ANALYZING POWER QUALITY ISSUES OF WIND
POWER PLANTS IN PUTTALAM

D. M. Mahesha Thilini Dissanayake

(109207M)

U\lﬂl\-’\-’ Vi 1IVviLvwiLul VI vulilvuvilivu

Department of Electrical Engineering

University of Moratuwa
Sri Lanka

December 2014



ANALYZING POWER QUALITY ISSUES OF WIND
POWER PLANTS IN PUTTALAM

D. M. Mahesha Thilini Dissanayake

(109207M)

in partial fulfillment of the requirements for the degree Master
of Science

Department of Electrical Engineering

University of Moratuwa
Sri Lanka

December 2014



P

DECLARATION

I declare that this is my own work and this dissertation does not incorporate without
acknowledgement any material previously submitted for a Degree or Diploma in any
other University or institute of higher learning and to the best of my knowledge and
belief it does not contain any material previously published or written by another

person except where the acknowledgement is made in the text.

Also, I hereby grant to University of Moratuwa the non-exclusive right to reproduce
and distribute my dissertation, in whole or in part in print, electronic or other
medium. I retain the right to use this content in whole or part in future works (such
as articles or books).
UOM Verified Signature Date: 18.12.2014
D.M.i\/I.T. ﬁissanayake

The abgyse fate has carried out tesedrch fof the'Mastérs Dissertation under my

Supervision;
oy slt N

UOM Verified Signature Date: [ [ 3 [301n.

Dr. W.D.A.S| Rodrigo

UOM Verified Signature Date: 41> [ 1014

Dr. HM. Wijekoon



ABSTRACT

Wind Power development has become a booming industry due to its advantages over
conventional thermal power sources. However, wind is considered as an intermittent source in
terms of power quality as wind turbines have an uneven power generation following natural
variations of wind. Power quality (PQ) is an important issue for electricity consumers at all
levels of usage, particularly industrial sector as PQ disturbances ultimately lead to huge
economic losses and safety concerns.

The research objectives are; to study on major power quality issues associated with four wind
plants in Puttalam, propose suitable PQ improving methods and to identify the most suitable
wind technology in view of power quality. Project scope includes measurement of electrical
parameters at each plant, analysis of parameters based on “IEC 61400-21” and “Grid
Connection Requirement” published by Ceylon Electricity Board, study on mitigation
techniques, computer modeling and simulation in MATLAB/SIMULINK environment to
investigate harmonic mitigation. For each power quality aspect, a set of norms and marginal
values were set to evaluate each wind plant’s performance. There are four distinct wind
technologies and three of them are available in Sri Lanka. Out of these technologies, Wind
Turbine type “C” which employs a Doubly-Fed Induction Generator with a partial scale
power converter shows the best power quality characteristics.

From Measurements and Data Analysis it was concluded that, none of the investigated plants
adhere to power quality requirements of the grid code. Neither the utility (CEB) nor the Wind
Power Producers pay adequate attention on these violations. It is recommended to pay more
attention on PQ deviations. Systems must be developed to continuously monitor PQ
parameters and take pecessary actions.tp keep them within specified levels. Further, hybrid
filters to regge, harmortic distottton ‘dnd Dynamic Voltage Restorers'to mitigate voltage sags
are proposagforsyVPPs Lindérstuay.

Keywords: Power QualityywWind Rewerdidarmonics, Active Filter
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Chapter 01

INTRODUCTION

Electricity generation using wind energy has become a widely booming industry
across the globe with an annual growth rate of 20%. A huge growth is observed in
Asian region with the highest annual installing capacity. According to the Global
Wind Energy Council, the global total of installed wind capacity at the end of year
2012 was 282.5 GW where 35% of them located within Asia. For the last few years,
Asia was the world’s largest regional market for wind energy. The increase of

globally installed wind capacity is shown in Figure 1.1.

300000 MW-oooevve R SRR Gl A A U O SR T ST 82587
QB0 - 238050
200000 - s ; T 4
100000 ... S ,
50,000
[ — ..
19 1997 199 1999 2000 zouz s W6 9w am am
Figure 1.1 - Increase of Global Cumulative installed Wind Capacity in MW
Source : Global Wind Energy Council

Wind power has several advantages over conventional thermal power sources.
Excessive heating of earth due to burning of fossil fuels have forced people to
generate electricity through non pollutant energy sources like wind. It’s the cleanest
form of renewable energy that doesn’t contaminate the environment at all. Further,
the wind is free and wind turbines can be used to electrify remote areas that are not

connected to the national grid.




Wind Power was introduced to Sri Lanka in 1999 by installing a 3MW Wind Power
Plant (WPP) at Hambantota as a pilot project by Ceylon Electricity Board (CEB).
This plant was intended to study the capability of harnessing wind energy into
electricity and to get experience in integrating wind generators in to the system and
get familiarize with the operation of wind turbines. According to the study “Sri
Lanka Wind Farm Analysis and Site Selection Assistance” carried out by National
Renewable Energy Laboratory (NREL) of USA in 2003, the country has a wind
potential of 20,740 MW but only 200 MW of this is feasible to be developed due to
system absorption limitations. However, CEB has not yet decided a limit on wind

power absorption to national grid and will hold until carrying out a detailed study.

1.1 Power Quality Issues associated with Wind Plants

Wind turbines have an uneven power generation following natural variations of the
wind. Operations of wind turbines have a significant impact on the Power Quality
(PQ). Different power quality issues may arise depending on the type of the
equipment s I the plant.and the,eonfiguration; of4the -connected Grid Sub
Station .'vlﬁfﬂg% concernessoniated Withowind plastscare;

[ \1’0" ehandes Bad mllctgatio

ii. VOIldge ana current narmaornics

iii.  Flicker

iv.  Reactive power

v.  Frequency variations

vi.  Grid reconnection time

1.2 Motivation

The Government of Sri Lanka has declared development of renewable energy with
high priority to reduce petroleum consumption for electricity generation and to
ensure energy security by diversifying the energy mix. The National Energy Policy
published in 2008 states, “The Government will endeavor to reach a minimum level
of 10% of electrical energy supplied to the grid to be from Non-conventional

Renewable Energy (NCRE) by a process of facilitation including access to green



funding such as CDM. The target year to reach this level of NCRE penetration is
2015.” In order to achieve above target, Independent Power Producers (IPPs) are
encouraged to invest in renewable energy sector like Small Hydro, Wind, Solar and
Biomass including Dendro Power, Biogas and Waste. Several NCRE incentives like
special standardized tariffs and a grace period free of resource cost (royalty) are

offered to the developers.

As a result, a cumulative installed capacity of 95 MW of wind plants are integrated
to the system at the moment, and Energy permits have been issued for another
capacity of 30 MW by the Sustainable Energy Authority. Most of these plants are
located in Puttalam area. In addition to that, a 200 MW wind park is proposed at
Mannar region by 2017 and to be extended to 350 MW by 2021.

In Sri Lanka, wind generators are normally connected to 33 kV distribution feeders.

These distribution feeders with a low fault level are not electrically stiff as

transm n power quality
disturb essﬂm ned In 1.1,-Sometimes, consumers are directly connected to the
same distrigtior \ such_situatiqx actly exposed to
power lity 2rvening of any

Grid or Primary Substation, Gantry or Transmission Line.

As an Electrical Engineer working in the Distribution sector of Ceylon Electricity
Board; | have come across several complaints regarding disturbances caused by
wind plants from both utility side and consumer side. Therefore, in my opinion; we
haven’t paid adequate attention on power quality issues generated by these wind
plants. This research is mainly focused on analyzing power quality issues caused by

wind plants located in Puttalam area.

1.3 Objectives of the Project

The main objectives of this research are,



i.  To study about major power quality issues associated with four wind plants
in Puttalam.

ii.  To propose appropriate mitigation methods to rectify power quality issues.

1.4 Scope of the Project

The scope of the project includes the following.
e Measurement of Electrical Parameters of the Wind Plants from the Utility
Side.
e Detailed Data Analysis.
e Study on Mitigation
e Computer Modeling and Simulation using MATLAB/SIMULINK

environment to investigate harmonic mitigation.

With the analysis, | wish to propose suitable remedial measures to improve the
quallty AF vannAd nAwaiar i aaninA nlante inAdar etiidhvs anAd A idAantR +l-]e mOSt SUltabIe
wind technalo [_the Watio el @Grittlasia recomnientation for upcoming wind

o\
plants ( e\ OF HowergtAlity

1.5 Overview of the Dissertation

This dissertation discuss on power quality issues related to wind power plants and
different techniques available to mitigate them. The dissertation consists of nine
chapters. Chapter 02 presents fundamentals of harnessing wind energy and describe
available types of wind power plants with their advantages and disadvantages in
brief. Basically, there are four types of wind plants and three of them are available in
Sri Lanka. Further, a short description on world wind picture and its position in Sri

Lanka are included under Chapter 02.

Chapter 03 contains the literature survey | have done on power quality of wind
power plants and provides the basic definitions on power quality, different power

quality issues, allowable limits, their causes and adverse effects.



Chapter 04 includes the research methodology followed, details on the measuring
equipments used for data logging and main technical parameters of the four wind

plants used for measurements.

Chapter 05 consists of the detailed Data Analysis. Power quality during steady state
and voltage events are analyzed separately. Further details related to this chapter are

provided as appendices.

Chapter 06 and Chapter 07 contain a comprehensive evaluation of the power quality
of four wind plants taken for the study during voltage events and steady state
operation respectively. Techniques available to improve the power quality are also
discussed in detail under these two chapters and improvements are suggested where

necessary.

Chapter 08 describes the computer modeling and simulation of a Shunt Hybrid
Harmonic filter developed in MATLAB/SIMULINK environment along with the
results of the-simulation.

(%)

The dissert-éfi'én concludes with Chapter 09, indicating the conclusions of the study,

recommendations and provision for future research.



Chapter 02

FUNDAMENTALS OF WIND ENERGY CONVERSION

2.1 Historical Development

The history claims that harnessing power from the wind using man made machines
date back beyond the time of the ancient Egyptians. The first wind turbine used to
generate electricity was built by Charles F. Brush in Cleveland, Ohio in 1888. It was
a direct current (DC) machine and had a rated power of 12 kW. [57] Afterwards,
direct current electricity production continued to grow in the form of small scale and
stand-alone. The first large scale alternating current (AC) wind turbine was

produced in 1930’s in USA and the grid connected wind turbines were introduced.

A strona interest in renewable enerav sources was arown in mid 1970s when

concerns onl vikonmental effects| af fossil-energysawces coincided with the
Organizati&gaf) PetrdlectmdExportihg Coudtriesi YQREQ) il goes. From that
time onwards? Wikd" furbine [technélog usly and now

accounts 10r a giobdl Cuitivliatve Histalied Capacily Ol £Z04.0 OVV dl the end Of year
2012 with an annual growth rate of 20%. Modern wind turbine and generators are
highly sophisticated machines with advancing improvements in aerodynamics,

structural design, materials technology and electrical and electronic controls.

2.2 Basics in Wind Power Generation

Wind turbines use the kinetic energy of air to generate electricity by converting it
into rotating mechanical power. The most common type of wind turbine is the
horizontal-axis turbine with two or three blades mounted on top of a tower. The
power of the wind in an area, A, perpendicular to the wind direction is given by
equation (1).

P=1% pAV®? s -(1)




Where;
P = Power in watts (W)
p = density of air in kilograms per cubic meter (kg/m®)
A = swept area perpendicular to the wind direction in square meters (m?)
V = speed of the wind

But, it is impossible to harness whole amount of energy present in the wind. The
actual power harnessing depends on several factors such as the type of machine and
rotor used, the sophistication of blade design, friction losses, and losses in other
equipment connected to the wind turbine. The fraction of power that can be captured
by a wind turbine is given by a factor, C,, called the power coefficient. C is a
specific value to a wind turbine and is a measurement of efficiency of the turbine.
The theoretical maximum coefficient of power for any wind turbine is 59.3% and
referred as the Betz limit. In reality, this figure is usually around 45% (maximum)

for a large electricity producing turbine. [5]

Therefore, the ] thet canibe harnedseckhyi evwindtuibinglisigiven by;
=
WYY LD\ R 8 (2)

A typical wind turbine employs a rotor assembly with 2-3 blades and a low speed
shaft to extract power from the wind, a gear system to step up the shaft speed of the
rotor shaft to the higher speeds needed to drive the generator, and a generator to
convert mechanical energy of the rotating shaft to electrical energy and a set of
control and protection equipment. Power electronic converters may be used to
regulate the power output of the turbine. Main components of a wind plant are

shown in Figure 2.1.
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Figure 2.1 : Major components of a Wind Plant
Source : Wind Energy Development Programmatic EIS Information
Center

2.3 Classifi‘ggtion of Wind Turbings
Basically tﬁ‘é} are e types of Wind ddrbines as. fixed speed and variable speed.

Modern vvi'ﬁd"ff_t‘urbines mainhypempioy dour types of distinct technologies. They are,

i.  Type A —Fixed Speed Wind Turbine
ii. Type B — Partial Variable Speed Wind Turbine with Variable Rotor
Resistance
iii.  Type C - Variable Speed Wind Turbine with partial-scale Power Converter

iv.  Type D — Variable Speed Wind Turbine with full-scale Power Converter

2.3.1 Type A — Fixed speed Wind Turbine

Fixed-speed wind turbines are the most basic type of wind turbines in operation.
They usually employ squirrel-cage induction generators (SCIGs) and operate with
very little variation in rotor speed (approximately 1 - 2%). [5] The Induction
Generator is directly connected to the Grid and the speed is almost fixed to the grid
frequency, and not controllable. Basic components of a Type A wind plant is shown

in Figure 2.2.
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Figure 2.2: Basic components of a WPP employing Type A Wind Turbine

Advantages and Disadvantages of employing fixed-speed wind turbines with

induction generators are given in Table 2.1.

