphave bderat i o n
adopted by the European Committee for Electrotechnical Standardization (CENELEC) and

many other countries all over the world.
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The IEC has defined a category of standards cdlledtromagetic Compatibility (EMC)
Standardshat deal with power quality issueBhese standards are broken down into six parts
GenerallEC 610001-x), Environment(IEC 610002-x), Limits (IEC 610003-x), Testing and
Measurement TechniqueBEC 610004-x), Instdlation and Mitigation GuidelineqIEC
610005-x), Generic and Product Standafd&C 610006-x). IEC standards for each power
guality parameters are not given on a single publication; rather they are separated into several
publications which fall into dierent parts of the standard and also for different levels of
current and voltagd=or example the IEC standard relating to harmonics generally fall in parts

2 and 3, whichncludes

1 IEC 610002-2 (1993): Compatibilty Levels for Lowrequency Conducted
Disturbances and Signaling in Public L-ofeltage Power Supply Systems,

1 IEC 610003-2 (2000): Limits for Harmonic Current Emissions (Equipment Input
Current Up to and Including 16 A per Phase),

1 IEC 610003-4 (1998): Limitation of Emission of Harmonic Curtsnn LowVoltage
Power Supply Systems for Equipment with Rated Current Greater Than 16 A,

1 IEC 610003-6 (1996): Assessment of Emission Limits for Distorting Loads in MV
and HV Power Systems. Basic EMC publication.

2.3.2IEEE Standards

ThelEEE is aprofessional associatidarmed in 1963 from the amalgamation of
the American Institute of Electrical Engineaand thelnstitute of Radio Engineer$he
institute is tle world's largest association of technical professionals with more than 420,000
members in over 160 countries around the wolld3]. ThelEEE Standards
Association(IEEE-SA) is an organization withilEEEthat develops globatandardsn a
broad range of industrieSome of the standards developed by IEEE which are related to

power quality phenomena are:

1 IEEE Standard 1152009 Recommended Pracéicfor Monitoring Electric Power
Quality.
1 IEEE Standard 1159.3003 Recommended practice for the transfer of pouguality

data.
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1 IEEE Standard 532014 Recommended Practices and Requirements for Harmonic
Controlin Electrical Power Systems.

2.3.3Ethiopian Standards Agency (ESA)

ESAis a governmental neprofitable organization and the saiationalstandard$ody which
represents Ethiopian interest @conomi¢ social and environmental aspects with regard to
standard benefits acrossternational and regionaena.ESA has three core business areas
which mainly focus on thstandard formulation, training amelchnical support and organizing
and disseminating standard®nformity assessment procedures amchncal regulation for
the customerg11]

National Electretechnical Committee of Ethiopi@ECE) was established in November 2012
under ESA with an expert group from five different organizations: ESA, Addis Ababa
University, Ethiopian ElectricUtility, Ministry of Energy, and Ethiopian Conformity
Assessment Enterprise. NECBgether with the Technical Committees on different fieisls,
the responsible body within the ESA, for thpproval andadoption of IEC standarder
national useEthiopia, as one ofhe affiliate plus member country of IEC, has adopted 251
IEC standardshrough NECEput of the free 400 standards allowed for national adoption by
suchmember countries. UnfortunateNNECE has not adopted the IEC 610@MC standards
related to power qlity phenomenaas a national standastill now (when thisresearch work

is preparejl

Ethiopian EergyAuthority (EEA) is another organization possibly concerned with standards
associated with electrical power quality. As per the information gatheredtif@mauthority
staffs, the EEAison t he process of preparing a nati ol

some electrical power quality standards.
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CHAPTER THREE

DESCRIPTION OF CASE STUDY AND METHODS

3.1Background of Adama Spinning Factory[15]

Adama Spianing Factory,a subsidiary of ADAMA DEVELOPMENT PLCijs a privately
owned 100% Cotton yarn manufacturer with a state of the art spinning fatileytactory is
situated at Adama, the seat of Oromiya regional state, which is 110 km away from Addis
Ababathe capital of Ethiopia. Adama Spinning Factory started its operation in mid of the year
2008 with the state dhe art machinery supplied by Rieter AG Switzerland with a production
capacity of 10 tons/day. The Factory was expanded in 2012 by increasirggphcity to
produce up to 12.5 ton/day of 100 % cotton yarn. As a part of forward integration, the factory
has also established Twisting, Reeling and Socks knitting plants in 2013 G.C. The virtue of its
location has the advantage of getting enough éegmwer supply, proximity to cotton
growing areas, availability of abundant labor, basic infrastructure of water supply, easy access
to Addis AbabaDjibouti road and rail way, Schools, hospitals amither infrastructural

facilities.

Figure 3.1 Adama $inning Factory tp view.

21| Page



The Factory has a facility to deliver 100 % cotton yarn in cone & reeled hank form for export
market and local market by using locally cultivated lint cotton which originates mainly from
Awash valley and Gonder Area. The completange of spinning machines right from
Blowroom to Ring frame & Open End Spinning are supplied by Rieter AG Switzerland. The
winding machines are from Muratec Japan, equipped with Uster Quantum 2 & 3 yarn clearers.
The Factory has also 1,088 spindles ob tier one twister machines from M/s Savio Italy.
Adama Spinning Factory is a one stop solution for the customers by providing 100 % cotton
yarn according to their variety of requirements for weaving & Knitting like carded & combed
single yarn, carded ope&md yarn and ply yarns.

The company has implemented and awarded a certificate in 1ISO 9001 QMS and WRAP
principle. So far, it has created a direct job opportunity for about 450 employees. The
company has planned to undertake a vertical integration p,oggeheryand knit to garment
plant, to be realizedn thenear future.

Figure 3.2. Adama Spinning Factory: partial interior view of the spinning plant.
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3.2Electric Power Supply Systemto Adama Spinning Factory

The electricalsystemof Adama Spmning Factory isfed from Adama substatiowhich is
located3.%m from the factory The substation is connected to the national grid network of
Ethiopia. Adama substatiohas two 132KV incoming lines, one from Koka power generating
station and the otherdm Adama Wind power generation stati@urrently,the substationds

two 132+10x1.25%/15KV, 25000kVA, %Z=]18Vye-Delta stationary stefglown transformers
and one 132+10x1.25%/15KV, 50000kVA%Z=10.75 WyeDelta portable stepdown
transformer.A total numbe of elevenfeeder lines six feederdrom the stationary and five
feederdromthe portable stepown transformers, aipplying electric power to a number of
industrial, commercial and industrial customerainly in Adama citythroughtwo different
comnon bus bas. In addition, a number otustomers located on the way &md inside

neighboring cities like wolenchiti, Modjo, Woniji, Koka, eire fed from this substation.

Out of the seven 15KV primary distribution feeder lines the stationary stegown

transformersone feeder is allocated only to Adama spinning Fadtorync | udi ng

sockgReeling plant) and ELSE Addis Textile FactoryAdditional two small distribution
transformers are tapped to this feeder line, which gives power to oneindasiry and one

warehouse located around the factory.

SocksReeling

. 38

plant

15/0 4KV
315KVA ‘l‘

132KV 13KV
—>
O
_ —
13015KV
12Km 25KV A
—>
OO
13215V
25MVA
3Km d
—>
Wind ~
Nin |,
L3V15EW >
S0MVA
Adama
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Figure 3.3: Single line diagram of Adama substatiddama Spinning Factory power network.
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Figure 3.4: Partial view of Adama Spinning Factory power hause

3.3 Electrical Power Distribution Network of Adama Spinning Factory

The 15KV primary distribution feeder line from Adama substation to Adama Spinning Factory
is an overhead distribution system. The spinning plant is fed from a power house which is
constructed within the planPartial viewof the power house is shown inigure 34. The
distribution feeder line enters the power house by underground system. As shBiyar@

3.3, the 15kV feeder line is connected to three 15/0.4Kv, 1250kVA, %Z=5.05,-Dgiaand

one 15/0.4Kv, 800kVA, %Z=5.03, Delye step down net distribution transformers,
through a common bus bar, to supply a maximum load of 4.55MVA. In addition to the power
house supplying the spinning plant, there is one pole mounted 15/0.4KV, 315KVA distribution

transformer supplying the Soceknitting/Reeling plant.

The electrical power in the spinning plant is distributed through four Central Main Distribution
Boards (CMDBSs), as shown Figure 3.5. These four CMDBs supply a number of different
and scattered loads through Main DistributiooaBls (MDBs) and Sub Distribution Boards
(SDBs), placed at different locations in the plant near to the loads theRadal view of the
CMDB boardsis shown inFigure 36.
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Figure 3.5: Single line diagram of th8pinning plant electrical distribudn.
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CMDB-1, -2 and-3 supply power to the majority of the production machineries in the plant.
On the other hand, the connected loads to CMD&e mainlyutility loads like hugeAir
Conditioning @AC) units, lighting loads, officeand kitcherequipmentsand welding maahes.