Table 2.1: Advantages and Disadvantages of fixed-speed wind turbines

%9
Advantagﬂgs

Robust and Reliable.

Economical.andrwell. praven technology.

High:mechanicdl ceowdtibility withrapid wind variations.

Do'not 'genérate harmonics other than the harmonics generated

Dy & power factor correction capaciior bank it any.

High Environmental Durability.

Disadvantages

Designed to obtain maximum efficiency at one specific Wind

Speed.

Uncontrollable Reactive Power Consumption.

Poor wind energy conversion efficiency.

Power Fluctuations that cause large Voltage Fluctuations.

Do not contribute regulation of grid voltage or frequency.

Limited Power Quality Control.

High Mechanical Stress.

Risk of self excitation during off-grid conditions




2.3.2 Variable-speed Wind Turbines

Variable-speed wind turbines; as the name implies, are designed to operate at a wide

range of rotor speeds. It is possible to continuously alter the rotational speed of wind

turbine according to the wind speed. Speed and power controls allow these turbines

to extract more energy from wind than fixed-speed turbines. As the wind turbine

operates at variable rotational speed, the plant is connected to the grid through a

power electronic converter system placed between the generator (synchronous or

asynchronous) and the grid. [5] Advantages and disadvantages of employing

variable-speed wind turbines are given in Table 2.2.

Table 2.2: Advantages and Disadvantages of variable-speed wind turbines

Advantages
é:%

Improved System Efficiency & increased power capture form

wind.

Improved Power Quality.

Reduced Mechanical Stress and Noise.

Pawer.glectranicy aontrol. provides tthe.ability to meet high

teChnicaldemarids ampdsed hy, the-gconnected grid substation.

GontrollabléIA¢tive.and Reactive Power.

Quick response under transient conditions of the Power

System.

Disadvantages

Harmonic Distortion due to presence of power electronic

converters.

Losses in power electronic elements.

Higher cost.
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2.3.2.1 Type B — Partial variable speed wind turbine with variable rotor

resistance

Turbine

AC .
/_H_Ac

Soft
Starter

Figure 2.3: Basic components of a WPP employing Type B Wind Turbine

This method uses a wound rotor induction generator (WRIG), a capacitor bank for
reactive power compensation and a soft-starter. The rotor resistance of the WRIG is
variable hence the slip which controls the power output of the plant. The typical
speed range is 0-10% above the synchronous speed. A major disadvantage of this

type is, it he@@ High Reactive Power Consumption. [5], [14]
=)

2.3.2.2 Type C — Variable speed wind turbine with partial-scale power

converter
H Transformer
Wind !')_ i H
Gear
Box AG
| AC
To Grid
Techine Power Convarter o e

Figure 2.4: Basic components of a WPP employing Type C Wind Turbine
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This configuration, which is commonly referred as Doubly-fed Induction Generator
(DFIG) concept; employs a DFIG and a partial scale power converter. The stator
circuit of the generator is directly connected to the grid while the rotor winding is
connected to a three-phase variable frequency power converter which is normally
rated at approximately 30% of nominal generator power. Therefore, the losses in the
power electronic converter are less when compared with Type D mentioned below
2.3.2.3.

The DFIG system delivers power to the grid through the stator while the rotor either
injects or absorbs power, depending on the rotational speed of the generator. If the
generator operates above synchronous speed, rotor delivers power to the grid
through the converter, and if the generator operates below synchronous speed, the
rotor absorbs power from the grid. The partial-scale converter compensates reactive
power and provides a smoother grid connection. The speed range is typically £30%
of Synchronous Speed. [32], [34]

DFIGs gﬁg of the most common types of generator used to produce electricity in
;}34
wind turbines be Mlowing adyvan 2nerators.
i. DFIG allow the amplitude and frequency of the output voltages to be

maintained at a constant value irrespective of the speed of the wind blowing
on the wind turbine rotor. Because of this, doubly-fed induction generators
can be directly connected and remain synchronized at all times with the ac
power network.

ii.  Ability to control the power factor (e.g., to maintain the power factor at
unity), while keeping the power electronics devices in the wind turbine at a

moderate size.

The main disadvantages of this configuration are the use of slip rings and high fault

currents.

12



2.3.2.3 Type D — Variable speed wind turbine with full-scale power converter

This configuration has the liberty of employing either Synchronous Generators or
Induction Generators with full variable speed wind turbines. The normal practice is
using a Synchronous Generator / Permanent Magnet Generator (PMG) with a full

power converter.

Turbine
Transformer
Wind|| {7y AC — i J }—
L
PR AC
(=ar Box
. Full &cale y
(Optional) ., To Gnid
Power Converter
FicniivAa D Es DAaciAa Arnrmarnananta ~AF A VAIDD ArvanlAviiimas Tvnaa N \I\/ind Turbine

The only pﬁwe

1e back-to-back
AC/DC/AC « reactive power
control and provides a smoother grid connection. Type D configuration has gained
popularity over other types in recent years because of its high efficiency, less
complexity in electrical engineering perspective, wider range speed control and the

ability to operate without a gear box in some cases. [5]

The excitation to the generators can be supplied electrically or by using permanent
magnets. The use of Permanent Magnet Synchronous Generators does not require
external excitation current, which reduces losses, eliminates mechanical

complexities of gear boxes, compact size, improves efficiency and reliability.

From above four types of wind plants, three types; Type A, Type C and Type D are

available in Sri Lanka.
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2.4 Position of Wind Plants in Sri Lanka

Being an island, Sri Lanka possesses substantial wind energy resources. The wind
pattern of the country is mainly supported by two Asian Monsoons; the South West
(SW) and North East (NE).Wind Power was introduced to Sri Lanka in 1999 by
installing a 3 MW Wind Plant (5 x 600 kW generators) at Hambantota as a pilot
project by Ceylon Electricity Board. This plant was intended to get some hands on
experience in integrating wind generators in to the system and harnessing the energy
of the wind for local engineers. Thereafter, CEB carried out wind resource
assessments in several areas of the country by installing wind masts during 2000 —
2002 period.

In year 2003, the National Renewable Energy Laboratory (NREL) of USA carried
out an island wide full wind study for Sri Lanka using satellite mapping. The
following areas were identified and evaluated for developing wind power plants in

utility-scale.

| 20l SG,L0ast — From #Famoant [0 BUNgWe
i W@ss ast~KalpitiyaPenipsula
iii. aN@fthwest €oastibManharddar
iv.  North Coast — Jaffna District

v.  Central highlands in the interior of the country — Ambewela area

According to the study, nearly 5000 km? of the land of the country are windy areas
with good-to-excellent wind resource potential. It’s around 8% of the total land area
(65,600 km?) of Sri Lanka. This huge wind resource can support around 20,740 MW
of installed capacity. The windy lagoon areas are estimated to cover 700 km? of land
with a potential installed capacity of 3500 MW. Kalpitiya Peninsula is the most
potentially feasible site investigated for utility-scale wind power project
development with excellent wind resources. However, wind capacity expansion is

limited to 200 MW due to the absorption limitations of transmission infrastructure.

14



The present network cannot accommodate wind capacity more than 7% of the peak
load and installing more than 20 MW of wind capacity in any given region will

adversely impact local grid stability and power quality.

After these studies, in order to promote electricity generation based on non
conventional renewable energy (NCRE), the Government of Sri Lanka introduced
an Energy Policy in 2008 to achieve a minimum level of 10% of power generation
through NCRE by year 2015. Based on this policy private sector investors were
allowed to develop wind power plants with government incentives. As a result, a
cumulative installed capacity of 95 MW of wind plants are integrated to the system

at the moment. Most of these plants are located in Puttalam area.

Energy permits have been issued for another capacity of 30 MW by the Sustainable
Energy Authority. In addition to that, a 200 MW wind park is proposed at Mannar
region by 2017 and to be extended to 350 MW by 2021. Details of the

commi e A ble 2.3.
Table 2.3" Detail mymissioned w ' lune 2014.

ilrc; Name of the WPP Location V(MI\:IU\;/')L] ' ,':z:;\:]\znd

01 | Mampuri WPP Kalpitiya 10.00 A

02 | Vidathamunai WPP Puttalam 10.00 D

03 | Seguwantivu WPP Puttalam 10.00 D

04 | Nirmalapura WPP Kalpitiya 10.00 D

05 | Pavandanavi WPP Kalpitiya 10.00 C

06 | Uppudaluwa WPP Puttalam 10.00 D

07 | Madurankuliya WPP Puttalam 10.00 D

08 | Naladanavi WPP Kalpitiya 5.00 C

09 | Mampuri Il WPP Kalpitiya 10.00 C

10 | Mampuri 11 WPP Kalpitiya 10.00 C
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But, integrating wind power does not significantly help mitigate capacity constraints
in dry seasons where hydro generation falls because the maximum winds also occur
during the wettest periods driven by two Asian Monsoons; the South-West monsoon

from May till early October and North-East monsoon from December to February.
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Chapter 03

POWER QUALITY AND LITERATURE REVIEW ON POWER
QUALITY OF WIND POWER PLANTS

Power Quality is a set of parameters defining the properties of the power system as
delivered to user in normal operating condition in terms of continuity of supply and
characteristics of voltage & frequency. The definition for “Power Quality” in
Institute of Electrical and Electronic Engineers’ (IEEE) Standard Terms is "the
concept of powering and grounding electronic equipment in a manner that is suitable
to the operation of that equipment and compatible with the premise wiring system
and other connected equipment”. Simply, Perfect power quality means that the

voltage is continuous and sinusoidal with a constant amplitude and frequency.

Deviatfnnﬁ fram thic narfarntinn ara thna nAwiar Analifyvy iecerine
There are *h}cgé main-tmed gf BeweHgualitvdistUibdnces

I.
ii.  Frequency Events — variations of the frequency outside the acceptable range.

iii.  Waveform Events — unacceptable shaping of the waveforms.

PQ is an important issue for electricity consumers at all levels of usage, particularly
industries and the services sector. Extreme use of sensitive power electronic
equipment and non-linear loads in industry, commercial and domestic applications
cause frequent disturbances to the quality of power nowadays. These disturbances
ultimately lead to huge economic losses and safety concerns. A disturbance of few
milliseconds to a power supply of complete continuous production lines where the
process cannot tolerate any temporary shutdown of any element in the chain can

stop the production line for hours with severe damage to material and equipment.
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3.1 Voltage Events
Figure 3.1 shows the classification of voltage events linked with power systems

according to the magnitude and duration of the event. [3]

Transients
Voltage
Voltage Swell Over Voltage
11V
v Voltage
Nominal Fluctuation
09V
Under Voltage
0.1V
V=0
_ Time
Tin T=1min
ms or ps
range

Figure 3.1:  Classification of VVoltage Events

3.1.1 Voltage Sag / dip

Voltage Sag is defined as sudden reduction in the voltage to a value between 0.1 pu
— 0.9 pu in route mean square (rms) voltage for a duration conventionally 1ms to 1
min. Voltage Sags are the most common voltage event and can occur in any

combination of phases. They are normally caused by system short circuit faults,
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earth faults, starting of heavy loads such as Induction Generator/Motors with high

starting currents, bad weather conditions and sudden system overloads.

Voltage sags in higher voltages propagate to lower voltage levels via transformers.
Voltage sag of few milliseconds may have damaging consequences for several
hours. Sags result in tripping of control and protection equipment, sensitive power
electronic devices and some motors. In order to mitigate sags, Automatic Voltage
Stabilizers can be used.

3.1.2 Under voltage events
Under Voltages are sudden decreases of voltage to a value between 0.1 pu — 0.9 pu
of rms voltage for a duration longer than 01 minute. Causes and unfavorable effects

of Under Voltages are as same as voltage sags mentioned in above 3.1.1.

3.1.3 Interruptions

An Interruption occurs when the rms voltage falls less than 0.1 pu of nominal
voltage. Irgegruptlons that prevail less than_ 01 minute are defined as “Short
mterruptlons and interruptions. that preyail longer than 01 minute are defined as
“Long or Sustdmed interruptions”. Long interruptions may occur due to planned
outages or as a result of isolation of a permanent fault. Interruptions are propagated
from higher voltages to lower voltage levels via transformers. They require human

intervention to resume power.

3.1.4 Over voltages

Over voltages are of three types as,

I.  Temporary Power Frequency Over voltages
ii.  Switching Over voltages
iii.  Lightning
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3.1.4.1 Power Frequency Over Voltages

An over voltage is an increase in rms voltage greater than 1.1 pu of nominal voltage.
Over voltages prevail less than 01 minute are defined as “Voltage Swells”. This can
occur in any combination of phases. The origins of over voltages are,

i.  Insulation Faults - When an insulation fault occurs between a phase and
earth, the voltage of the healthy phases to earth may reach the phase to phase
voltage.

ii.  System Faults

iii.  Switching off of large loads
iv.  Energizing of large capacitor banks
v. Incorrect settings on alternator regulators or transformer tap changers

vi.  Overcompensation of reactive power

Over voltages on high voltage (HV) installation may propagate to low voltage (LV)

installations via the earth of the HV//1 \V/ substation

3.14.2 vx!ﬁcﬁin Nervoltddes
In a powefsystem, SWitthity dperations'a ticularly last for
microseconds or milliseconds but the magnitude may raise to several times of

nominal voltage.

3.1.4.3 Lightning over voltages
Lightning is a natural phenomenon that cannot be avoided.

The consequences of over voltages vary on magnitude, duration, repetition and
frequency of the event. Transient over voltages cause premature ageing, permanent

damage and destruction of equipment and dielectric breakdown of material.
3.1.5 Voltage fluctuations and flicker

Voltage fluctuations are variations in the rms value or the peak value of voltage with

amplitude of less than 10% of the nominal voltage. Usually, fluctuations are a series
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of voltage changes within a voltage envelope as shown in Figure 3.2. These are
characterized by the magnitude and frequency of the fluctuation.

The physiological effect of voltage fluctuation is referred as “Flicker”

Voltage waveform

Figure 3.2:  Voltage Envelope

. Flicker is

defined as “Impression of unsteadiness of visual sensation induced by a light

stimulus whose luminance or spectral distribution fluctuates with time”. [3].

Periodic f,lfuf(:t;yation ofv &oltageo resdits ainivilicken'1 of alighting, particularly in

incandescel

,.}imps. Flicker' can be'ighoréd or 'frritatmg ‘depending on the flicker

level - ar’%’Ip'I'itude, shape and repetition frequency of the fluctuated voltage

waveform. Flicker can cause annoyance to the human eye that result in fatigue and
less concentration.

The magnitude of flicker depends upon following factors. [5]

iv.

V.

Electrical Design of the Wind turbine
The stiffness of the line

Voltage level

Distance from substation

Size of the Transformer

Two indices are typically used to measure flicker emission, Short-Term Flicker

Index (Pst) and Long-Term Flicker Index, (P.t). Pst is measure over a ten minute

period and Pt is a rolling average of Pst values over a two hour period. Standard
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IEC Characteristic for Flicker is shown in Figure 3.3. Maximum permissible
compatibility levels and planning levels of flicker are given in Table 3.1. The usual

threshold level for connecting wind turbines to grid is Pst < 1.

Table 3.1: Maximum permissible Compatibility Levels and Planning Levels of

Flicker

Compatibility Level Planning Level
LV & MV MV HV
Pst 1.0 0.9 0.8
Pt 0.8 0.7 0.6

The most preferable technique to mitigate the flicker is reactive power
compensation. It can be adopted either by the grid-side converter of variable-speed
wind turbines or by a static synchronous compensator connected at the point of

common coupling (PCC).

Vv ] ! - | d ., ax limit -
nom T~ '
"-..___.
1 \‘h—._ ,.n
% . /
NV
0.1
0.1 1 10 100 1000
Number of Voltage Changes per minute

Figure 3.3:  IEC Flicker Perception Curve for Pst=1
Source: IEC 61000-3-3
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3.1.6 Voltage unbalance

A three phase system is called balanced if the three phase voltages and currents have
same amplitude with a 120° phase shift with respect to each other. Any deviation
from this condition results in system unbalance. According to National Electrical

Manufacturers Association (NEMA), Voltage Unbalance is defined as follows.

Voltage Unbalance = Maximum deviation from the mean of {Vah, Ve, Vea}
Mean Of {Vab, Vbc, Vca}

Limits for unbalance factor in IEC standards are given as,
e < 2% for LV and MV systems
o < 1% for HV

In realistic situation, power systems are unbalanced due to unequal distribution of

single phase | Inbs _ e ph: d di ‘ ine impedances.
Unbala ”‘éﬁfeﬁ(. In. excessive ‘heating aof network compor degradation of
insulation, redu QUIDLILS y MIOralons amg

3.2 Waveform Events

3.2.1 Harmonics

Harmonics are the waveforms whose frequency is an integer multiple of the
fundamental frequency. Harmonics waveforms with odd harmonic numbers are
referred as “Odd Harmonics” and harmonics waveforms with even harmonic

numbers are referred as “Even Harmonics”.

A periodic waveform consisting of a DC component, fundamental and harmonics
can be represented in Fourier series as in equation (4). Odd harmonics are additive.
Even under balanced load conditions, neutral currents can reach magnitudes as high
as 1.73 times the average phase current due to odd harmonics. Even harmonics

cancel out in the neutral conductor.
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h=«

F(t)=F, + Fcos(at +6,) + D> (R,cos(hat +6,)

l l h=2
g J
DC Fundamental hd .
Component Component Harmonics

Where, h is the harmonic number

Harmonics are mainly produced by non-linear loads which draw non-sinusoidal
currents from the supply voltage. In an ideal power system, voltage and current
waveforms are pure sinusoidal. But in practical scenario, non-linear loads connected
to power system introduce current and voltage harmonics into the system. Main

sources of harmonics in power systems are,

i.  Power Electronic Equipment: Static Power Converters, Drives, Rectifiers
(diode or thyristor), Inverters and Switching Mode Power Supplies.
Ii. Loads using electric arcs like arc furnaces, welding machines, lighting
(disghgrge lamps, fluorescent tubes).
iii. Star@-g motors using,electronic starters
iv. Doﬁiméjgtic loads with power electronic devices such as Computers, Printers,

photocopiers, Television sets, microwave ovens, fluorescent lamps etc.

Because of operating flexibility, high level of performance and high energy

efficiency, the use of power electronic equipment is spreading extensively.

3.2.1.1 Harmonic distortion
Harmonic distortion is the change in the voltage or current waveform from the ideal
sinusoidal waveform. “Total Harmonic Distortion (THD)” is used to calculate the

distortion level of a given waveform as shown in equation (5).
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3.2.1.2 Adverse effects of harmonics

Harmonics in a power system cause severe degradation of power quality. Harmonics
currents flow through the system impedance, results in non-sinusoidal voltage drops
that can compromise network voltage quality. Most of the time, the impact of
harmonics are not identified until the failure occurs. Equipment malfunctions are
probable with a total harmonic distortion of greater than 8% of the voltage and
between 5% - 8%, malfunctions are possible. Therefore as a global norm, THD has
to be kept below 5% at the point of common couplings. [5]

Harmonics cause increased losses due to heating, mechanical stress, vibration,
reduction of capacity at full load and acoustic noise in motors. They also cause
destruction of capacitors by thermal overload and resonance, loss of accuracy of
measurement instruments, unwanted operation of protective devices, increased I°R
losses in power cables, operational disturbances induced in computers, television

sets, telecommunication systems and control systems. Harmonics increase overall

reactive
Harmonics affec formers in multigh ligh f rmonic voltages
induce uency harmonic

currents increase the rms current at the transformer windings and cause high I°R
losses. Eddy current losses are also increased. Another adverse effect is circulation
of triple-N (integer multiples of third harmonic) harmonics in the delta winding of a
transformer and add up in the neutral in case of a star connection. In addition to that,
“Triplen Harmonics” (3", 9", and 15" harmonics) cause distortion of voltage

waveforms.
Presence of harmonics ultimately cause high economic losses resulting from the

additional costs linked to increased energy losses, over sizing of equipment, loss of

productivity due to accelerated ageing of equipment and unwanted tripping. [48]
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3.2.1.3 Harmonic Mitigation
Techniques used to mitigate harmonic voltages and currents in power systems

mainly fall into three categories. They are, [48]

1. Filtering Harmonic Components
ii.  Cancellation of Harmonic currents

iii.  Design considerations of equipment
Details on harmonic mitigation are discussed in Chapter 07 of this dissertation.

3.3 Literature Review on Power Quality of Wind Power Plants

Studies already carried out related to power quality of wind plants were referred at
the initial stage of the research and their methodologies and major identifications

were taken into consideration.

3.3.1 Power Quality Issues associated with Wind Plants

Usually, Wi ‘-u‘-_energy IS ‘considered  as-a “risky <sotirce iy ‘térms of power quality.
Utilities ac_‘r@t;s globe have jdentified adverse impacts of large scale integration of
wind resodr-?::é's. [56] Wind turbines have an uneven power generation following
natural variations of the wind. [5] Different power quality issues arise with operation
of wind turbines depending on the type of the equipment used for the plant and the

connected Grid Sub Station. Major concerns associated with wind plants are; [1]

i.  Voltage changes and Fluctuations
ii.  Flicker
iii.  Frequency variations
iv.  Grid reconnection time
v.  Voltage and Current Harmonics

vi.  Reactive power

In this dissertation, power quality aspects are discussed with reference to following

base documents.
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e Grid Connection Requirement for Wind Power Plants — Ceylon Electricity
Board.

e International Electromechanical Commission’s (IEC) standard no 61400-21:
Measurement and Assessment of Power Quality Characteristics of the grid

connected wind turbines.

e Institute of Electrical and Electronics Engineers (IEEE) standard no 1159-

2009: IEEE Recommended Practice for Monitoring Electric Power Quality.

When wind turbines are connected to a grid, its power quality highly depends on the
interaction between the grid and the wind turbines. [56] The study is carried out
based on IEC 61400-21 which has become the reference standard for the
certification of the grid-connected wind turbines in terms of power quality. The
researchers have recognized that, measurement and assessment procedure specified

by the standard demands a deep knowledge and experience on power quality issues.

Further _ ) a from voltage,
current ngl me-series. T0 seyve the above rfequirement, the research team has
developed tﬁ?w ystem {0 measure and wind speed
to assess powe

3.3.2 Voltage variations and Fluctuations

The intermittent nature of the wind causes voltage variation. Uneven power
production is common in both fixed speed and variable speed wind turbines. Fixed
speed wind turbines connected to a grid show high fluctuations where variable speed
turbines show a smoothed variation. In fixed-speed wind turbines, the tower shadow
and gradient of the wind speed cause power fluctuations. Switching operations of

wind turbine generating system also cause significant voltage variations. [5]
The variation of power is high during low winds and converges to a constant with

the increase of wind. Uneven power production and power fluctuation results in

voltage variations and flicker disturbances. [5] This documentation provides a
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comprehensive description on the power quality of wind turbines; organized in four

major sections as;

I.  Types of Electrical systems used in Wind Power Generation
ii.  Measurements on Voltage and Frequency Variations, Transients &
Harmonics.
iii.  Standards for Measuring and Testing Power Quality of Wind Plants.
Iv. Regulatory requirements concerning Power Quality of Wind
Turbines

Proposed methods for assessing the power quality of wind turbines in the study are

more appropriate to be used at wind plants having synchronous generators.

The main causes of voltage dips/sags at a wind turbine terminal are short circuits
and earth faults. These faults can be either symmetrical (three-phase) or non-

symmetrical (single phase, double phase or phase to earth). The magnitude of a

voltage e of faults, the
distance o tgbfg and' the' fault inipetance: 58]
The voltage d f the generator

which in turn may lead to the destruction of the power converter. To avoid this, most
wind turbines are automatically disconnected from the connected grid when a fault
occurs and reconnected when the fault is cleared. But it is not possible to disconnect
a wind plant from the grid without affecting the stability and reliability of the power
system. The typical control strategy used in an event of a grid failure is to disconnect
the wind turbines from the grid. But, when a significant amount of wind power is
integrated to the grid, disconnecting the wind turbines result in voltage instability

and collapse. [5]

3.3.3 Reactive Power
Fixed speed wind turbine units which employ induction generators require reactive
power from the grid to operate. The reactive power requirement in an induction

generator increases as the amount of power generation increases.
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According to the grid code of CEB, Power Factor and Reactive Power Support from

a Wind Power Plant shall be as follows.

“The recommended range for reactive power support by a wind farm is 0.80 lagging
to 0.95 leading. The exact level of reactive power support required from a wind farm
will depend on the outcome of grid interconnection studies. Therefore, unless
specific reactive power support is requested in the grid interconnection proposal, the
wind farm shall operate in the range of 0.98 leading to unity power factor. Failure to
operate below 0.98 leading power factor (i.e. less than 0.98 leading) shall result in

imposition of a penalty which shall be decided by CEB”.

Reactive power consumption is considerably high in wind turbines. It is identified as
a major limitation when integrating a wind plant to a grid with a limited reactive
power capability. [14], The study consists of observations made on measurements
done a _ | has concluded

- hac FalHan Alanwvir T Q AV YNOL AF Fha ' ARAra+:

that, th PO ime of the wind

plant.

In [14] and [37], conventional methods used for reactive power compensation are
described and incorporating an Advanced Static Var Compensator (ASVC) is

recommended for reactive power compensation.

3.3.4 Voltage Unbalance

Voltage Unbalance is a power quality problem observed mainly in distribution
feeders where wind plants are connected. Using dedicated feeders to connect wind
plants to the grid is recommended in order to avoid this unnecessary voltage
unbalance. [14]
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3.3.5 Flicker issue in wind plants

Flicker is considered as a major drawback and a limitation to integrate maximum
possible amount of wind power to the grid. Flicker arises from wind power plants
mainly due to variations in the wind speed, intermittent winds and tower shadowing
effect. [5]

As per [15], Flicker emission of grid connected wind turbines depends on mainly on
factors as,
i. Mean wind speed
ii. Turbulence intensity
iii.  Short circuit capacity ratio
Iv. Grid impedance angle

The specific goal of this research had been to investigate Flicker Emission and
Mitigation of grid-connected wind turbines with Doubly Fed Induction Generators
(DF|G) durina eontintiniie anaratinn Tha racearch ennchiidac that’ the Static
Synchronous:C ensatar (STATCOM) risisuperiok to theiStaiic VVar Compensator

(SVC) forflicker mitigationWwhich iscopmnionly usealinl Windg generation.

A Reactive power compensator of appropriate rating could be employed to
compensate the voltage changes and hence eliminate flicker in wind farms. [14],
[37] However, for wind plants connected to the transmission system, voltage flicker

is not a considerable issue. [5]

3.3.6 Harmonic issues associated with wind plants

In case of wind plants, current harmonics formed due to switching converters distort
the supply current. According to IEC 61400-21: Measurement and assessment of
power quality characteristics of grid connected wind turbines, harmonic
measurements are not required for fixed speed wind turbines where the induction
generator is directly connected to grid. Harmonic Measurements are required only

for variable speed turbines equipped with electronic power converters.
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Generally the power converters of wind turbines are pulse-width modulated

inverters, with carrier frequencies in the range of 2-3 kHz.