The factory has one 200KVA Staily Diesel generator connected to the emergency main
distribution board (MDBEM) via an ATS (Automatic Transfer Switch) as showrFigure

3.5. This generator supplies power to administrative office, cantesgores, physical
laboratory, compound lighting, and factory emergency lighting in the case of power
interruption.The complete Adama Spinning Fact@igctrical installation layat is presented

in AppendixB of this document.

As a modern manufacturing facility, the factory uses technologically advanced and energy
efficient machineries, which are sensitive to small deviation in the supplied power quality and
at the same time, hawe tendency to distort the supplied pure sine wave loadsin the
factorycanbe categorized as follows.
i AC and DC motors
ASD (Inverters)
Resistive heaters
Single and three phas®wer Supplies
Microprocessor based controllers
Fluorescent lamps
Gas dischrge lamps

Welding machines

= =2 4 A4 A4 A4 A -

Of fice equipments (computers printer

Of these load categories, tASD and the AC induction motors are the most dominant loads in
the factory A total number of 155ASD (frequencyconvertery with power ratings staring
from 0.55 Kw up to 75 Kw are connected to the distribution netwidr&.distribution of these
ASDs on each distribution transformer is presented ale 3.1 More harmonic distortion
levelsare likely to presenbn transformers T1 and T3 for the fact thagher total number and

installedcapacity of ASDsre connected tihesetwo transformers.
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In addition to the induction motors controlled by thé&D, there are a lot of AC induction
motors installed in the factorywhich controlled by Direct on line (DD and StatDelta

starting methods.

Table3.1: Number and capacity &SDon each transformer.

Total number of ASDs Total estimated powe
Transformer | (frequency inverters) capacity of ASDs
T1 64 942 Kw
T2 21 202 Kw
T3 66 370 Kw
T4 4 56 Kw

All the CMDB boards havé&utomatic Power Factor Controller (PFC) unitghich monitors

t he i

different size capacitors to the network step by step. The capacitor stepse-designed
based on thgypes and patterns of theads connected t@achCMDB. In series to each power

factor correcting capacitogntiresonanceénarmonic filters (reactors) are connected to avoid

nstantaneous

power

factor

(cos 1)

and

resonance phenomery detuningthe system As stated on the PFC manufacturer product

profile [17], experience shows that tlselfresonant frequency dhe resonant circuit, formed
by the power factor correction capacitors in conjunction with the feeding transfogmer,
typically between 250 and 500 Hz, i.e. in the region of tharil ' harmonicsSuch detuned

systems arecaled so that the sealésonant frequency is below the lowest line harmohie

installed antiresonant reactolia series with the capacitoese aimed to bring down theelf

resonancdrequency to f£189Hz so that lhe detuned PFC system is purely iniltes seen by

harmonics above this frequendyor the 50 Hz line frequency, the detuned system acts purely

capacitively, thus correcting the reactive powEne different capacitor steps (KVAgnd

inductance valuesf the series ant resonant reactaxsilable on each CMDBoardsare

presented ifsection 37.2on Table 3.
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3.4 Power Quality Related Problemsn the Factory

The weekly/monthly maintenance performance rep® of the factory arereviewed in
search of electrical problems happened infélotory as a result of power quality disturbasice
Additionally, detail discussion with the factory engineers has been conducted to investigate
additional problems related to power quality disturbance, which may not be reamnded
reportsdue to differenteasonsWhile conducting measurements for this study, a fire accident
happens in CMDBL PFC board and all fuse boxasd connecting cables the capacitors

have been damaget@ihe weekly/monthly maintenance performance repodiate that his
problem happens for the second time on the sa@MDB board Figure 3.7 shows the
damaged part in CMDA board due to this problerollowing are somef the problems
related to power quality and reliabilitiappened in the factory during the last couple of years

1A lot of problems happesd in the PFC unitincluding failure of power factor
correcting capacitgrcontactors andHRC fuseswhich connectthe capacitors to
the bus barMoreover, suctproblemshave ledto fire accidentshree timesn the
PFC boards

1 A lot of fluorescent lamps and ballasts failing at abnormal rate.

1 Repeated burn out of some specific electric movangh are operating at their
maximum rated capacity.

1 Failure of some electrical parts includir§SD (frequency invers)controlprinted
circuit boardsandPanels different type of fuses

1 Overheating and burn out of conductors and terminal connectors

1 Freezing and unresponsivenesgontrol sysems.

9 Data loss and corruption on cortbmards and flash memory cards.

1 As themonthly energy consuntpn reportpresented on Appendix C showket
overall power factor of the spinning plant has become lower than 0.9 starting from
September, 2016. As a result, in the last 18 months (starting from September,
2016 up to February, 2018) the factory has pa¥8881.88Birr asa penalty

charge for having a power factiower than 0.9.
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Figure 37: Damaged partiue a sudden fire inside CMBBboard.

3.5 Harmonic Distortion AssessmentProcedure

Every industrial and commercial consumers of electric power irofithiis facing a lot of

power interruption and problem related to power quality and reliability. Due to lack of
awareness, in the past years, such problems have been considered as a normal phenomenon
and related to the quality or operation of the consuinerse qui pment . As a
consumers focus on replacing defective parts instead of questioning and assessing the level of
power quality they are using. However, in recent years, due to the growth in technologically
advanced, sophisticated and sensitindustrial faciliies in Ethiopia, problems related to

power quality and reliability becomes more sensitaral customers start to das on

performing power quality assessment.

Power quality assessment procedure provides a general framework that cafitahres
possible elements that may be needed for power quality sfsdgne type of power quality
phenomenasimilar procedurecan beusedfor the evaluation and assessment of harmonic
distortion on a given electricgdower system.A generalprocedurethat can befollowed in

performing such assessmemtexisting systenms discussed beloyl].

29| Page



1. Perform harmonic distortion level measurements for existing installation to
characterie the harmonic source®n the systemThese measurements should be
performedat the PCC (Point of Common Couplinfgy at least 1 weeko that all the
cyclical loadvariations can be captured.

2. Evaluatethe measuredlistortion levels with respect teelected standartimit/s. In
addition of the measurement data, different standardg require some additional
parameters of the system under consideration. For instance, the short circuit ratio
(Isd1.) of the system needs to be calculated, in ordeiseohe current distortion limits
on IEEEstd519-2014

3. If the system measurementedonot meet the limits recommended by the selected
standards, mitigation measures are necessaygsible mitigatiortechniques for e
problems will be identified, and the optimum one which fits the system under
consideration bestill be selected.

4. Evaluate the system again with the selected mitigatemmnique added to the system.
Here different computer software can be utilized to model the system together with the

selected mitigation technique and observeaverallresponse of the system.

The abovegeneral procedure is followedr the assessmertf harmonic distortiorevel in
Adama Spinning Factory distribution netwoflhe detail of ach stepgor this specific study

arepresentean the next sub topieand chapters
3.6 Measuring Process

Harmont measurements are performed to characterize the level of harmonic generation for
the existing nonlinear loads in the factory. The measurements are performed using DELAB
NV8s Power Factor Controller (PEC)he technical specification and the points at Wwhilwe

monitoring has been carried out are discussed in the following sub topics.
3.6.1 Measuring Equipment

Monitoring was carried out usingHLAB NV8s PFC DELAB NV8s is a microprocessor
basedPFCwhich complieswith IEC 61004-2/4-4/4-5/2555:1 standardg14] The front view
of the controller is shown irFigure 3.8 The controller, in addition to controlling and

correcting power factor, it has a capability to measorae electrical parametdilse:
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1 Secondary current

1 Voltageand Frequency

1 Total Harmonidistortion voltage and currerdTHDy and%THD)

1 Voltage and current odd harmonic spectrum level up thotder

On the contrary, these monitoring devices have some drawbacks

1 It monitorscurrent and voltagef only one phaseThus, they are not suitable for
unbalanced threphasesystems
They dondét show wave form of measured val
They donodt have any daitAs aduly theigseantapdouwsg gi n ¢
measured values have to be recorded manually at different times.

1 Since, these deviceseamainly intendedor power factor correction, they are prepared
to be installed on a fixed location on a specific panel. They are not suitable to easily

change the measurement locations.