Voltage and current harmonics should be limited to allowable level at the point of
wind turbine connection to the system (PCC). Figure 3.4 shows the Instantaneous

Voltage and Current of a wind plant connected to a distribution Feeder at Puttalam.

30.0- - 2000
1500
20.0-
1000
10.0— 50.0
= 0.0 =
(=9 Y
= oo- =
= 500 5
10.0— -100.0
150.0
20.0-
-200.0
-30.0- , - 2500

1 1 1
100 10 426 130

St Tinra {mis]

Flgure34 Distorted, Mokltage and Current waveforms of a wind plant

directly connected to a distribution Feeder. (Original in Colour)

A typical bar plot of the amplitude of harmonics generated in a six-pulse converter

with respect to fundamental is shown in Figure 3.5.

Active Harmonic Filters are a successful solution to mitigate harmonics in a power
system. [48] A field survey on harmonic levels of different types of consumers had
been carried out to investigate the possible contribution of harmonics to the power
quality issues faced by them. A computer model of an active filter is also developed
and simulation of its operation and control is carried out using the

MATLAB/Simulink environment to analyze the harmonic mitigation capability.

31



Harmonic
Content %

Harmonics generated in a Six Pulse Converter

100 -
90 ~

80 -
70 ~

60 -

50 ~
40 -

30 ~
20 -

10 -

I:Il—r.l—rl-—r--—r-ﬁ

0 -

3

9 11 13 15 17 19 21 23 25 27 29 31
Harmonic Order

Figure 3.5

: Harmonics generated in a typical six-pulse converter
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Chapter 04

METHODOLOGY AND MEASUREMENTS

4.1 Methodology
The Research methodology followed is illustrated in Figure 4.1.

Recording Electrical Parameters

!

Data Analysis

'

29,700V < No
VRrus < / »\/oltage Events

206 0N0\/

Normat-Opeé|
No PF: 0.80 No Voltage No

Unbalance
<2%

lag to
0.95 lead

Yes
Yes 4

A 4 \

Harmonic Power Factor El_icke_r

Mitigation Improvement Mitigation
T T T
| | |
| | |

v v v v v A4 v

Acceptable Power Quality at the Wind Power Plant

Figure 4.1(a): Research Methodology followed during Normal Operation of WPPs
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Acceptable Power Quality at the Wind Power Plant

Figure 4.1(b): Research Methodology followed during Voltage Events
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4.2 Measurements

In this research, measurements of electrical parameters were carried out in four wind

plants located in west coast of Sri Lanka. Plants and their capacities are mentioned
in Table 4.1.

Table 4.1: Wind Power Plants used for measuring purposes

_ ) Installed capacity
Wind Power Plant Location
(MW)
Plant01 | Seguwantivu WPP | Close proximity 10.00
Plant 02 | Vidatamunai WPP of Puttalam 10.00
Plant 03 Nirmalapura WPP Kalpitiya 10.00
Plant 04 | Pavandanavi WPP peninsula 10.00

Figure 4.2 shows the seasonal wind pattern in Puttalam. Average wind speeds are

high during May — September where the country’s whether condition mainly

depends on the South— West monsoon.

Average Wind Speed({m/s)

Momnthly.Average Wind Speed

Jan  Feb  Mar  Apr May  Jun Jul

Month

Aug  Sep Oct MNow Dec

Figure 4.2: Seasonal wind pattern in Puttalam

35



4.2.1 Equipment used for Data Logging

Fluke 435 Handheld Three-Phase Power Quality Analyzer was used for the

measurements. It complies with IEC standard 61000-4-30: Testing and measurement

Techniques - Power Quality measurement methods — Class A. Key features of the

analyzer are, [16]

e Maximum input current — 3000A

e Maximum input VVoltage —1000 V

e Harmonic measurements — up to 50™ harmonic
e Accuracy -0.1%

e Software - Fluke Power Log and FlukeView

The Power Quality Analyzer was installed at each WPP’s point of connection with

the national grid and parameters corresponding to the addition of all individual wind

turbine units in a single plant were recorded. However, it was not possible to record

parameters at all four WPPs under study simultaneously as only one Power Quality

Analyzer was available; which was a limitation of the research. Sampling time was

taken as 1§?§inute due..ta. data-storage. Wmitations..af : the .equipment. Recorded

parametersiaie as fohlayvs,

Vi.

Vil.

viil.

Line to iine rms, peak and fundamentai voitages — minimum, maximum
and average
Line to line rms, peak and fundamental Currents — minimum, maximum
and average

Frequency — minimum, maximum and average

Short Term Flicker Index (Psr)
Long Term Flicker Index (P.1)

Active, Reactive and Apparent Power — minimum, maximum and
average
Power Factor

Voltage unbalance (%)
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ix.  Total Harmonic Distortion — Voltage

X.  Average Voltage Harmonics from H=2 up to H=50
xi.  Total Harmonic Distortion — Current
xii.  Average Current Harmonics from H=2 up to H=50

4.2.2 Plant 01 : Seguwantivu WPP

Seguwantivu and Vidatamunai plants are connected to Puttalam Grid Sub Station
(GSS) through a 14.7 km 33kV dedicated feeder and a 31.5 MVA 132/33 kV
transformer. The fault level of the 33kV bus is 11.2kA. The measurements were
done from 12" July 2012; 18.29 hrs to 20" July 2012; 19.25 hrs at Seguwantivu.
This plant falls to Type “D” of the classification of wind turbines. A block diagram

showing main components of the plant is given in Figure 4.3.

Gear Box
1:66 National
e fr— Grid
£5 J (Wnvefsit Moratuwa, Seilanka:
S . ’ ) i
- VI3 KV
Generator Full Power (12 X' 950 kVA)

(12 x 842 kVA) Converter
Variable Speed
Wind Turbine
(12 X 800 kw)

Figure 4.3: Major Plant Components at Seguwantivu WPP

Main technical parameters of Seguwantivu WPP are given in Table 4.2.

Table 4.2 - Major Technical Parameters of Seguwantivu WPP

10 MW

Installed Capacity

100% variable speed
6.9 m/s (At 60m)

Power Regulation

Average Wind Speed

Expected Plant Factor - 30%

37



Turbine

Make and Model - Gamesa AE-59

Turbine Capacity - 800 kW

No of Turbine Units - 12

Rotor Diameter - 59m

Tower Hub Height - 60m

Cut-in Wind Speed - 35mfs

Rated Wind Speed - 11m/s

Generator

Type - Synchronous generator with independent

Generator Capacity
nominal speed
No of Poles

Output voltage range

excitation.
- 842 kVA
- 1500 rpm
- 04
- .0-1000V
1, Q=0Q0Hz

Output frecg‘}%ﬁcy range

Grid connection

Through a Full Power Converter (850kW).
Three Main parts;

e 3 Phase Diode Rectifier to transform the
variable voltage and frequency energy from the
generator into DC energy.

e DC Chopper for power control and voltage
boost from 1000V to 1700V

e 3 phase PWM Inverter for Power conversion
from DC to AC and grid properties (V-f)
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4.2.3 Plant 02 : Vidatamunai WPP

In design and technical configuration, Vidatamunai WPP is identical to Seguwantivu
WPP. They are located in adjacent to each other and connected to Puttalam GSS
through a common 33KV dedicated feeder as mentioned in above 4.2. Vidatamunali
consists of 13 X 800kW turbine units. The measurements were done from 23™ July
2012; 14.11 hrs to 29" July 2012; 09.49 hrs at Vidatamunai.

4.2.4 Plant 03 : Nirmalapura WPP

Nirmalapura WPP is connected to the 220/33 kV Gas Insulated Substation (GIS) at
Norochcholai through a dedicated 33kV feeder connecting all wind plants located in
Kalpitiya peninsula. A 70 MVA 220/33 kV transformer is provided for connecting
wind power at the Substation. The measurements were done from 16™ August 2012;
16.59 hrs to 23™ August 2012; 02.58 hrs at Nirmalapura. This plant also falls to
Type “D” of the classification of wind turbines. A block diagram showing main

components of the plant is given in Figure 4.4.

P \ I ) H
vl
c | — I <
- ) .
PM Synchronous ' 620V/33kV Na_tlonal
Generator Full Power Grid
(7 x 1500 kW) Converter
Variable Speed
Wind Turbine

(7 X 1500 kW)

Figure 4.4: Major Plant Components at Nirmalapura WPP

Main technical parameters of Nirmalapura WPP are given in Table 4.3.
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Table 4.3: Major Technical Parameters of Nirmalapura WPP

Installed Capacity - 10 MW
Power Regulation - 100% variable speed
Average Wind Speed - 6.8mfs
Expected Plant Factor - 32%
Turbine
Make and Model - Vensys 77
Turbine Capacity - 1500 kW
No of Turbine Units - 07
Rotor Diameter - 77m
Tower Hub Height - 8m
Cut-in Wind Speed - 3.0m/s
Cut-out Wind Speed - 22.0mls
Vpé‘w;’ DArmariant NMaAanof r tor
nominal speed - 9-17.3 rpm (no Gear Box)
Output voltage - 620V
Grid connection Through a Full Power Converter

4.2.5 Plant 04 : Pavandanavi WPP

Pavandanavi WPP is also connected to the 220/33 kV GIS Substation at
Norochcholai through the dedicated 33kV feeder that connects all wind plants
located in Kalpitiya peninsula. The measurements were done from 01 November
2013; 17.42 hrs to 08" November 2013; 02.12 hrs. This plant falls to Type “C” of
the classification of wind turbines. A block diagram showing main components of

the plant is given in Figure 4.5.
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DFIG

Gear Box 15, 850 kw)

1:61.74

;3"‘"* /

2

]

i

690V/33kV National
12 X 1000 Grid
kKVA

Variable Speed ~y o
Wind Turbine
(12 X 850 kW)

- v

Power Converter

Figure 4.5: Major Plant Components at Pavandanavi WPP
Main technical parameters of Pavandanavi WPP are given in Table 4.4,

Table 44l€vgjor Technicdl Parameters of Ravandanavi - WRp

Installed Capacity =10'MW
Power Regulation - 100% variable speed
Average Wind Speed - 6.5m/s
Expected Plant Factor - 30%
Turbine

Make and Model - Gamesa G58
Turbine Capacity - 850 kW

No of Turbine Units - 12

Rotor Diameter - 58m

Tower Hub Height - 55m

Cut-in Wind Speed - 3.0m/s
Cut-out Wind Speed - 23.0m/s
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Generator

Type

Generator Capacity
nominal speed

No of Poles

Output voltage

Output frequency

Doubly Fed Induction Generator
850 kW

1000: 1950 rpm

04

690V

50Hz

The detailed data analysis of above four case studies is presented in Chapter 05.
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Chapter 05

DATA ANALYSIS

In this chapter, measured electrical parameters of the four wind plants are analyzed
in detail. For each power quality aspect, a set of norms and marginal values were set
to evaluate each wind plant’s performance. Norms and margins were set mainly

based on referring following documents.

e Grid Connection Requirement for Wind Power Plants — Ceylon Electricity
Board (referred as “Grid Code” hereafter)
e |EC 61400-21: Measurement and Assessment of Power Quality

Characteristics of the grid connected wind turbines.

5.1 Voltage Variations
According ie fid.connection. requirement, thedaehavion of voltage of the grid

connected Wﬁﬂ Urmes-$noehit-08 aS-kQHOWS

“The elllu\.;uu\'u vvitiu r.llulll. ShHian \Jr.l\'lul.\a LIIUUUII VUL uiv v el Ivb Of Voltages (+/-

10%) with time base capabilities depicted below.

Over Voltage: 1.10 PU - Continuously
> 1.10 PU, 1sec - Should remain connected to the grid

for 1 second and trip.

Under Voltage: < 0.90 PU, 3 sec - If Low Voltage Ride Through
(LVRT) capability applicable. Should remain connected to the
grid for 3 seconds and trip.

Otherwise; <0.90 PU, 1sec - Should remain connected for 1s and

trip”

Voltage variations of grid connected wind farms occur mainly due to faults at the

grid side or during switching operations of the wind turbines.
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5.1.1 Interruptions

Interruptions are the durations that V.. < 3,300 V. Norms used to analyze Voltage

Interruptions are,
I.  No of Interruptions

ii.  Interruption Duration

iii.  Reasons for the Interruption

Summary of Interruptions are given in Table 5.1 and duration of recorded events is

illustrated in Figure 5.1.

Table 5.1: Summary of Interruptions

Wind Power Plant Plant 01 Plant 02 Plant 03 Plant 04
No of Events 3 6 3 -
To.tal Duration 612 206 3 )
(min)
As @ % ‘ | 0.00%
meas ig| ELR , \
%ﬂm"? [ ; VU3 ‘ N2 S
1N No
Interruptions
Remarks - within 40 \7\;;[;1 ““““““ during
minutes with ) ) measurement
immediate )
less than 5 interval
. . voltage sags.
min durations.

No interruptions have occurred in Plant 04 during the measurement interval.

Interruptions of grid connected embedded generators occur mainly due to network

faults. Apart from that, plant has been tripped after immediate voltage sags in plants

01 and 02. In plant 02, most of the interruptions seem to have occurred due to

internal faults of the WPP. Further details on each event are attached as Appendix A.
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5.1.2 Voltage sags

Voltage sags are the durations less than 1 min that 3,300 < V.. < 29,700 V. Norms

used to analyze Voltage sags are,

a ~ Wb oE

No of Voltage Sags

Depth of the Voltage Drop
LVRT Capability

Time taken to recover voltage
Reasons for the sag

Low Voltage Ride Through (LVVRT) Capability

According to the Grid Code, LVRT Capability is applicable for wind farms having

installed capacities of 5 MW or above. The conditions are,

The wind power plant shall be connected to the grid during voltage
disturbances (Under voltage conditions) of the power system for a short

period of time.

If tg@égrid voltage at thepoint, ofginferconnection reduces to 40% of the
norfjmy voltage-and remain ai40% of nominal voltage for a period less than
100 ms and then recover to a voltage level of 90% or higher within 3

seconds, the wind farm shall remain connected to the grid.

If the voltage during the disturbance reduces below the aforesaid voltage

profile, the wind farm shall trip.

The sampling time of the measured data is 1 min. Therefore, to observe LVRT

capability, following criteria was used.

“If the grid voltage at the point of interconnection reduces to 40% of the
nominal voltage and remain at 40% of nominal voltage for a period less than
1mins and then recover to a voltage level of 90% or higher within 1 min, the
wind farm shall remain connected to the grid.

If the voltage during the disturbance reduces below the aforesaid voltage

profile, the wind farm shall trip.”
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Summary of Voltage Sags are given in Table 5.2. No Sags have occurred at

Pavandanavi during the measurement interval. In 02 events at Seguwantivu, 03

events at Vidathamunai and 05 events at Nirmalapura; the sags are followed by an

interruption. Further analysis on each event is attached as Appendix B.

Table 5.2: Summary of Voltage Sags

Wind Power Plant Plant 01 Plant 02 Plant 03 Plant 04
No of Voltage Sags 3 3 9 -
No of Sags having
- 2 2 7 -
LVRT capability
Deoth of sa 0.3-0.8 0.41-0.83 0.31-0.85 )
P J \Y nominal \% nominal \% nominal

5.1.3 Under voltage events

Under voltage events are the durations longer than 1 min that 3,300 < V. < 29,700

V. Norms used to analyze Under Voltage events are,

Noggnder Voitade Events and bartish

5
. Voitage/Drop

1
2
3. Time taken to recover voltage
4

Reason for Under Voltage event

Table 5.3: Summary of Under Voltage Events

Wind Power Plant Plant 01 Plant 02 Plant 03 Plant 04
No of Under ] ) ) ]
Voltage Events

Duration (min) - 4 4 -
Depth of Under ) 0.78-0.87 0.57-0.68 )
Voltage V nominal V nominal

No Under Voltages occurred at Plant 01 and Plant 04 during measurement intervals.

Further analysis on each event is attached as Appendix C.
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5.2 Frequency Variations
According to the grid code, the allowable frequency band is 0.94 PU - 1.04 PU (47
HZ to 52 HZ). Frequencies measured at WPPs are as follows.

Plant 01 - 48.978 - 50.556 Hz
Plant 02 - 48.859 - 50.687 Hz
Plant 03 - 49.032 - 51.376 Hz
Plant 04 - 49.208 - 51.238 Hz

As all four WPPs lies within the allowable range, there are no power quality issues

regarding frequency events.

5.3 Behavior of WPPs during Normal Operation
Operations when nominal voltage is within 29,700 V — 36,300 V are considered as
normal/ steady state operation. Following norms were used to analyze plant behavior

during Steady State.

hadior of V)
€3

slavior

A

5. Variation of Power Factor
6. Behavior of Short term Flicker Index

Embedded generators do not generate power at its full capacity all the time. In wind
plants, power generation varies with the wind speed at site. Variation of Power

Generation in one of case studies is shown in Figure 5.1.

Active power flow from all four plants varies from minus values (where the plant
draws active power from the grid) to their maximum installed capacity except for
Plant 03. In plant 03; the maximum active power generation had been 157.5 kW
during the measurement interval. Therefore, for analytical purposes, steady state

behavior of each wind plant was classified into five categories as follows.
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i.  Active Power (P) <0
ii.  Active Power =0
iii. 0<P<850kW
iv. 850kW<P<5MW
v. 5MW<P<10 MW

The corresponding durations of these categories are given in Figures 5.2 (1) -5.2 (4).

e Active Power (Ave)

Reactive Power (Avg)

02

-05

257 2617 277 287

Figure 5.1: Variation of Active Power Generation in Plant 02 (Original in Colour)

Caid @B ecumhntis-WPP T acdk 0 Gasef2+Vidathamunai WPP
= s -0 1%
23%
—— mP =0
mP=0 BP=0
W0 =P< 850 KW m)=P=830 kW
EES0LW<P=3 MW BES0EW<P<3 MW
W3 MW=P<= 10 MW B MW=P= 10 1MW
Figure 5.2 (1) - Seguwantivu WPP Figure 5.2 (2) - Vidathamunai WPP
Case 03 - Nirmalapura WPP Case 04 - Pavandanavi WPP
067% 029% %105
mF<( mF=0
mP=0 mP=0
ml=P=830 kW mi<P< B30 LW
BRSO LW <P =5 MW WESIEW=P=3 MW
B3 MW =P= 10 MW w3 MW =PF<= 10 MW
Figure 5.2 (3) - Nirmalapura WPP Figure 5.2 (4) - Pavandanavi WPP

Figure 5.2 : Durations of categories of power generation (Original in Colour)
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5.3.1 Allowable limits for harmonic content

According to the grid code, Total Harmonic Distortion (THD) and emission of the
individual harmonics has to be specified for frequencies up to 50 times the
fundamental grid frequency. Further, Total Harmonic Distortion has to be less than
5% of the fundamental. The relevant emission limits for individual harmonics are

given in Table 5.4.

Table 5.4 — Allowable Harmonic Limits in Grid Code

Harmonic order Odd harmonic Even harmonic
Current current

(%) (%)

n<i1 4.0 1.0

11<n< 17 2.0 0.5

17<n<23 15 0.4

23<n<35 0.6 0.2
85< bhivg 053 0

,._i_._‘.}_,, 1 T - T
*wcw?

5.3.2 Harmonic spectrums

Harmonic Spectrums of the four plants obtained from the Analyzer are depicted in
Figures 5.3(a) to 5.3(d). Values are given as a percentage of fundamental voltage
and current. Maximum values are pointed with a red arrow and minimum values

with a green arrow. Average values are indicated with a bar.
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Figure 5.3(a) : Voltage and Current Harmonic Spectrum for Plant 01 (Original in

~ Colour)
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Figure 5.3(b) : Voltage and Current Harmonic Spectrum for Plant 02 (Original in

Colour)
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Figure 5.3(c) : Voltage and Current Harmonic Spectrum for Plant 03 (Original in

~ Colour)
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Figure 5.3(d) : Voltage and Current Harmonic Spectrum for Plant 04 (Original in
Colour)
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5.3.3 Harmonic content in voltage waveform

5.3.3.1 Harmonic content in voltage waveform when P<0

Figure 5.4 shows average harmonic voltages observed as a percentage of the
fundamental voltage. In plants 01, 02 and 03, average harmonic voltages other than
n > 23 are within allowable limits. The maximum percentages of harmonics in these
03 Plants have gone above 10%. In Plant 04, average harmonic voltages are well
below allowable maximum limits for all categories. Harmonic voltages from n=23 to
n=50 are not recorded in Plant 04. Minimum, maximum and average voltage
harmonic percentages along with the percentage durations that exceed the allowable

maximum limits are given in Appendix D (i).

Average Voltage Harmonics when P<0

Harmonic
category
# 1'21% | | ‘ ‘ = Max allowable limit
23<=n< 50 odd + even %
®Plant 04
| i ‘ Plant 03
|
1 5% Plant 02
mPlant 01
11<=n<17 even %
11<=n<17 odd %
n<11 even %
4.0%
n<11 odd %

% Harmonic

0.0% 0.5% 1.0% 15% 2.0% 2.5% 3.0% 3.5% 4.0% Voltage

Figure 5.4 : Comparison of Average Harmonic Content in Voltage Waveform
when P<0 (Original in Colour)
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5.3.3.2 Harmonic content in voltage waveform when P=0
Figure 5.5 shows average harmonic voltages observed as a percentage of the

fundamental voltage when P=0.

Average Voltage Harmonics when P=0

Harmonic
Categories
1.2% | = Max allowable limit
23<=n< 50 odd + even %
®Plant 04
17<=n<23even % Plant 03
EPlant 02
17<=n<23 odd %
° EPlant 01
11<=n<17 even %
11<=n<17 odd %
n<lleven %
4,0%
n<11 odd %
mersity-or iMoratowa. oS- Lanka % Harmonic

0.0%1 0,506~ % 0% THH% ~2.0% 9% 30% 38% 4.0% Voltage

Figure 5.5 : Comparison of Average Harmonic Content in Voltage Waveform
when P=0 (Original in Colour)

There are no records of P=0 events with respect to Plant 01. In Plant 02 and 03,
average harmonic voltages when (23<=n< 50 odd + even %) have exceeded
allowable limits. The maximum percentages of harmonics in these 02 Plants have
gone above 10% as well. In Plant 04, average harmonic voltages are well below
allowable maximum limits for all categories. Harmonic voltages from n=23 to n=50
are not recorded in Plant 04. Minimum, maximum and average voltage harmonic
percentages along with the percentage durations that exceed the allowable maximum

limits are given in Appendix D(ii).
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5.3.3.3 Harmonic content in voltage waveform when 0 < P < 850 kW
Figure 5.6 shows average harmonic voltages observed as a percentage of the

fundamental voltage when 0 < P < 850 kW.

Average Voltage Harmonics when 0 < P < 850 kW

Harmonic
Categories
= 0,
23<=n<50 odd + even % 8.13% ™Max allowable limit
17<=n<23even % ¥ Plant 04
Plant 03
17<=n<23 odd %

m Plant 02
11<=n<17 even % m Plant 01

11<=n<17 odd %

n<l11leven %

n<11odd %

| ' % Harmonic
0.0% 1.0% 2.0% 3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0% Voltage

Comparisors of, AveragerHammanic>Contentkin. VVoltage Waveform
hen-0'<-Pl< 859 KW Originalin-Colour)

Figure 5.6

In Plant 01, allowable limits of even harmonics have exceeded for (n<23). High
harmonic voltages have been recorded for 02", 04", 14™ and 16™ harmonics. For
80% of the measurement interval, harmonic level has exceeded the allowable limit.
For harmonic order 23-50, average percentages of voltage harmonics is very high as
8.13% and maximum percentage has risen to 64.28% which is extremely
unacceptable. For Plant 02, only harmonic contents of harmonic order 23-50
considerably exceeds the limit and maximum percentage has risen to 52.68%. For
Plant 03 and 04, average harmonic voltages are below the allowable maximum
limits for all categories. Harmonic voltages from n=23 to n=50 are not recorded in
Plant 04. Minimum, maximum and average voltage harmonic percentages along
with the percentage durations that exceed the allowable maximum limits are given in
Appendix D(iii).
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5.3.3.4 Harmonic content in voltage waveform when 850 kW < P <5 MW
Figure 5.7 shows average harmonic voltages observed as a percentage of the
fundamental voltage when 850 kW <P <5 MW.

Harmonic Average Voltage Harmonics when 850 kW < P <5 MW

Categories

23<=n< 50 odd + even
% 9.87%
17<=n<23 even %

= Max allowable limit
17<=n<23 odd %

HPlant 04

11<=n<17 even % Plant 03
| |

11<=n<17 odd % Plant 02

EP|ant 01

n<11even %

n<11 odd %

9% Harmonic
0.0% 1.0% 2.0% 3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0%10.0% Voltage

when8B0 KW I Rit5Y (Original in Colour)

In Plant 01, allowable limits of even harmonics have exceeded for (n<23) during the
entire measurement interval. High harmonic voltages are recorded for 02", 04™ 8th,
14™ 16™ and 22" harmonics. For 84% of the time, (17<=n<23 ) odd harmonics has
risen due to high 17" harmonic. For harmonic order 23-50, average percentages of
voltage harmonics is very high as 9.87% and maximum percentage has risen to
29.11% which is extremely unacceptable. Harmonic behavior for Plant 02 is same as
Plant 01. There are no records under this group for Plant 03 and in Plant 04, average
harmonic voltages are below the allowable maximum limits for all categories.

Harmonic voltages from n=23 to n=50 are not recorded in Plant 04.

Minimum, maximum and average voltage harmonic percentages along with the
percentage durations that exceed the allowable maximum limits are given in
Appendix D(iv).
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5.3.3.5 Harmonic content in voltage waveform when 5 MW <P <10 MW
Figure 5.8 shows average harmonic voltages observed as a percentage of the
fundamental voltage when 5 MW < P <10 MW.

Average Voltage Harmonics when 5 MW < P < 10 MW

Harmonic
Categories

23<=n< 50 odd + even % ’ 7.56%
8.10%

17<=n<23 even %

= Max allowable limit
17<=n<23 odd %

¥ Plant 04

Plant 03
= Plant 02
= Plant 01

11<=n<17 even %

11<=n<17 odd %

n<lleven %

n<11odd %

: ’ % Harmonic
0.0% 1.0% 2.0% 3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0% Voltage

Figure 5.88&™k Comparison of Average Hasmepic Content in Voltage Waveform

heR:BMW 5P 04IMW(Original in Colour)

In Plant 01 and Plant 02, all harmonic categories except (n<11) odd harmonics have
exceeded allowable limits. High harmonic voltages are recorded for 02", 13", 14™
17"and harmonics from 23-50. For harmonic order 23-50, average percentages of
voltage harmonics are very high as 8.1% and 7.56% respectively. Harmonic contents
in all categories except (n<17) odd harmonics has violated allowable limits during
entire measurement intervals.

There are no records under this group for Plant 03. In Plant 04, average harmonic
voltages are below the allowable maximum limits for all categories. Harmonic
voltages from n=23 to n=50 are not recorded in Plant 04. Minimum, maximum and
average voltage harmonic percentages along with the percentage durations that

exceed the allowable maximum limits are given in Appendix D(v).
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5.3.3.6 Total harmonic distortion (THD) of voltage

Table 5.5 shows average and maximum THD values of voltage observed as a

percentage of the fundamental voltage and the durations that Vrup exceeds its

maximum allowable limit of 5%.