There are fouDELAB NV8s PFC device# the factory installed onaeh CMDB boards for
controlling and correcting the power factor on the respective transforbeesto software
version differenceon these devicespnly the device installed on CMDB1 is capable of
measuringboth voltage and currentharmonic leved. The dher three devices installed on
CMDB-2, -3 and-4 are capable of measuring only the current harmonic distortion level.
Therefore, theDELAB NV8s PFC devicanstalled on CMDRBL is usedin this study,for
monitoring both voltage and current harmonic distortievel on all the for CMDB boards

The measured secondary current values) (and the individual i odd harmonic current
amplitude values {) using these devices are actual values of the CT (Current Transformer)
secondary. Therefore, all these valudgve to be multiplied by the respective CT ratios, in
order to get the actual current values. The primary/secondary CT ratios installed on each
CMDB board are 2500/5A on CMDB1 and-2; 1250/5A on CMDB3 and 1600/5A on
CMDB-4.
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Figure 3.8 Front view ofDELABNV8s Power Factor Controller.

3.6.2 Measuring Locations

IEEE Std 11522009 recommends that if the monitoring objective is to investigate the overall
guality of a facility, then the monitor should be placed on the secondary of the main service
entrarce transformer, which is usually 600 V class service equipment. The monitor will record
the quality of power supplied to the facility as well as the effect of major loads within the
facility [19]. Therefore, reasurements were carried out on the secondarybltage side of

each transformefor this study Four CTs havealreadybeeninstalled on the secondary side of
each transformer after the main circuit breaker (@B)the respective CMDB boards
Measurements were taken on one CMDB board at g bewase only one device, which is
capable measuring both voltage and current harmonic level, is available as stated earlier
Measurements were taken on each transformer, one at a time, for an average of four days.
Figure 3.9 shows the monitoring points for eattansformer on a sgie line diagram. This

figure also displays the total installed load on each transformer in Kilo Watt (KW).
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Figure 3.9. Single line diagram showing monitoring points on each transformer.

3.7 Modelling the Distribution Network

MATLAB/ SMULINK is a graphical programing environment for modeling, simulating and
analyzing mulddomain dynamical systenThis simulation software environmeistused for
simulating and analyzing th@ower quality performanceof Adama Spinning Factory
distribution networkThe distribution system is modeled by its equivalent circuit (impedance
diagram) Calculationsand assumptions taken in modelinigfferent components othe

distribution networlarepresented in the next stbpics.
3.7.1 Distributio n Transformers

Transformers are specified by their output voltage, kVA rating, percent impedance (%Z), and
X/R ratio. The transformers are modeled by their series resistances and leakage reactances.
The magnetizing current, Shunt admittances and coresl@seneglected, as is the case in
most power system analysiBhe impedance of the transformeg, @n be calculated from the

percentage impedance by using equadidn
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The base KVA is selected to be 1250KMormally, the X/R ratio of the transformers istn
given on the name plat#.can be requested from the manufacturer or can be calculated from
transformerfull load and no load loss values. Moreovagngard value of X/R ratio for
different Transformer ratings is given on IEEE standard 11993 (Pagel84) based on IEEE
C37.01601997. Since, no load and full load losses are specified only on one transformer
nameplate, for uniformity of calculation, the standard values from IEEE Std993 is used

for this study.From the graph, the X/R ratios for 1280A and 800KVA transformers are
around 6.5 and 5, respectively. Thehe tresistance and reactance valveferredto the
secondary side of the transfornagecalculated for all the transformeas follows

i. Three transformer¢T1l, T2 and T4)of rating 150 KVA, 50Hz, 15/0.4KV, %Z=5.01,
lpi=48.11A, k.=1804.22A, vector group: Dyn 5.

By using equation 3,1

" VBtF T ZpTm °
& Scon T
. o 06 .
© T T os gy oY

By using the relation ZR*+X? and the X/R ratio of 6.8he values oRy and X%, of TL/T2/T4
become: R=0.975*10%q, Xy=6.34*10°q.

ii. One transformergT3) of rating 800 KVA, 50Hz, 15/0.4KV, %Z=5.03,,iF30.8A,
lse1154.7A, vector group: Dyn 5, No load loss=1508w, Load loss=7236w

Since the name plate %Z v algasabassKVd,ithastobeon t h
converted to the selected base KVA, 1250KVA. The %Z on the base KVA of 1250 is:
P C WO

. PCWMWO,
Pw 0 T 6 vto X v w
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Similarly, by using equatio8.1,
XPowmd zZpm
pPGuUT

pBI@GpT

Again, by using the relation’2R?+X? and the X/R ratio of 5, the values of Bnd X%, of T3
becomeR,=197%103%q , =X8710%q .

Table 3.2 presents the calculated values of resistanoeseactancesor the four distribution
transformer

Table3.2: Calculated values ofiRand X%, for T1-T4.

Transformer | Transf. Rating R Xir L
T1, T2 &T4 | 1250KVA 0.975*10°q | j6.34*10°q 0.0202mH
T3 800KVA 1.97*10°%q j9.87*10°q 0.0314mH

3.7.2Power FactorCor r ect i ng 3addS€iasgRaactors or s

T h e &dkcitors shunt connected to the distribution network on each CMDB boards are
specified by KVAr values. In addition to the KVAr values, the name plate data also indicates
the capacitance values of eatbpscapacitors for 50 and 60Hz systems. KRAR values of

all the stepcapaciors and the series connected inductance values of theeaotiant reactors

on eachCMDB boardare givenon Table 3.3. These values are used to model shent
detunedpower factor correcting systefseries LC branchipstalled n the distribution system.

The PFC capacitors are detuned by inserting a series anti resonant reactor to scale down the
parallel sedresonant frequency ffof the system seen from the load side from arc26@

500Hz to specifically 189Hz, i.e from arouB and 7' to around the Bharmonic order.
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Table3.3: Detail of the capacitors and reactors installed in each CMDB board.

Dist. Boards PFC Capacitors Anti -resonant Reactor
KVAr Steps Detail Inductance Quantity
2X10KVAr, 3.876mH 2
CMDB-1 40 3 1x20KVAr 1.922mH 1
1x12.5KVAr, 3.07mH 1
CMDB-2 162.5 5 2X25KVAr, 1.533mH 2
2x50KVar 0.768mH 2
2x12.5KVAr, 3.07mH 2
CMDB-3 150 5 1x25KVAr, 1.533mH 1
2x50KVAr 0.768mH 2
1x12.5KVAr, 3.07mH 1
CMDB-4 262.5 7 2X25KVAr, 1.533mH 2
4xX50KVAr 0.768mH 4

3.7.3 Installed L oads

The electrical loads connected to the distribution boards are characterized as linear loads of
active and reactive powers computed based on
load data of each distribution board. Tdwtual power factor of the loads is gathered from the
factoryods mont hohnepoe of eachggst centgi8s Twelye months

(March 201#February 2018) power factor data of each cost center is averaged for this

analysis.

For the loads conted to MDBG33, the apparent power can be calculated as:
0 v
"y AW e @b

WELl » TOT O

Then, the reactive power becomes:

~

0 Y

CA

@Wa QL& ¢ CHY WOl

Similarly, the installed inductive reactive power of all the loads are calculated and presented
on Table 3.4. The power factor data for MD®&/shop and Bale press is not included in the

energy consumption report. Therefe it Iis assumed to be cos (-
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Table3.4: The active and reactive power of loads connected to each transformer.

Transfor | Distribution Pinstalled | Qinstalled Pinstalled Qinstalled
mer Boards Cos (kw) (KVAr) (kw) (KVATr)
MDB-G33 0.943 652.8 229.6
T1 MDB-Winder | 0.735 231.4 213.3 884.2 442.9
MDB-R923 0.775 392 319.2
T2 MDB-M321 0.923 255 106.0 729.1 731.7
MDB-Comber| 0.2 82.1 306.4
MDB-A2 0.704 368.2 371.0
T3 MDB-D40 0.936 200.6 75.7 568.8 446.7
MDB-Comp. 0.86L 95.6 564
MDB-W/shop| 0.800 40.8 30.6
MDB-Pump 0.9% 210.7 19.0
MDB-NL 0.998 67 4.2
T4 MDB-EM 0.9% 202.5 46.5 1040.1 454.1
AC 1+2 0.827 261 177.6
AC 3+4 0.8® 154 113.3
Bale press 0.800 8.5 6.4
In the modeé , the supplied voltage to the factory

balanced and pure sinusoid and represented by a balanced three phase voltage source. The
distribution transformers are represented by their equivalent winding resistanceskaue le
reactances connected in series. The magnetizing branch components are not considered in the
model. All the step delta capacitor banks of the PFC unit with the respectiveeaatiant

reactors are included in the model to see their effect on thensyEhe installed electrical

loads of the factory are represented by the equivalent active and rdaatiseconnected to

each transformeiThe nonlinear loads on transformers T1, T2 and T3 are modeled as ideal
harmonic current sources and their detall e presentedn section 5.5.1of chapter four.

The overall distribution network of the factory modeled in MATLAB SIMULINK

environment is presented kigure 3.10below.
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Figure3.10 SIMULINK model of Adama Spinning Factory distribution system.
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3.8 Standardson Harmonics

As discussedn chapter 2Ethiopiahas no national standard for limiting the level of harmonic
distortion on electrical systemMoreover, the National Electrdechnical Committee of
Ethiopia (NECE)under the Ethiopia Standardsgéncy (ESA) which is responsible to
approve and adopt international IEC standards to national standard, did not adopt the IEC
61000:EMC standards related to power quality phenomena for national use. As a result, the
widely usedand comprehensivaternatonal standards, IEEE and IEl@&rmonic distortion
standards, wilbeused as a reference for this study

3.8.11EEE Std 5192014

IEEE Recommended Practice and Requirements for Harmonic Control in Electric Power
Systems. This standard includemcommendecharmonic voltage limits and recommended
current distortion limits for systems nominally rated 12089kV, 69kV - 161kV and above
161KkV.

Recommended harmonic voltage limits The voltage distortion limit is presented Tiable

3.5. All values should be in peent of the rated power frequency voltage at the PXDC

Table 3.5IEEE voltagedistortionlimits. [20]

Individual Total harmonic
Bus voltage V" at PCC harmonic (%) distortion THD (%0)
VF=1.0kV 5.0 8.0
IKV<FV=69kV 3.0 5.0
69KV <V <161kV L5 2.5
I61kV<F 1.0 1.5°

*High-voltage systems can have up to 2.0% THD where the cause is an HVDC terminal
whose effects will have attenuated at points in the network where firture users may be
connected.

Recommended current distortion limits for systems nominally rated 120\* 69 kV: This
current value is established at the PCC and should be tak#éme asum of the currents
corresponding to the maximum demand during each of the twelve previous months divided by

12. All values should be in percent of the maximum demand cuiief20]
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Table3.6: IEEE current distortion limifor systems rated 120¥rbugh 69kV[20]

Maximum harmonic current distortion
in percent of I,

Individual harmonic order (odd harmonics)™ b

I/l | 3<h<11 |11<h<17| 17<h<23 | 23<h<35|35<h<50 | TDD
<20° 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 35 25 1.0 0.3 8.0
50 <100 10.0 45 4.0 1.5 0.7 12.0
100<1000 |  12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 25 14 20.0

*Even harmonics are limited to 25% of the odd harmonic limits above.
°Current distortions that result in a dc offset. e.g.. half-wave converters. are not allowed.
“All power generation equipment is limited to these values of current distortion. regardless
of actual I./I;
where
I..= maximum short-circuit current at PCC
I; = maximum demand load current (fundamental frequency component)
at the PCC under normal load operating conditions
The short circuit ratio g1.) is determined as follows:
U The threephase shottircuit dutylsc at the PCC may be obtained directly from the
utility and expressed in amperes. If the stantuit duty is given in MVA, it can be

convertel to an amperage value using the following expression:

O M_—ééééé.éééééééé (3.3
Where MVA and kV represent the thrphase shortircuit capacity in megaolt-
amperes and the line-line voltage at the PCC in kV, respectivefjternatively, the

short circuit current in a circuitan be expressed as:

O —ééeéecé. éeééeeeéeéeé&.(39
Assume that the impedance is purely reactive. This is a reasonably good assumption
for industrial power systems for buses close to the mains and for most utility systems.
Moreover, & utilization voltages, such as industrial power systems, the equivalent
system reactance is often dominated by the service transformer impetiascfore

the short circuit impedanaan beapproximatedy the service transformer reactance.
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We have thexpression for percentage reactafo,

,,,,,,,,,,

b @ —— pTdéééééééééé. .. (3.5)

W — —¢ééeeééeeee. ée (3.6)

Where k_ is the full load current; M, is phase voltage; «Xis reactance in ohms per
phaseof each transformeil hus,

0 66666666666 (3.7)

The percentage reactance, % calculated usingquation3.1and 3.7for T1, T2
and #:

N LWO ®W PCULULMBIMQEOCT
Pw — T8 UL
pTL W pTt TE

. PYRIC pTIT .
(@) T o QT a0y

And, for T3:

LWO ® L|JTHTT[8IT[00LU)T(

Pw P T W pTT T &1

—~ PPWO pmT .
(@) - ¢ 0 oot

The load average kilowatt demaRd for the most recent 12 months is found from the
f act or yyesergynamstniption reppghownon AppendixC of this document
This report is preparedased on the measured value at the PCC for all four
transformers and used for billing purpose by the electric power ufilitg. average
kilowatt demand®; for the periodfrom March, 20170 February, 201®ecomes
5 YO & ROMNQA OE QT QU RGIGE ED O Oig TTp XOQQT p Y
P q

.  PULCTXQW
U —_—

Qw
oC PCX

41| Page



Then, the average demand curregitulated as follows:

O Tééééééééééééé. . (3.8)
WherePF is the average billed power factor
monthly energy consumption repgrtesented on Appendix C of this documerte
power factor for the same duration (March, 2&Ebruary, 2018)s calculated using

the total reative energy (total KVArh) and active energy (total KwWh) consumed

during the same periods:

00O AT ®OOE ———— é666é6é6é6éééé (3.9)
00 M@ yp X
Therefore,
Tt
pql ¢ TTHRD®
™ Yp Mo 18

The average demand current of each transformer is calculated based on the average
percentage load share of thmuf transformers. The average percentage load share is
calculated based on tmonthly energy consumption by cost center repdj @f the
factory for the same duration from March, 2017 to February, 20h8. monthly
percentage loasghare of each transimer is calculated by dividing the monthly energy
consumption of each transformer to the total energy consumption of the four
transformers. Then, the sum of the monthly percentage load share of the 12 months
(March, 2017 to February, 201LB divided by 120 get the average load share of each
transformer. Thereforehé average load shaand corresponding average demand
currentbecomes

T1: 219% of I, = 455.4A

T2: 241% of I, =501.2A

T3:10.26 of I, =210.A

T4: 43.9%6 of I =9129A

U Then, he short circit ratio (Isd/1.) for each transformeound to be:

o QT a0y 0 o@T a0y

eted T o Togr YT ed "o g X &
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Therefore as per the IEEE Std 538014 for theelectrical system under consideration

1 Maximumacceptable voltage THD levef 8%, witha maximum percentage &% for
individual harmonic componentsill be used for all the CMDB boards.

9 Maximum acceptable current TDD level df2%, 15%, and8% with maximum
percentage o10%, 12%, and7% for the individual harmonic component8™ to 9"
will be used for CMDB1/-2, CMDB-3, CMDB-4, respectively

3.8.21EC Standards [1]

As mentioned in chapter IEC standards for each power quality parameters are not given on a
single publicationThe IEC standard relating to harmonic distortions are discussed below.

IEC 61000-2-2 (1993):Compatibility Levels for LowFrequency Conducted Disturbances and
Signalirg in Public LowVoltage Power Supply Systems. These levels are given in percentage

of the fundamental voltage and are giveifable3.7.

Table3.7: Compatibility Levels for Individual Harmonic Voltages in the bdaltage Public
Network According to IECH00-2-2. [1]

Not multiple of 3 Multiple of 3
Odd Harmonic Odd Harmonic Even Harmonic
order voltage order voltage order voltage
h (%) h (%) h (%)
5 6 3 5 2 2
7 5 9 1.5 4 1
11 3.5 15 0.3 6 0.5
13 3 21 0.2 8 0.5
17 2 >21 0.2 10 0.2
19 1.5 12 0.2
23 1.5 >12 0.2
25 1.5

>25 0.2 + 1.3 X 25/h

*The THD of the supply voltage incluatj all harmonics up to the #@rder shall be less than 8 %
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IEC 610003-4 (1998) Limits for Harmonic Current Emissionsom equipmentdrawing
input current of larger than 16A per phashese limits a in percent of the fundamental input
current and arehown inTable3.8.