Table 5.5 : Behavior of Vrp
Harmonic
V1uo Plant 01 Plant 02 Plant 03 Plant 04
Category
Average 2.51% 3.18% 3.90% 0.95%
b<0 Maximum 10.13% 10.83% 11.65% 1.83%
<
% Duration — V1o
) 18.8% 18.00% 27.69% 0%
exceeding 5%
Average NA 3.33% 4.58% 0.82%
b0 Maximum NA 28.66% 12.06% 1.44%
B % Duration — V1p
) NA 14.17 39.29% 0%
exceeding 5%
#5Averade AT (00 4,66% 1.46% 0.79%
P
0<P< é_fi/laximum B35BT B2183% 327.67% 3.23%
850 kW =88 Durafioh YWALLL,
) 75.84% 20.55% 0.25% 0%
exceeding 5%
Average 9.21% 9.22% NA 0.79%
850 kW < | Maximum 28.12% 15.00% NA 4.34%
P<5MW | % Duration — Vq1p
. 98.17% 99.83% NA 0%
exceeding 5%
Average 7.85% 8.20% NA 0.83%
5 MW < _
Maximum 14.41% 19.00% NA 1.36%
P<10
% Duration — V1tup
MW 98.70% 99.04% NA 0%

exceeding 5%

Figure 5.9 shows the behavior of average Vryp for above five harmonic categories.
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Figure 5.9 — Behavior of Average Vyp in four wind plants (Original in Colour)

During P <0, average voltage THD levels are within the limit but except in Plant 04,

maximum voltage THD levels have gone above 10%. During P > 0, following major

observations are made.

Plant 01 — Average voltage THD levels have gone above 7.5% and highest

:’50 kW, < P <5 MW), When active power generation is in MW range,
A
THE:

Eﬁvels have, exgeeded: the. maximum allowable limit of 5% for almost

the entire period of measurement.

Plant 02 — Average voltage THD levels have gone above 8% when P > 850
kKW. As in Plant 01, when active power generation is in MW range, THD
levels have exceeded the maximum allowable limit of 5% for almost the

entire period of measurement.

Plant 03 — Average voltage THD level is within the limit. But, for few times,
V1up has risen to very high values above 100%. The duration showing this
abnormal behavior is negligible therefore, voltage harmonic distortion in this

plant can be considered as satisfactory.

Plant 04 — Even maximum voltage THD levels are within the limit during
entire period of measurement. Average voltage THD level is below 1%.
Therefore, voltage harmonic distortion in this plant can be considered as

negligible.
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5.3.4 Harmonic content in current waveform

5.3.4.1 Harmonic content in current waveform when P<0

Figure 5.10 shows average harmonic currents observed as a percentage of the

fundamental current.

Harmonic
category
17<=n<50 %

11<=n<17 even
%

11<=n<17 odd %

n<l1leven %

n<11 odd %

Average Current Harmonics when P <0

S I N

= Max allowable limit
m Plant 04

Plant 03
®'Plant 02
" Plant 01

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

% Harmonic
Voltage

In all four Plants, average harmonic currents exceed allowable limits for all five

harmonic categories. Largest harmonic content of 88.4% is shown in Plant 03 when

(17<=n<50 %). Of the four Plants, Plant 04 has the minimum harmonic content.

Harmonic orders with high harmonic currents are given in Table 5.6 for each Plant.

Table 5.6: Harmonic orders with high harmonic content when P<0
Plant High Odd Harmonics High Even Harmonics
Plant 01 3,5,7,13, 17, (27 — 49) 2, (26 — 50)
Plant 02 3,5,13,17, (27 - 49) (26 —50)
Plant 03 3,5, 11, 13, (21 — 49) (22 - 50)
Plant 04 5,11, 13 —

59



Minimum, maximum and average current harmonic percentages along with the
percentage durations that exceed the allowable maximum limits are given in
Appendix E(i).

5.3.4.2 Harmonic content in current waveform when P=0
Figure 5.11 shows average harmonic currents observed as a percentage of the

fundamental current.

Average Current Harmonics when P =0

Harmonic
Category

17<=n<50 %
Max allowable limit
mPlant 04
Plant 03
mPlant 02
=Plant 01

11<=n<17 even
%

11<=n<17 odd %

n<11 even %

si 4 gedllvi f | ' !
n<1lodo§z:3b Eleciroig 1 heses ¢ [ ]

iy , 1L ELT PosEets RBEaate JRis

R V AC IR % Harmonic
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 0

Voltage

Figure 5.11: Comparison of Average Harmonic Content in Current Waveform

when P=0 (Original in Colour)

There are no events recorded for Plant 01 when P=0. In other three Plants, average
harmonic currents exceed allowable limits for all five harmonic categories where
Plant 04 shows the minimum. For harmonic orders (2-10), average harmonic
currents in Plants 02 and 03 are larger than 50%. Harmonic orders with high

harmonic currents are given in Table 5.7 for each Plant.
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Table 5.7: Harmonic orders with high harmonic content when P=0

Plant High Odd Harmonics High Even Harmonics

Plant 02 All current harmonics are comparatively high and gradually
an
decreases from n=2 to n=50

(2-50) except 18™ and 20™

Plant 03 (3-49) except 19™ harmonic )
harmonics

Plant 04 57 —

Minimum, maximum and average current harmonic percentages along with the
percentage durations that exceed the allowable maximum limits are given in
Appendix E (ii).

5.3.4.3 Harmonic content in current waveform when 0 < P < 850 kW
Figure 5.12 shows average harmonic currents observed as a percentage of the

fundamental current.

‘* Avearage CurrentriHarmoenicsiwhen O s:P-<,850 KW

CategofyFe=

3.1%

= Max allowable limit
H Plant 04

17<=n<50 %

11<=n<17 even Plant 03
%

EPplant 02

11<=n<17 odd % " Plant 01

n<l1leven %

n<11 odd %

' ' ! ! ! ' ! % Harmonic
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% Voltage

Figure 5.12: Comparison of Average Harmonic Content in Current Waveform
when 0 < P < 850 kW (Original in Colour)
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For Plants 01, 02 and 04, average harmonic currents exceed allowable limits for all
harmonic categories where Plant 04 shows the lowest of them. For Plant 03, only
n<17 even harmonic currents has gone above acceptable limits. Harmonic orders

with comparatively high harmonic currents are given in Table 5.8 for each Plant.

Table 5.8: Harmonic orders with high harmonic content when 0 < P < 850 kW
Plant High Odd Harmonics High Even Harmonics
Plant 01 3,5,7,13,17, (27 - 49) 2,4,8, 16, (26 — 50)
All current harmonics are comparatively high and gradually
Plant 02
decreases from n=2 to n=50
Plant 03 3,5 —
Plant 04 — —

Minimum, maximum and average current harmonic percentages along with the

percentage durations that exceed the allowable maximum limits are given in

Appendix Ef
=
5344 }rrn(}.’" ML LTI A Y “\ b 1 H 5\{‘\:- P < 5 MW
For Pl _ le limits for all

harmonic categories where Plant 01 shows the highest. There are no events recorded
for Plant 03. For Plant 04, only harmonic currents less than harmonic order 11 has
gone above acceptable limits. Harmonic orders with comparatively high harmonic

currents are given in Table 5.9 for each Plant.

Table 5.9: Harmonic orders with high harmonic content when 850 kW < P <5 MW

Plant High Odd Harmonics High Even Harmonics
Plant 01 5,7, 13, 17, (27 — 49) 2, 4, (26 — 50)
Plant 02 5,13, 17, (21 -49) 2,4, (22 -50)
Plant 04 - -
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Figure 5.13 shows average harmonic currents observed as a percentage of the

fundamental current.

Average Current Harmonics when 850 kW < P <5 MW

Harmonic
Category

= Max allowable limit
17<=n<50 %

®Plant 04

Plant 03
mPlant 02
mPlant 01

11<=n<17 even
%

11<=n<17 odd %

n<lleven %

n<11 odd %

% Harmonic

0% 5% 10% 15% 20% 25% 30% Voltage

Minimum, maximum and average current harmonic percentages along with the

percentage durations that exceed the allowable maximum limits are given in
Appendix E (iv).

5.3.4.5 Harmonic content in current waveform when 5 MW < P < 10 MW

There are no events recorded for Plant 03. For Plants 01 and 02, average harmonic
currents exceed permissible limits for all harmonic categories. For Plant 04, average
harmonic currents are well below the maximum permissible limits. Harmonic orders

with comparatively high harmonic currents are given in Table 5.10 for each Plant.
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Table 5.10: Harmonic orders with high harmonic content when 5 MW <P <10 MW

Plant High Odd Harmonics High Even Harmonics
Plant 01 05,13 02
Plant 02 05 02
Plant 04 57 02

Figure 5.14 shows average harmonic currents observed as a percentage of the

fundamental current.

Average Current Harmonics when 5 MW < P <10 MW

Harmonic
Category
3.1% B Max allowable limit
17<=n<50 %
EPlant 04
Plant 03
11<=n<17 even % = Plant 02
mPlant 01
2.0%
11<=n<17 oddi%:
R tdmves . .
SET ! -
= 199% ¢
n<lleveiea ¥Y YV ¥Y .11u.uu L. LI

% Harmonic

4.0%
e m—
T T T T T T 1 Voltage

0% 1% 2% 3% 4% 5% 6% 7% 8%

Figure 5.14 — Comparison of Average Harmonic Content in Current Waveform
when 5 MW < P <10 MW (Original in Colour)

Minimum, maximum and average current harmonic percentages along with the

percentage durations that exceed the allowable maximum limits are given in

Appendix E(v).
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5.3.4.6 Total Harmonic Distortion (THD) of Current

Average, Minimum and maximum THD values of current observed as a percentage

of the fundamental and the durations that ltyp exceeds its maximum allowable limit

of 5% are given in Table 5.11.

Table 5.11 : Behavior of ltup
Power
lthp Plant 01 Plant 02 Plant 03 Plant 04
Category
Minimum 10.49 9.36 12.30 7.07
Average 44.56 31.90 93.90 12.45
P<0  Maximum 327.67 327.67 327.67 25.28
0, 1 _
% Duration =V |54 100.0 100.0 100.0
exceeding 5%
Minimum NA 57.31 20.74 7.32
Average NA 64.81 173.15 11.35
P=0 " IMaximum NA 142.45 315.73 21.03
0, i _
% Duration — Vo NA 100.0 100.0 100.0
exceeding 5%
Winimufn 197s1 4306 3.02 4.46
0<p< %erage 435 1316 4.33 12.80
850 K\ SivEEX i muh 32767 327.67 324.75 26.35
O, i _
/o buralion =V |54 100.0 6.97 99.86
exceeding 5%
Minimum 7.45 5.48 NA 1.09
850 KW < P Average 21.62 12.35 NA 4,71
<5Mw  Maximum 199.32 66.53 NA 13.87
0, 1 _
% Duration =V |1 100.0 NA 37.28
exceeding 5%
Minimum 5.00 3.67 NA 0.71
5 MW < Average 6.58 5.61 NA 1.26
P <10 MW Maximum 121.89 50.56 NA 3.10
0, 1 _
% Duration =V |54 67.21 NA 0%
exceeding 5%
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Following observations are made on the behavior of I+p.

Plant 01 — Average Itup levels are completely out of the acceptable range
during the period of measurement. It has gone very high when there is no
active power generation (P). It has reduced by 75% when P is in KW range.

The minimum Iyp of 5% is shown when P is at its maximum in MW range.

Plant 02 — As same in Plant 01, average Irnp levels have gone has gone very
high when there is no active power generation. It has reduced by 85% when
P is in KW range. Further reduction is observed when P rises to MW range.

Plant 03 — This plant shows the highest Ityp levels during P < 0. When P>0,

distortion level has reduced and have reached permissible levels.

Plant 04 — Plant 04 shows the lowest Itp levels during P < 0 but still greater
than 10%. The same level continues when P is in KW range which is much
lower than Plants 01 and 02 but higher than Plant 03. Average Ityp level
have fallen below 5% when active power generation rises to MW range and
ICES \ . e of |.four Plg ly Itup levels in
i:bllg?g‘ix rig P>5 MW fully satisfiesthe grid code re nent.

5.3.5 Voitage unbalaince during steady siaie

Voltage unbalance factor was calculated for each Plant according to the NEMA

definition where,

Voltage Unbalance = Maximum deviation from the mean of {Vab, Ve, Vea}

Mean of {Vay, Ve, Vea}

Voltage unbalance measured at WPPs lie within following range.

Plant 01 - 0.01 % -0.61 %
Plant 02 - 0.08 % - 0.60 %
Plant 03 - 0.01%-0.75 %
Plant 04 - 0.18 % - 0.28 %
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Permissible limit of unbalance factor for LV and MV systems as per IEC is <2%. As
all four Plants lies within the allowable range, there are no power quality issues to be

further considered regarding voltage unbalance.

5.3.6 Variation of Power Factor during Steady State

Only the variation of power factor when P>0 is considered in this section. According
to the grid code of CEB, fluctuation of Power Factor of a wind farm should be at
least between 0.80 lagging to 0.95 leading. Unless a specific reactive power support
is requested in the grid interconnection proposal; the wind farm shall operate in the
range of 0.98 leading to unity power factor. Failure to operate below 0.98 leading

power factor shall result in imposition of a penalty.
Average and Maximum power factors when P>0 are given in Table 5.12 below.

Table 5.12 — Behavior of Power Factor

Power Category | Power Factor | Plant01 | Plant02 | Plant03 | Plant 04
0<Ps, erage 086 T 007 T 002 0.54
850 i\m Maximun 5 0.9 ' 0.76 .03 0.90
850 kP AVeTga It A 119 A 0.95
<5 MW | A 0.99
5 MW < Average 1.00 0.99 NA 1.00
P <10 MW Maximum 1.00 1.00 NA 1.00

Behavior of Power Factor (PF) when 0 < P < 850 kW is very poor at all four plants;
especially at Plant 03. For Plants 01, 02 and 04, PF lies in acceptable range when active

power generation rises to MW range.