Table3.8 Harmonic Current Limits According to IEC 61034. [1]

Harmonic Max. permissible Harmonic Max. permissible
order h harmonic current® (%) order h harmeonic current® (%)
3 21.6 19 1.1
5 10.7 21 0.6
7 7.2 23 0.9
9 3.8 25 0.8
11 3.1 27 0.6
13 2 29 0.7
15 0.7 31 0.7
17 1.2 33 0.6

IEC 61000-3-6 (1996): limits of harmonic current emission for equipment connected to

mediumvoltage (MV) and hghvoltage (HV) supply systems. This standard provides

compatibility levels and planning levels for harmonic voltages in the LV and MV systems.
The IEC 610063-6 compatibility levels for harmonic voltages as a percentage of the
fundamental volige in bothLV and MV system are similar to the levgisesented ifmmable

3.8.

These IEC61000 EMC standardqresented inTables 3.7 and 3.8, are usedto check the
compatibility levels of thevoltage and current distortion in all CMDB boards in Adama

Spinning Factory
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Measurement Results

This section illustrates the analysis andiscussions of the results collected during
measurement and chetihe compatibility ofthe voltage and current harmonic distortion levels
in accordane with IEEE Std 5192014, IEC 610003-6(1996) and IEC 6100€8-4(1998)
harmonic distortion standardEhe monitoring has been carried out using DELAB NV8s PFC
devices andhe four measuring poiston each distribution transformer are shownFagure
3.9in the previous chapter.

One drawback of the monitoring devicesed in this study s t hat t hey donot
storage (logging) capability. As a result, the instantaneous measured atatiifsrent times
havebeenrecorded manuallpy the factory edctricians This way of manual recording is error

prone and highly dependent on the accuracy of the person recording the data. Due tq this fact
some recorded valugshich havehugevariation fromthe mean of all the recorded dateve

beensuspected a& recording error and are not considered on the analysis.
4.2.1 MeasurementResults of CMDB-1

As mentioned on the previous chapter, the monitoring device which is capable of measuring
the voltage and current distortion levbls been installed on CMBBon the secondary side

of transformer T1 (1250 KVA, 15/0.4KV, %Z=5.01,#48.11A, L.=1804.22A) and
measurements has been takiem three days. The measument dataare presented on
AppendixD: Measured data on CMDB of this documentln order to get thectual current
values the measured secondary current values) (nd the individual f odd harmonic
current values on thtable have to be multiplied 86005=500, which istransformation ratio

of the CT installedon CMDB-1. The THD,, THD, a n d  oalugs frdim the measured data

for CMDB-1 are plottechs showron Figure4.1
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Figure4.l: Plot of THG,, THDand cos G vd4lues of CMDB

The IEC voltage and curredistortion limits are given in percent of the fundamental voltage
and current values, respectively. Therefone, individual current and voltage harmonic values
in percent of the respective fundamental values carncdleulated using the following

expres®ns.

PO — pnm Pw — pm@a@ééé. . éé (4. 1)

Where %l is the currentharmoniclevel in percent of the fundamentalirrentvalue, b and
%V is the voltage harmonic level in percent of the fundamertdkihge valueV; for each

harmonic orders, h=3, 5, 7, 9 and 11.

The current harmonic level in percent of the fundamental current dhlg is calculated
using the measuredtarecorded on March 22, 2018 at 10:50 BRkiwhich the THD is the

maximum.

b0 O ™ o b0 O 11t 10
o PMM - PMNPTT B pnnngcpnnﬁj(

Similarly, %Is5=37.2 %1,=20.9, %}=0 and %1,=4.7.The THD canalsobe calculated as:

P'YOO ™© ©O O O O 16y
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The maximummeasured THDvalue is 43.8 % and the calculated one from the individual
harmonics up to T order is 43.2%. This shows that there are some values of harmonic
currents above the Tbrder, thoughheycannot be recorded with thiseasuring devicelhe
percentage values of each harmocicrentare plotted as a function of the harmonic order

(frequency)as showron Figure4.2
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Figure 4.2 Individual current harmonics ifo of the fundamentalurrent for CMDB1.

Similarly, the voltageharmonic level in percent of the fundamental voltage value J%s/
calculated using the measured valoesorded on March 20, 2018 at 2:00 Rivi,which the
THDy is the maximum.
Pw pnnixpnnpnn Pw 2 pnnl pTTT
W CCX w cCX
Similarly, %Vs=1.3,%V7=1.3, %W=0 and %\{,=0.44.The THD, can also be calculated as:

PYOO w w w ®w ® pYPow
The maximum measured THDvalue is2.5 % and the calculated one frothe individual
harmonics up to 1 order is1.9%. This shows that there are some values of harmonic
voltagesabove the 1 order, thoughheycannot be recorded with this measuring device. The

percentage values of each harmoviadtageare plotted as &unction of the harmonic order

(frequency)as showron Figure4.3.
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Figure 4.3: Individual voltage harmonics # of the fundamentaloltage for CMDB1.

The IEEE recommendesioltageand currentdistortion limits presented Table 3.5 and 3.6

are specifiedn percent of theated power frequency voltage, ¥ndthe maximum demand
current, I, respectively. The average demand current of the previous 12 months for
transformer T1 is calculated in the previous chapter. This value has to be transferred to the
primary side of the CT, in order to make calculations with the measured values.ai éhé

CT secondary i455.4A and with CT ratio of 500, lat the primary is @1A. The rated power
frequency voltage ithe nominal fundamentghase voltage supplied Ibige utility, which is
400V/ a3=230.9V.

Then, the individual currentvalue in percent of maximum demand currehtand the
individual voltage harmonic valueis percent of the rated power frequency voltagecah be

calculated using the following exprésss.
PO — pnm Pw — pnnaéé. éééé.. (4. 2)
Where, %i is the current harmonic level in percent of the maximum demand current value, |

and %V, is the voltage harmonic level in percent loé trated power frequency voltage, for

each harmoniorder.

Using the expressionn 4.2, %l is calculated forh=3, 5, 7, 9 and 11 and becoffd;=3.3
%I5=24.2 %l;=11, %ls=0 and %{,=4.4.

Similarly, the values 0%V, becomeoV;=0, %Vs=2.2, %\%=1.7, %\k=0 and %\{;=0.4.
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The TDD factorand the Total Harmonic Distortion, THDbf voltage in percent of the rated
power frequency voltage can also be calculated as:

PYOO ©O O O O O ¢®» bPYOO w 0 w 0 w0 c&
The maximummeasured THI, THD,/TDD and the individual current and voltage harmonic

valuesup to 11" orderare comparedbith the corresponding IE@nd IEEEstandard limitson
Tables4.1and4.2

Table 41: Comprisonof the maximum measured harmonic valwéh correspondindeEC
standards for CMDBL.

Harmonic Actual IEC Std Actual IEC Std
order/THD %V 610002-2 %l 610003-4
3 0 5 4.5 21.6
5N 2.2 6 30.1 10.7
70 1.7 5 16.4 7.2
oM 0 1.5 0 3.8
11" 0.4 3.5 5.9 3.1
THD 2.5 8 43.8 -

Table 4.2: Comparisonf calculated harmonic valuegth the correspondintEEE standards
for CMDB-1.

Harmonic order| Actual IEEE Std 519  Actual IEEE Std
THDy/ TDD %V %l 519
3 0 5 3.3 10
5" 2.2 5 24.2 10
7" 1.7 5 11 10
on 0 5 0 10
11" 0.4 5 4.4 4.5
THD/TDD 2.8 8 27.1 12

The analysis of all the datallectedduring the monitoring periodf CMDB-1 shows that the
harmonc currentdistortion level on this distribution transformer is the worst ionelationto

the other three distribution transformefs. indicated on chapter 2, the total capacity of ASDs
installed on this transformer is the highasd more harmonic disttion is expected on this
transformer.The measurement also revealed that the highest, DiB3.8% is recorder on
this transformer.As shown on Tables 4.1 and 4.Retindividual 5", 7" and 11" order
harmonic currentsre also outside thé&C andor IEEE standard limits with the %h and Zh
orders being the most dominant on@s the other hand, all the individual voltage harmonic

levels as well as the THRare within the IEC and IEEE voltage harmonic distortion limits.
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Moreover, as indicated in theqviouschaptey there were two incidents of fire accident on the
contactors controlling the power factor correcting capacitors of this distribution board. Of
these incidents, one was happened while carrying out monitoring aithiee distribution
boardsfor this study.

During the measurement periokdet power factor level of this distribution transformer was
above the minimum allowable limit set by the utility not to be penalized, which is 0.9.
Currently, all the three capacitor bardsd the measuringeglice are disconnected from the
system due to the fire accideAs a result, the power factor may become below 0.9.