Reactive power (Q) of each plant with respect to active power generation (P) averaged over
suitable intervals are shown in figures 5.15 (a), (b) and (c). Positive Q values represent
kVArs generated at WPPs and negative Q values represent k\VArs drawn from the system.
Extremely unacceptable reactive power consumption is shown at Plant 01. In this Plant,
average reactive power flow is negative for all intervals of active power. But the

consumption of Q at wind plant reduces with the increase of active power from P>850 kW.
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Reactive power flow at Plant 02 has the same behavior except when P>5 MW, consumption

of reactive power at wind plant further reduces and Q becomes positive when P>8 MW.

In Plant 03, measurements are available only for P<250 kW and has an unacceptable

reactive power consumption. Only Plant 04 shows an acceptable reactive power flow which
is positive except when P is between 9-10 MW.

Reactive Power vs Active Power during 0<P<850kW
Qin kVAr
400 =g Plant 01
300 = Plant 02
200 Plant 03
100 =¢=Plant 04
0 — ; S
(300)
0 - 250 kW 250 KW - 500 kW 500 k\W - 850 kW

Reactive Power vs Active Power during 850kW<P<5MW
Qin kVAr
400
— =¢= Plant 01
300 s ——— —
200 == "Plant 02
100 —=Plant 04
0 T T T T 1
(100)
(200) /‘/‘
(300) .__./
(400)
850kW-1 1MW-2 2MW-3 3MW-4 4MW-5
MW MW MW MW MW

Figure 5.15 (b): Average Reactive Power vs Active Power during 850kW <P<5MW
(Original in Colour)
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_ Reactive Power vs Active Power during 5SMW<P<10MW
Qin kVAr

300

=¢=Plant 01

\ == Plant 02
100

=>==Plant 04

0

(100) ./

(200)

(300)

5MW -6 6 MW -7 7MW -8 8MW-9 9MW-10
MW MW MW MW MW

Figure 5.15 (c): Average Reactive Power vs Active Power during 5SMW <P<10MW
(Original in Colour)

5.3.7 Variation of Short Term Flicker Index (Pst) during steady state
The usual t "é§hold leVeY FoP donfkcting Wwind turbinds togridds Psr < 1. According
to the Grigiete, Ps7 shotd Bh< 04

As per the observations, when a wind plant comes to steady state after an immediate
voltage disturbance or a few minutes after a voltage disturbance, the Short Term
Flicker Index (Pst) suddenly rises higher about 20-30. This scenario occurs due to
high voltage fluctuations resulting from Voltage sag, Swell, Transient or an
Interruption. This situation persists only for 1 minute at a time in Plant 01 and for
about 10 minutes at a time in Plants 02 and 03. However, there are some random
occurrences that Pst > 0.9 when the plant’s operation is in the middle of a steady

state window. A brief analysis on these events is given below.

i. Plant 01 — Pst has risen above 0.9 for 25 times with duration of 1 minute at a

time during the measurement interval.
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ii.  Plant 02 — Pst has risen above 0.9 for 7 times with duration of 10 minute at a
time during the measurement interval. But, Pst has not exceeded the

allowable limit when active power generated by the WPP is in MW range.

iii.  Plant 03 — Pst has risen above 0.9 for 24 times with duration of 10 minute at

a time during the measurement interval.

iv.  Plant 04 — Pst has risen above 0.9 for 28 times with duration of 1 minute at a

time during the measurement interval.

Long Term Flicker Index (P.t) is calculated as a rolling average of Psr values over a
two hour period. Compatibility level of Pt for medium voltage networks is 0.8.

Table 5.13 gives the range of Long Term Flicker Index at each Plant.

Table 5.13 :Variation of P, t at each Plant

Plant Pt
Plant 01 0.01-0.78
~| 03 | 098 Vi g ]
%) Elestiniie Thags & Dl

P.1 is within limits for Plant 01 and Plant 04 because violations of Pst in these 02
Plants persist only for one minute at a time. As per above observations, all four wind

plants have some power quality issues related to flicker.
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Chapter 06

EVALUATION OF POWER QUALITY DURING VOLTAGE
EVENTS AND IMPROVING TECHNIQUES

The objective of this research is to study about major power quality issues
associated with four wind plants in Puttalam. The detailed data analysis was
presented in chapter 05. From the results and observations of the data analysis, the
behavior of power quality of each wind plant during voltage events is evaluated in
this chapter. Basically, power quality of each plant is evaluated against the CEB
Grid Code and a comparison among four Plant studies is carried out in order to
identify the best wind technology for Sri Lankan power system. Improvements are

suggested where necessary.

6.1 Power Qualitv durina Voltaoe Events in Plant 01

Plant 01 is=¢ el WRP which, emplays syrichrepous generators. It has
experie ;e@ﬁj &0 |bfigcinterruptions: sthatdadcasrtsr tfon 08% he duration of
measuremant-T hesaifitatrUptioRahiave ok ts. Voltage sags
have occurred imimeaiately perore or arter an interrupuon. since vultage Sags have

occurred in line with the interruptions, these sags can be considered as a part of the

associated interruption.

6.2 Power Quality during Voltage Events in Plant 02

Plant 02 is also a type “D” WPP with synchronous generators. Most of the
interruptions experienced at Plant 02 seem to have occurred due to internal faults of
the WPP. There’s one long interruption and a few short interruptions. Voltage sags
have occurred when plant restores voltage after an interruption. Further, steady state
operation of the plant has disturbed by two under voltage events resulted by a three
phase fault.

71



Improve the internal installation and protection settings at Plants 01 and 02 are
recommended to control interruptions. These two plants are located in a polluted
environment with high salinity. Further, individual wind turbines of these plants are
connected to the national grid via a 33 kV over head bare conductor line. A bare
conductor line in a salty atmosphere causes frequent flashovers and breakdowns
causing high number of interruptions at these two WPPs. Therefore, it is
recommended to replace the bare conductor line with 33 kV Covered Conductor or
Arial Bundle Conductor.

6.3 Power Quality during Voltage Events in Plant 03

Plant 03 is also a type “D” WPP but employs permanent magnet generators. Three
short interruptions with durations of one minute have occurred at Plant 03. They
have taken place in between two consecutive sags. In addition, the plant has
experienced two under voltage events resulted by a three phase fault while the plant

IS operating in steady state.

6.4 Power Quality duting \oltageBvents in-Rianti04

Plant 04; vﬁﬁh is [ ltyper @1 WRRcemp l8ying esDaublysfed Induction Generator
with a partli‘iéi’ff.-‘scale powerl convertedthave not experienced any voltage violations
during the period of imeasureimneiii. Recorded voliage waveioiin of Plant 04 is

depicted in Figure 6.1.

Voltage
(k\‘() 24

3.2

Date/Time

Figure 6.1: Voltage waveform measured at Plant 04
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6.5 Performance Comparison of VVoltage Events

A comparison on performance of wind plants against voltage events is illustrated in
Figure 6.2. On the view of voltage variations, Plant 04 shows the best power quality
as the operation of the plant is not disturbed by any voltage event. Plant 01 turns out
to be the next finest plant. From the remaining two Plants, power quality at Plant 02
is better than power quality at Plant 03. The issue of voltage sag events at Plant 02
and Plant 03 needs to be addressed.

Performance comparison of Voltage Events

Transients
4

Over Voltage nterruptions — it 01
Plant 02
/ Plant 03
: Plant 04
5% Y of Mopatied)
'?‘fé’tage PN S Thdcde .~-Voltage Sag

Under Voltage

Figure 6.2: Comparison on performance of four Plants against voltage events

(Original in Colour)

6.6 Simulation Results
These four wind plants are connected to CEB Network through two feeders as

follows.

i. Plants 01 and 02 are connected to Puttalam GSS through a 14.7 km 33kV
dedicated feeder (hereafter called as Palavi_F4).

ii. Plants 03 and 04 are connected to the 220/33 kV GIS Substation at
Norochcholai through a dedicated 33kV feeder connecting all wind plants

located in Kalpitiya peninsula. (hereafter called as Nor_WindF)
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Simulation studies were done using Power System Simulation for Engineering
(PSS/E) software and voltage profiles of the above two feeders were observed

during following network faults.

i.  Afaultat the 33 kV line
ii. A faultat the 33 kV bus at the GSS
iii.  Atripping of a generator unit at WPP

Figure 6.3 — 6.5 depicts the voltage profiles of each distribution feeders at fault

events.
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Figure 6.3(b) : Voltage during a line fault at Nor_WindF
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Line fault at Palavi_F4 has resulted with a short interruption where the line fault at
Nor_WindF causes a voltage sag of depth 0.84 pu. Both events last for a duration
less than 0.5 seconds. A line fault at Palavi_F4 adversely affects the network than a
line fault at Nor_WindF.
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Figure 6.4(b) : Voltage during a bus fault at Nor_WindF
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Bus fault at both feeders have resulted with short interruptions of duration less than

0.5 seconds.
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Figure 6.5(b) : Voltage during a tripping of a wind plant at Nor_WindF

The tripping of a wind plant has caused only a voltage fluctuation at both feeders.
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6.7 Improving Voltage Sags in Wind Plants

If the wind turbines are properly equipped with soft starters, wind plants do not
cause any voltage sags. But, voltage sags resulting from faults of the network have
adverse impacts on the WPP. Voltage sags increase the current in the stator
windings of the generator which in turn may lead to the destruction of the power
converter. In addition, sags cause PMGs to increase its speed unlimitedly. Therefore,
fast removal of the voltage sags is of high importance. Several researches have been
carried out on mitigating voltage sags and swells at wind power plants and in
transmission and distribution systems in general. The majority of the researches

have proposed mainly two mitigation methods as follows. [54], [59]

1. Static Synchronous Compensator (STATCOM)
2. Dynamic Voltage Restorer (DVR)

6.7.1 Static Synchronous Compensator (STATCOM)

Astatic syn : 1S i ( . sonverter (VSC)
based .gﬂi [ps a wind. turhjne to wjthstand voltage di ' controlling the
active and rgac power injected to-the ly consists of a
VSC, ¢ > er f the Plants), a

passive filter and a coupling transformer connecting the VSC to the distribution
network and associated control system. In a wind plant, the STATCOM can be
connected at the low voltage side of wind turbines allowing a huge cost reduction. A
basic block diagram showing the installation of a STATCOM at a wind plant is

given in Figure 6.6.

The control scheme of a STATCOM is designed to maintain a constant voltage at
the PCC where the wind plant is connected under system faults and disturbances.
When the terminal voltage of the converter is higher than the AC voltage at PCC,
the STATCOM generates reactive current. On the other hand, when the amplitude of
the voltage source is lower than the AC voltage, it absorbs reactive power. Passive

filters are employed to suppress harmonics. In addition to mitigate voltage sags
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depending on the control strategy, STATCOM devices can be used to reduce flicker

emission and harmonics. [58]

National Grid

/ Coupliing

Wind Turbine Transformer

e

S
%3

Figure 6.6 : WPP including a STATCOM connected at the PCC

Injection
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! ’ National Grid
e
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Figure 6.7 : WPP including a DVR connected at the PCC

Wind Turbine
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A DVR mainly consists of following components.

i.  Voltage Source Inverter circuit (VSI) — to supply required amount of voltage
Ii.  Low-Pass Passive Filter unit — to filter higher order harmonic components
produced at the output of inverter due to semiconductor devices.
iili.  Series Injection/ booster Transformer — to inject saged voltage into the grid
while isolating the DVR circuit from the distribution network
Iv.  Energy storage Unit — Auxiliary supply for VSI
v.  DC charging circuit

vi.  Control and Protection System

The DVR has three basic operating modes as Protection mode, standby mode and
injection mode. As soon as a voltage sag or a swell is detected, the DVR transfers
into the injection mode and injects voltage equal to the difference between the
voltage prior to fault and the fault voltage into the network thus; restoring pre-fault
voltage during voltage sag/swell. A voltage sag/swell is associated with changes in

both n _ ique should be
designe ogyapg 1sate voltage magnitude and phase Shift as l. In addition to
mitigatingwoettage sags/swells, a DVR is f performi r functions like
compensation ts. [59]

There are other different ways to mitigate voltage dips, swell and interruptions
associated with wind connected distribution systems as; Distribution Static
Compensator, Static Voltage Regulator (SVR), Static VAR Compensator, Soft
Switching Line Conditioner and PWM-switched autotransformer. But, Static
Synchronous Compensator (STATCOM) and the Dynamic Voltage Restorer (DVR)
are the most effective devices, both of which are based on the Voltage Source
Converter (VSC) principle and provide simultaneous power control and power
quality functions. Either device can be connected at any distribution voltage level.
However, the amount of harmonics injected from a system employing a STATCOM

is higher than the harmonic emission of a system employing a DVR. [59]

Therefore, in the view of power quality; incorporating a suitable DVR is preferable.
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Chapter 07

EVALUATION OF POWER QUALITY DURING STEADY
STATE AND IMPROVING TECHNIQUES

From the results and observations of the data analysis presented in chapter 05, the
power quality of each wind plant during its steady state operation is evaluated in this
chapter. A special attention is given on harmonic distortion and each plant is
evaluated against the CEB Grid Code and compared with each other to identify the
most suitable wind technology for Sri Lankan power system. Improvements are

suggested where necessary.