4.1.2 MeasurementResults of CMDB-2

The same measuring device has been installed and configurédIDB-2, onthe secondary
side of transfrmer T2 (1250 KVA, 15/0.4KV, %Z=5.01,48.11A, k=1804.22A) and
measurements has been taken for eight day® measureent dataare presentedn
AppendixD: Measured data on CMDB of this documentThe transformation ratio of the CT
installed on GIDB-2 is 2500/5=500. By takingimilar assumptions and calculatiortfe
graphson Figure4.4to 4.6 have been plotted.
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Note: the vertical scale on the left is for THihd on the rightisfor THpand cos (.
Figure4.4: Plot of THQ, THDand c o s of CMDB&.1 ue s
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Figure 4.5: Individual current harmonics if6 of the fundamentadurrent for CMDB2.

The maximum measured ThiDalue is 17.5% and the calculated one from the individual

harmonics up to Morder is 16.6%. Similarly, the maximum measured THRlue is 1.5%

and the calculated one from the individual harmonics up tootder is 1.3%. This shows that

there are some values of harmonic currents and voltages above'tioedet, though they

cannot be recorded with this measuring device.
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Figure 4.6: Individual voltage harmonics #b of the fundamental voltage for CMEB

The maximum measured THDTHD, and the individual current and voltage harmonic values

up to 11" order arecompared with the corresponding IEC standard limitsTable 4.3. For
CMDB-2, | at the CT secondary 801.2A and with CT ratio of 500, lat the primary id.0A
and he rated power frequency voltage3B0V / a 3942 (As per the information from the

51| Page



factory Engineers, the tap changer setting of this transformer is at \8BD¥ for the other
three transformers are at 400\Wsing thisvalues of | and V4, the corresponding THpand
TDD values with their respective individual harmonic levels as per the IEEE standard are

calculated and compared with the limits Table4.4.

Table 43: Comprisonof the maximum measured harmonic valwéh correspondindEC
standards for CMDR2.

Harmonic Actual IEC Std Actual IEC Std
order/THD %V 610062-2 %l 610003-4
3 0 5 2.2 21.6
5 0.9 6 14.1 10.7
7" 0.9 5 7.6 7.2
gh 0 1.5 0 3.8
11" 0.5 3.5 2.5 3.1
THD 15 8 17.5 -

Table 44: Comparisorof calculated harmonic valuegth the correspondintEEE standards
for CMDB-2.

Harmonic order| Actual IEEE Std 519  Actual IEEE Std
THDy/ TDD %V %l 519
3 0 5 2.0 10
5" 0.9 5 13.0 10
7" 0.9 5 6.0 10
on 0 5 0 10
11" 0.5 5 2.0 4.5
THD/TDD 14 8 14.6 12

The analysis of all the data collected during the monitoring period of GiiBBows that the
TDD and the5" order harmonic current distortion level on this distributiomsfarmer is
outside the IEEE standard limits. As shownTables 4.3and4.4, the 8" and 7' order current
harmonics are the most dominant ones by exceeding the IEC and/or IEEE staDdattuks.
other hand, all the individual voltage harmonic levels ak agethe THD are within the IEC
and IEEE volage harmonic distortion limit®uring the measurement period the power factor
level of this distribution transformer wélow 0.9, the minimum allowable limit set by the

utility not to be penalized.
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4.1.3MeasurementResults of CMDB-3

The same measuring device has been installed and configured on-GMiDBhe secondary

side of transformer 3 (800 KVA, 15/0.4KV, %Z=5.3, 1,i=30.8A, ke=1154.7A and

measurements has been taken tloree days. The measwement dataare presented on
AppendixD: Measured data on CMDBB of this documentThe transformation ratio of the CT

installed on CMDB3 is 12505=250. By taking similar assumptions and calculations, the

graphson Figure4.7to 4.9 have been plotted.
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Figure4.7: Plot of THG, THDDand cos (G v8&l ues of
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Figure 4.8: Individual current harmonics if of the fundamental current for CMB&
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The maximum measured THDalue is 24.6% and the calculated one from the individual

harmonics up to forder is 20.6%. Similarly, the maximum measured THRIue is 2.1%

and the calculated one from the individual harmonics up ftotder is 2.1%. This shows that

there are som values of harmonic currents above thd" btder, though they cannot be
recorded with this measuring device.
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Figure 4.9: Individual voltage harmonics #b of the fundamental voltage for CME®B

The maximum measured THDTHD, and the individual currerdand voltage harmonic values

up to 11" order are comparedith the corresponding IEC standard limits ®able4.5. For
CMDB-3, I at the CT secondary &10A and with CT ratio of 250, lat the primary is @4A
and the rated power frequency voltage isM00a 3 = 2 ®J€ing thisvalues of | and V, the

corresponding THR and TDD values with their respective individual harmonic levels as per

the IEEE standard are calculated and compared with the limiialoe4.6.

Table 45: Compmarisonof the maximum meased harmonic valuewith correspondindeC
standards for CMDEB.

Harmonic Actual IEC Std Actual IEC Std
order/THD %V 610002-2 %l 610003-4
3¢ 0.5 5 3.6 21.6
5" 1.9 6 23.2 10.7
7" 1.4 5 10.1 7.2
g" 0 1.5 0 3.8
11" 0.5 3.5 3.1 3.1
THD 2.1 8 24.6 -
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Table 46: Comparisorof calculated harmonic valuegth the correspondintEEE standards
for CMDB-3.

Harmonic order| Actual IEEE Std 519  Actual IEEE Std
THDy/ TDD %V %l 519
3 0.4 5 24 12
5N 1.7 5 22.6 12
7" 1.3 5 11.9 12
on 0 5 0 12
11" 0.4 5 24 5.5
THD/TDD 2.3 8 25.8 15

The analysis of all the data collected during the monitoring period of G8IBBows that the
TDD and the B order harmonic current distortion level on this distribution transformer is
outside the IEEE standard litei As shown ofTables 4.5and4.6, the &' and 7' order current
harmonics are the most dominant ones by exceeding the IEC and/or IEEE staDdaituks.
other hand, all the individual voltage harmonic levels as well as the, aHDwithin the IEC

and IEEEvoltage harmonic distortion limituring the measurement period the power factor
level of this distribution transformer was below 0.9, the minimum allowable limit set by the

utility not to be penalized.
4.1.4MeasurementResults of CMDB-4

The same measing device has been installed and configured on CMD@&n the secondary
side of transformer 4 (1250 KVA, 15/0.4KV, %Z=5.01, ;k=48.11A, k.c1804.22A) and
measurements has been takerfdor days.The measument dataare presented ofjppendix
D: Measured data on CMD# of this documentThe transformation ratio of the CT installed
on CMDB-4 is 16005=320. By taking similar assumptions and calculations, the graphs
Figure4.10to 4.12have been plotted.
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Figure4.1G: Plot of THD, THDhband cos G4 vdl ues of CMDB
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Figure 4.11 Individual current harmonics if of thefundamental current for CMD2&

The maximum measured ThHidalue is 2.9% and the calculated one from the individual
harmonics up td1" order is 2.6%. Similarly, the maximum measured THRlue is 2.7%
and the calculated one from the individual harmonics up footder is 0.9%. This shows that
there are some values of harmonic currents and voltages above'tedet, though they

cannot be recorded with this measuring device.
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Figure 4.12 Individual voltage harmonics #b of the fundamental voltage for CMBB

The maximum measured THDTHD, and the individual current and voltage harmonic values
up to 11" order are comparedith the corresponding IEC standard limits Bable 4.7. For
CMDB-4, I at the CT secondary is DA and with CT ratio of 320, lat the primary is
28A and the rated power fr e dJairgthsvwalues of | andh g e
V,, the correspondingHDy and TDD values with their respective individual harmonic levels

as per the IEEE standard are calculated and compared with the linigbled.8.

Table 47. Comparisonof the maximum measured harmonic valwéhl correspondindeC
standards for CMDBX.

Harmonic Actual IEC Std Actual IEC Std
order/THD %V 610002-2 %l 610003-4
3 0 5 1.9 21.6
5" 1.3 6 1.8 10.7
7" 0.9 5 1.1 7.2
on 0 1.5 0.4 3.8
11" 0.4 3.5 0.9 3.1
THD 2.7 8 2.9 -

Table 48: Comparisorof calculated harmonic valuesith the correspondindEEE standards
for CMDB-4.

Harmonic order| Actual IEEE Std 519  Actual IEEE Std
THDy/ TDD %V %l 519
3¢ 0 5 1.4 7
5" 1.3 5 1.4 7
7" 0.9 5 11 7
g 0 5 0.4 7
11" 0.4 5 0.7 3.5
THD/TDD 1.6 8 24 8
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The analysis of all the data aadted during the monitoring period of CMBBshows that all
the individual current and voltage harmonic levels as well as the/TBD and THD, are
within the IEC and IEE harmonic distortion limitsDuring the measurement period the
power factor level ofthis distribution transformer was slightly below 0.9, the minimum
allowable limit set by the utility not to be penalized.

4.2 Evaluation of Measurement Results

The measurement results, gathered during the monitoring period from the four secondary
distribution transformers located in Adama Spinning Factory, have been investigated to
identify the level of harmonic distortion in the systérhe level of individual harmonic levels

up to the 11 order and the harmonic indices THDDD and THDy of the distribuibn system

have been analyzed. The following points summarize the analysis results.

1 The current distortion levels on transformers T1, T2 and T3 exceed the IEC and
IEEE limits with the highest distortion on T1.

1 The 5" and 7" current harmonic distortionare the most dominant ones in the
systendue a lot of ASDs installed in the system

1 The voltage harmonidistortionlevelson all the transformerare well below the
standard limits

1 The current harmonic distortion levels ttansformerT4, which is supplyng the
utility loads in the factoryis well below the IEC and IEEE standards

1 The analysis also indicate that there are individual harmonic distortions above the
11" order

1 The overall power factor levels on the system is below 0.9, the minimum
allowablelimit set by the utility, due to low levels of power factor on three of the

transformers. Transformdrl has a power factor above 0.9.

Therefore, a mitigation technique has to be proposed to tackle the problems associated with
the current harmonic distiwns on the three transformers and bring dowrdikmrtionlevels

below the limits set byJfEC and IEEE standards. The following chaptiscribesthe
mitigation techniques used to minimittee harmonic current distortiolevels on transformers

T1, T2 an T3
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CHAPTER FIVE

MITIGATION TECHNIQUES

5.1 Introduction

The power quality problems in power distributions systems are not newhebatvareness of

the customers, utilities anelguipmentmanufacturers hamcreasedn recent yearsStarting

from the timeof awareness and identification of power quality problems a lot of conventional
solutions, which typically use passive elements, have been proposed and implemented in
different parts of the world. Even though these solutions have existed for a longqfenne

in the field of electrical power engineering, thay not always respond correctipdperform

as expectedn themodernpower system

Passive filters consisting of tuned-@G. component have been widely used to suppress
harmonic distortions.Even though these passive filters have low initial cost and high
efficiency, they also have various drawbacks likstability, fixed compensation, resonance

with supply as well as loads and utility impedance.

On the research paper done on Adama Spinning acta2010[2], such atuned passive

filter had been proposednd designedo filter out the current harmonic distortioim the
distribution networkThe factory hagarried out an expansion project i1, to increase its
production capacity by 35%. Thiexpansion project includes installation of additional
machineries with total additional installed capacity of about 1107.04 K\éfaccommodate

the new installed loads, one distribution transformer has been installed and some of the new
loads have beensgtributed on the already existing three distribution transformers. As a result
the wholeelectrical characteristicef the distribution network ha& been changed and the

designed tuned passive filters this research paparay notsuitably serve their iended task.

As presented in chapter two, the distribution network of Adama Spinning Factory has an
Automatic Power Correcting unit, in which different sphase capacitors asgvitched in to

and out from the system dynamically based on the powern fiestel of the loads. Tuned-C
passive filters like the one proposed for Adama Spinning Factorg]ard not effective due

to thedynamically changing nature of the system impedance.
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The evolution of power electronics controller devices hasrgto thebirth of custom power
applications, in which aide range of flexible controllenssingpower electronics components

are utilized to improve the power quality at distribution level.
5.2 Custom Power Device¢CPD)

The term custom powerrrefers to the us of power electronic controllers for distribution
systems to enhance the quality and reliability of power that is delivered to custdimess.
power eletronics controller devices aoalled CPD. They have good performance at medium
distribution levels ad most are available as commercial prodydisThe CPDs are basically
of two typesi network reconfiguring type and compensating tyfdge complete classification
of CPDs is shown in thé=igure5.1.

CustomPower
Devices
|
Network Compensating
Reconfiguring Type Type
Static Static Static DSTATCO DVR UPQC
Transfer Current Current M
Switch Limiter Breaker

Figure 5.1: General Classification of Custom Power\bees.

5.2.1 Network Reconfiguring Type CPDs

The network reconfiguring equipment canrmmal thyristor omgateturn-off thyristor base
The Static Current Limiter/ Static Circuit Breakame usually used for fast current limiting and
current breaking dimg faults.On the other hand, the Static Transfer Switches (Sf&used
to promptlytransferloadto an alternate feeder to protect a load from voltage sag/swell or fault
in the supplying feedetJninterruptable Power Supply (UPS) is also categorizeal reetwork

reconfiguring typeCPD, which is used to mitigate voltage dip and short duration interruption.
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5.2.2 Compensating Type CPDs

The compensatingCPDs are used for activdiltering, load balancing, power factor
improvement andvoltage regulating (s@gwell). These devices are mainly three types:
Distribution STATCOM DynamicVoltage Restorer and Unified Power Quality Conditioner.

Distribution Static Compensator (DSTATCOM) is a shunt connected devjatesigned to

inject unbalanced and harmonicallysuirted currento distribution line via couplingnductor

to eliminate unbalance or distortions in the load current or the supply voltage. It can also
perform voltage regulation when connected to a distributionlbusis mode it can hold the

bus voltag constant against any unbalance or distortion in the distribution syGtemarally,
DSTATCOMs can be used in distribution networks for load current balancing, flicker effect
compensation, current harmonic distortion compensation and power factor impravéhe

single line diagram of DSTATCOM is shownhigure5.2.

Supply Sensitive Loads Supply

Sensitive Loads

I

Cantral

|
o | |

, +
DC Capacitor D Capacitor

(a) (b)
Figureb5.2: Single line diagram dfa) DSTATCOMand (b) DVR.

g|e--~]

alla
i

Dynamic Voltage Restorer (DVR) is a series connecte€PD, designed to inject a
dynamically controlled voltage in magnitude arigape in to distribution line via coupling
transformer to correct load voltagéhe main purpose of this device is to protect sensitive

loads from sag/swell, interruptions in the supply side. Since this is a series device, it can also
be used as a seriedige filter.
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Generally, DVRs can be used in distribution networks for voltage regulation, flicker
attenuation,voltage sag/swell protection and voltage balancifige single line diagram of
DVR is shown inFigure5.2.

Unified Power Quality Conditioner (UPQC) is a very versatile device that can inject
unbalanced and distorted current in shunt and voltage in series simultaneously in a dual
control mode. Therefore it can perform both the functions of load compensation and voltage
control at the same timeApplications of UPQC include VAR compensation, harmonic
suppression, current balancing, active/ reactive power control, voltage balancing and voltage

regulation.
5.3 Current Harmonic Distortion Mitigation with D STATCOM

Harmonic distortion is present to somegdee on all power systenditigating techniques has

to be implemented on a system when the distortion levels exceed the limits set by different
standard organizations order to avoid failure of equipments both in the utility and customer
premises.The analysis of measurements carried out in Adama Spinning Factory distribution
network in the previous chapter shows that current harmonic distortion levels which exceeds
the limits set by IEC and IEE standardse present on transformers T1, T2 andM@teover,

the power factor correcting system installed in the distribution network is not efficient and
reliable resulting in an overall power factor level below 018e power factor correcting unit,

in addition to its incapability to maintain the power fadevel above 0.9, it has high rate of

failure of components like capacitors, fuses and contactors.

There are a number of devices and techniques available to control harmonic digtoation
electrical systemAs presented in the previous stdpics, C® has a great advantage over the
traditional passive and active harmonic filbgrtechniques in mitigating harmonic distortions
and other power quality disturbancés a result DSTATCOM isproposedor compensating
the current harmonics and improving th@wer factoin Adama inning Factory dstribution
network,as it is capable of mitigatingoththesedisturbanceas presented ithe previous sub

topic.
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There are two modes ofSTATCOM operatiomamelyload compensation in curreaontrol

mode and vibage regulation in voltageontrol mode Since the main concern of this study is
harmonic distortion,ite DSTATCOM in current control modés used in this study for load
compensation, i.e. current harmonic compensation, power factor improvement and load

balancing.

Figure5.3 shows a schematic diagramtbé distribution network of Adama Spinning Factory
with three independenDSTATCOM in Current Control Mode GCM) are connected to
transformers T1, T2 and T3

The desired performance from the compensattnas it generates a currelgmp such that it

cancels the reactive component, harmonic component and unbafnbe load current.

Assuming thdoad current vectohas real, reactive and harmonic components, for unity power

factor operation, the sourcipplies only the real component. The remaining part will be
injected by the compensatorThe performance of the proposed DSTATCOM for
compensating the harmonic current distortion in Adama Spinning Factor distribution network

is analyzed by simulating theet wor k with and without t he DI
SIMULINK environment.The following subtopic explains the working principles, simulation

and results of the proposed DSTATCOM for Adama Spinning Factory.
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Figure 5.3: Schematic diagrarof Adama Spinning&ctory network with DSTSTCQM
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5.4 Simulation of Adama Spinning Distribution Network with DSTATCOM

The main building blocksf the DSTATCOM used in the simulatioare VSI (Voltage Source
Inverter) with DC link capacitor, control unit for generating thérence current and control
technique for generating the pulses for driving the VSI. The detail schematic diagram of a
DSTATCOM used for this studg shown inFigure5.4.

s
T1_Ploss
T1_lload lload Iref

@—P PI P Ploss
I - Reference Current
Vdc Reference| 850 Discrete Calculation T1_lref
PI Controller
Hysteresis controller
1 T1_vde Iref 4
9
lcomp [ T1_lcomp |
Voltage
— [T —
ale alla A a
DC Cap a
T 8l aff 8 I\ bl (2>
cle aflo 5 C cle b
Universal Bridge Coupling Inductor
3arms ¢

Figure 5.4: Detail schematic diagram of IRP based DSTATCOM
5.4.1 Generating a Reference Current

There are various theories and techniques available for generating the three phase reference
currentswhich haveto be generatedby the DSTATCOMin order to accomplish load
compensationSome ofthese theories arg@ynchronous Reference Fna (SRF) based control
theory Instantaneous Reactive Power (IR&ntrol theory Unit Template basedontrol
theoryand SynchronouBetection Mode (SDM) based theory

SRFandIRP basedcontrok arethe most commonly usembntroltheoiies with DSTATCOMSs

ard also different researches show thtiay havea better compensating performance than
other theoies The analysis done H] and[8] shows thateven though theource current

THD level with the SRF theory is slightly lower than with the IRP theory bah control
theories are equally reliable and applicable to reduce the THD levels to the acceptable range
set by IEEE and IEC standards. BSTATCOM with IRP basedcontroltheory is usedh this

study for its simplicity in simulation of the control techaig}
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Figure 5.5: MATLAB/SIMULINK modebf IRP control.

In this technique, the reference current for the control of DSTATCOM are obtained from the
instantaneous active and reactpewer components in thel b coordinate. The Simulink
model of IRP based controller for generating the reference cusrehbwn inFigure 5.5. In

the model different MATLAB function block are shown. These function blocks are used for
transforming the voltages and currents irttie U b coordinate, calculating the instantaneous
active and reactive powers, calculate the reference currents and transferring back ihba the a
coordinate. The snapshot of the codes used by each of the function blocks are dhiguein

5.6 below. Asshown inFigure5.5, initially, the source voltage and load current waveforms in

the ab-c coordinate are transformed to the stationary orthogbhkl coordinatesusing

Clarkés Transformation accorlkding to the give
. - p - - ° , - p - - W
° w3 A T A
Then, the instantaneous active and reagbveer is obtained by the product of the voltage
and current waveforms in thé b coordinateaccording to the given matrix in equatidre.
n W 0w O, ... ...
r'] O o peeeeceeeceece. (5. 2
Instantaneous active and réae powersp and g can be decomposed intoaaeraggdc) and
oscillatorycomponents as:
Nn Nf néééééeée. éééé. ééé (5.3
N N nNééééeéeée. éééécéeé é (5.4
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Clarkdéds Transfo

function [x,v¥] = VCT (u,v,W)

¥ = s2gro(2/3)%(u-(0.5%v) - (0.5%wW) ) :
v sqgqro(2)* (0+(0.5%v)—(0.5%wW) ) ;

C | asrTkarisformation of Current
function [X,¥] = ICT(u,v,wW)

¥ = sgro(2/3)* (u—(0.5%v)—(0.5%wW) ) :
v sgro(2) = (0+(0.5%v)—(0.5%wW) };
Instantaneous P and Q Calculatio

funetion [P,0Q,Valpha,Vbeta] = PO (x1,=x2,v1,v2)

P = (xl=yl)+i(xZ2*vZ):
o
Valpha = x1;
Vbheta = x2:

(x2=vy1l)—(x1*®v2);

Reference CGuent Calculation
function [Icl,Ic2] = ICOM(Po=sc,q,V1,V2)

[
[¥]
=

|

= (=1/(V1~2 + V2~2))*((Posc*V1)+(g*V2)):
Ic2 (-1/ (V1™2 + V2~2))*((Posc*V2)- (g*V1)):

l nverse Clar kos

function [ICa,ICk,ICc] = Ical(Icl,Ic2)

ICa = sqgrt(2/3)*(Icl):
ICk = sgrt(2/3)*((-0.5%Icl)+((sgrt(3),/2)*Ic2)):
ICe sqrt(2/3)*((-0.5%Icl)—{ (sgrc i3} /2)*Ic2) ) ;

Figure 5.6. Snapshot of the codes in the function blafkd&kP control.

As shownin Figure 5.5, the constant (dc) term of the instantaneous active power is extracted
using 8" order LPF (Low Pass Filter). The source has to supply the constantfieamdthe
power loss (Bs9 due to switching losses and coupling inductor.lddsese losesforce the

DC capacitor to discharge. In order to maintain a constant sifCedbltage in the capacitpr
additional power has to be drawn from the source to compensate the [bkgss the
oscillating component of the instantaneous active pgwepresented asoR in Figure 5.5)is
obtained by extracting the constant ter &nd the power loss (8 from the instantaneous
active power 1f). On the other hand,oth the constant and oscillatoinstantaneouseactive

powers have to be supplibg the DSTATCOM compensator in order to maintain unity power
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factor at the source. Therefore, the tatatantaneouactive and reactive power which has to
be supplied by the DSTATCOM is:
n n nfn eeéée. eé. eeéeébs
N N Néééeééeééécééecéé 56

Then he instantaneougferencecurrents in thél b coordinate can be calculated as:

"0 W O N L ..

0 T 6o d)ﬁeeee.eeeeee.SJ)(
Finally, these reference currentsratransformed to the-bB-c coordinate using the inverse
Clarkbés transfor matsBon according to equation

T .
G WP ] g
o} e T éééeé. . eéé6éen8)
ud |7|I,I
u - —U

These reference currerttaveto be generated by the DSTATCOM aaxctuallycorrespondo
the oscillating component of the instantaneous active power and both the oscillating and
constant components of the instantaneous reactive potereference currentrethenused
by the HCC (Hysteresis Current Contrplto generate the firing pulses for thmwer

semiconductor switches.
5.42 Hysteresis Current Control

HysteresisCurrent Control (HCC) is a stable, fast and accurate method of generating
switching pulses for producing the compensgtcurrent in shunCPDs. To generate the

compensator currentcghy a hysteresis bandQis used so that,

If O 'O  "(then the compensator current has to be lowered by applying a negative

voltage across the output. This is accomplishg turning on the switches on the negative dc

line of the inverter.

If “O ‘O “(hthen the compensator current has to be raised by applying a positive

voltage across the output. This is accomplished by turning on the switches ositive plo

line of the inverter.
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The tracking performance of the hysteresis current control methodeisely proportional to
the load inductor anthe size of the hysteresis bazad directly proportional to the magnitude
of dc voltage As the number foswitching increased to get a bettexcking the inverter losses
will become higher. TheMATLAB/SIMULINK model of the hysteresis current control
technique is shown iRigure 5.7 below. A hysteresis band off, h] = [-0.1, 0.1] is used for
the simulatio in the study.

Figure5.7. MATLAB/SIMULINK modebf HysteresiCurrent Control.
5.43 Voltage Source Inverter (VSI)

VSI in a DSTATCOMis used to generatbe compensatinthree phasé&C currentsat any
required magnitude, phase and frequentygonsiss of power semiconductor switches and

DC link capacitor.The power semiconductor device can beéMatal Oxide Field Effect
Transistor (MOSET) or Gate TurOff (GTO) thyristoror InsulatedGate Bipolar Transistor

(IGBT) or Field Controlled Thyristor (FCT) lased on the specific application requirements.
Gate turroff thyristorsare recommended for high voltage application with lower switching
speeds. On the other hand, MOSFETs have very low switching losses but are not suitable for
very high voltage applicains. IGBTs and MOSFETSs are the preferred devices for distribution
system applications as they can carry fairly large current and has fast switching characteristics
and low losses. These two power semiconductor devices are also selected for realZ8lg the

of the DSTATCOM proposed for this study.
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