7.1 Behavior of Harmonics

Mainly, voltage and current harmonics emitted by each wind plant when the plants

genera1 UV Erafe :\"d%i.‘ilii 20rUNaek-tHis Sestl o
(i
7.1.1 Harmént Woltage Waliaform

7.1.1.1 Harmonic behavior at Plant 01

When active power generation (P) of the WPP varies from kW range to 5 MW, odd
harmonic orders up to 17" harmonic order are within acceptable margin but even
harmonics has violated the limits. From harmonic order 17-50, average percentages
of voltage harmonics is high as 10% and the maximum percentage has risen to 30%
which is extremely unacceptable. When 5 MW < P < 10 MW, all harmonic
categories except “(n<11) odd harmonics” have exceeded allowable limits during
entire measurement interval. Harmonic orders that a high harmonic content is

detected are mentioned in Table 7.1.
During P < 0, average Total Harmonic Distortion levels of voltage (Vtup) are < 5%.

During P > 0, average Vtup levels have gone above 7.5% and highest when (850 kW

<P <5 MW). When P is in MW range, Vtyp has exceeded the maximum allowable

80



limit of 5% for the entire period of measurement. Since the operation of the wind
plant when it generates power closer to its maximum capacity is of main interest, the

issue of harmonic distortion needs to be addressed.

7.1.1.2 Harmonic behavior at Plant 02

In Plant 02 when P is in kW range, only harmonic contents of harmonic orders 23-
50 considerably exceeds the limit and maximum percentage has risen to 52.68%.
When P rises from kW range to 5 MW, allowable limits of even harmonics for
(n<23) have exceeded during the entire measurement interval. For 70% of the time,
(17<=n<23) odd harmonics has risen due to high 17" harmonic. When n> 23,
harmonic voltages have exceeded maximum limits during entire measurement
interval. Averages are as high as 8.7% and the maximum has risen to 14%. When 5
MW < P < 10 MW, all harmonic categories except (n<11) odd harmonics have
completely violated the limits. For harmonic order 23-50, average percentages of

voltage harmonics are very high as 7.56%. Harmonic orders that a high harmonic

content

(&
Generally; Tatal ic,Ristortion lev int 02 are (6-10)
% viol E nent. There are

sudden Vryp hikes when the active power flow switches direction. During P > 850
kW, average Vthp levels have gone above 8%. Since the operation of the wind plant
when it generates power closer to its maximum capacity is of main interest, the issue

of harmonic distortion needs to be addressed.

7.1.1.3 Harmonic behavior at Plant 03

In this plant when P is in kW range, harmonic voltages of all harmonic orders are
well below the maximum limits. Generally, Vryp is less than 5% but, there are
sudden Vryp hikes when the active power flow switches direction and when the
voltage difference between 02 consecutive records is larger than 1kV. For a few
times, Vtup has risen to very high values above 100%. The duration showing this

abnormal behavior is negligible therefore, Vryp in this plant can be considered as
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satisfactory. Since the maximum generation at the plant is 157.5 kW during the

measurement period, it is not viable to comment on its harmonic behavior at higher

generations.

7.1.1.4 Harmonic behavior at Plant 04

In Plant 04, average harmonic voltages are well below the maximum allowable

limits for all power and harmonic categories. Average voltage THD level is below

1%. Even maximum voltage THD levels are within the limit during entire period of

measurement. Therefore, voltage harmonic distortion in this plant is negligible.

A summarized comparison of the behavior of voltage harmonics for all four Plants is
mentioned in Table 7.1 and Table 7.2.

Table 7.1 : Harmonic orders with a high voltage harmonic content
Harmonic category Plant 01 Plant 02 Plant 03 Plant 04

> Qdd _ )
= : NA 23149 Nil Nil
3 @rmonlcs
[ee) Arg
v = =)
o ) 02,04, 14,16 24-50 Nil Nil
e Harmonics
= Odd _
s _ 17 17 NA Nil
o Harmonics
Vv
[a
v Even 02, 04, 08, 14, | 02, 04, 08, 14, )
2 _ NA Nil
o Harmonics 16, 22 16, 22
Y
2 Odd 13,17 & 23- | 13,17 & 23- NA il
=] Harmonics 49 49
Vv
[a
v Even _
= | 02,14, 24-50 | 02, 14, 24-50 NA Nil
2 Harmonics
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Table 7.2 . Status of Voltage Harmonic levels at different harmonic categories

Harmonic Status of VVoltage Harmonic level

Group Plant 01 Plant 02 Plant 03 Plant 04

n<11 odd OK OK OK OK

OUT OF OUT OF

n<11 even RANGE RANGE OK OK

11<=n<17 odd OK OK OK OK
_ OUT OF OUT OF

11<=n<17 even RANGE RANGE OK OK
_ OUT OF OUT OF

17<=n<23 odd RANGE RANGE OK OK
_ OUT OF

17<=n<23 even RANGE OK OK OK
_ OUT OF OUT OF OUT OF

23<=n<50 RANGE RANGE RANGE NA

All four wind plants use Power electronics converters that cause injection of

harmonics inic power system. Harmonic sion dyring,lo jenerations (kW
ranQE) ﬁigﬁ:@r [namsin, nigner gererations (@vivw range),
Plant 01 and Plant 02, ch are identice d plants Jesign and technical

configuration, shows a similar behavior with regard to voltage harmonics. These two
plants emit the highest amount of harmonics of four Plants with an average Vtup
exceeding allowable limit for the entire period of measurements. Primarily these
plants show a high 13™ and 17" harmonics. In addition to that, high harmonic
contents are shown in lower order of even harmonics and all higher order harmonics
until n=50.

Voltage harmonic emission and distortion level at Plant 03 is acceptable. Since the
maximum generation at Plant 03 is in kKW range during the measurement period, it is
not possible to comment on its harmonic behavior at higher generations. Plant 04
shows excellent voltage harmonic behavior with distortion levels well below the

allowable maximum distortion.
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7.1.2 Harmonics in Current Waveform

7.1.2.1 Harmonic behavior at Plant 01

Average harmonic currents have exceeded limits for all harmonic groups. Until P >
5 MW, harmonic currents have violated limits for the entire time interval. Largest
harmonic currents are recorded when active power generation (P) of the WPP is in
kW range. Least harmonic contents are when P is closer to plant’s maximum
generation. There are high 2", 4™ 5" 13" and 17" Harmonics. Harmonic orders
that a high harmonic current is detected under each power category are mentioned in
Table 7.3 below. Total Harmonic Distortion levels of current (ltup) completely
violates the maximum allowable limit and generally > 10%. The minimum Iyp of
5% is shown when P is at its maximum. Sudden Iyp hikes are observed when the
active power flow switches direction and when P jumps to MW range from kW

range.

7.1.2.2 Harmonic behavior at Plant 02

As sar _ 1 limits for all
harmor g}g@m ntil' P = 5" MW, harmohic cufrents have vidtated limits for 100%
of the néj;ﬁrr Largest harmonic n active power
generation (P) ts are when P is

closer to plant’s maximum generation. All harmonic currents are comparatively high
and gradually decreases from n=2 to n=50. Average Itp levels have gone very high
when there is no active power generation. It has reduced by 85% when P is in KW
range. Further reduction is observed when P rises to MW range. However, Average
Itup completely violates the allowable limit and generally (6-10) %. The minimum
Itup of 3.7% is shown when P is at its maximum. Sudden Ityp hikes are observed

when the active power flow switches direction.

7.1.2.3 Harmonic behavior at Plant 03
This plant shows the highest Ityp levels during P < 0. When P rises to few kilowatts,
only (n<17 even) harmonic currents has violated the limits. When P>0, harmonic

distortion level has reduced and reached permissible levels. Ityp hikes are observed
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when the active power flow switches direction and when the voltage difference

between two consecutive records is larger than 1kV.

7.1.2.4 Harmonic behavior at Plant 04

Unlike other 03 plants, Plant 04 gives off a low even harmonic content than odd
harmonics. Average harmonic currents have exceeded limits completely for all
harmonic groups when P < 850 kW. Largest harmonic content is shown by n < 11
Odd harmonic group. When (850 kW < P < 5 MW), only harmonic currents less
than n= 11 has gone above acceptable margins. When P rises above 5 MW,

harmonic currents are well below the maximum permissible limits.

Itup levels at Plant 04 when P is in KW range are around 10% which is much lower
than Plants 01 and 02 but higher than Plant 03. Average Itp level have fallen below
5% when active power generation rises to MW range and further reduces with
increase of P. Out of all four Plants, only Itup levels in Plant 04 during P>5 MW

fully satisfies the grid code requirement.

Harmoni¢ FeFers that a-rgh’ Harmonie currént is detected Under each power category

are mentioned in Table' 7.3.

Table 7.3 - Harmonic orders with a high current harmonic content

Harmonic Plant 01 Plant 2 Plant 03 Plant 04
category
o Odd 3,5,7,13, | Allcurrent
% Harmonics | 17, (27 —49) | harmonics are 05, 07 05, 07
o Even comparatively . .
& 2 | Harmonics | 2 2650 high Nil Nil
Odd 5,7,13,17 5,13,17, (21 - .
. i) i) i) i) i) i) i) NA N I
é § Harmonics (27 - 49) 49) !
= 1 | Even 2,4, (26— .
Q v v _
& a | Harmonics 50) 2,4, (22-30) NA Nil
o Oad . 5,13 05 NA Nil
v g Harmonics
S S |E
=g 2 02 NA Nil
w Vv [ Harmonics
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Similar to voltage harmonics, current harmonic content also reduces with the
increase of power generation in all four Plants. Unlike voltage harmonics, current
harmonic contents at Plant 01 and Plant 02 are different from each other. Still these
two plants emit the highest amount of harmonics of four Plants. Plant 01 shows the
highest distortion with I+yp > 10%. Ityp is (6-10) % in Plant 02. Current harmonic
distortion level has reached permissible levels in Plant 03. Ityp levels at Plant 04

have fallen below 5% only when P is in MW range.

As per above discussion, Plant 04 is the best performing wind plant which shows the
lowest harmonic emission and distortion. It’s the only type “C” wind plant under
investigation which employs DFIG technology. Harmonic distortion at this plant is
minimized by the technology applied and due to the power electronics converter
only rated at 30% of nominal generator power. Harmonic emission and distortion
levels at Plant 03 are also acceptable with available generations. Plants 01 and 02
show highly unacceptable harmonic distortion levels in both voltage and current
wavefo - oe immediately
employed tamx n to the power

system

7.2 Harmonics Mitigation Techniques

The harmonics voltages and currents should be limited to the acceptable level at the
point of connecting wind plant to the power system. Techniques used to mitigate
harmonic voltages and currents in power systems mainly fall into three categories.
They are, [48]

i.  Filtering Harmonic Components
ii.  Cancellation of Harmonic currents

iii.  Design considerations of equipment
Each of these approaches has their own advantages and disadvantages. Therefore,

for a given configuration, the most appropriate mitigation technique should be

determined after a detailed study on harmonics present at the particular installation.
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7.2.1 Harmonic Filtering
An effective means of avoiding interference of harmonics generated by a WPP with
the power system is to filter out Harmonic components. Harmonic filters connected

to a power system has two main objectives as,

i.  Reduce voltage and current harmonic components below permitted levels.
ii.  Provide some of the reactive power absorbed by converter systems and

hence improving power factor.

The selection of a harmonic filter must be based on System Configuration,
Harmonic profiles and the kVA requirement of the installation. Basically there are

four types of filter responses. [38] They are illustrated in Figure 7.1.

Pass band Stop band Stop band Pass band
b
=
¥ [
FrHz) fEE FHz)
Figure 7.1{a)— Low-Pass Filter Eesponse Figure 7.1 (b) — High-Pass Filter Response
Stop band  Pass band Sitop band Passband  Stopband  Passband
""'.L"'\"'_'I""' """\"'1 Jl\ . _A .- e
i L) L
1
A R OF F(Hz) f L A F(H2)
Figure 7.1 (c) — Band -Pass Filter Response Figure 7.1 {d) — Band -Stop Filter Eesponse

Figure 7.1 : Basic types of Filter Responses
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Basic Harmonic Filter (HF) classification is as follows.

Harmonic Filters

Active Filter (AF) Passive Filter (PF)
| |_|_I
| | |
Shunt AF Series AF Hybrid Series PF Shunt PF
VSI Csl
shunt AF | | series AF | | shunt AF AF in
+ + + series
. with
Series AF Shunt PF Shunt PF Shunt PF

Figure 7.2 ssification of BarmonicIFileid

bl

a,.&a‘
(%)

More detaifs=on eactofythesercon figuidat owing sections.
Basically, a Series connected HF compensates beth harmoenic currents generated by
the harmonic source and the voltage distortion in the supply system. A series
conditioner has to be sized for the total power rating. On the other hand, a Shunt

conditioner needs to be sized only for the harmonic power.

7.2.1.1Passive harmonic filters

Passive filtering is the simplest conventional solution to mitigate the harmonic
distortion in a power system. Passive harmonic filters, as the name specifies; are
constructed from passive elements such as resistors, inductors and capacitors
therefore, do not depend upon an external power supply. But, use of passive
elements at high power levels makes the filter heavy and bulky. Passive filters
provide a low impedance path for specific harmonic frequencies to flow out of the

system. They offer a value-added function of achieving power-factor correction of
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inductive loads. But, sometimes passive filters do not respond properly to the
dynamics of the power system. A passive filter should be installed as close as
possible to the harmonic source to provide maximum protection for the upstream.

Harmonics can be substantially reduced to 30% by using passive filters.

Passive filters can be classified into tuned filters and high-pass filters. The actual
value of the low-impedance path for each single-tuned filter is affected by the
quality factor of the filter inductor which determines the sharpness of tuning.
Passive filters are much suitable for 3 phase 4 wire distribution systems. The
combination of four single tuned filters for 5™, 7, 11" and 13" harmonics and a
second order high-pass filter tuned around 17" harmonic is a widely used filter

configuration for a system with three-phase thyristor rectifiers. [48]

7.2.1.1.1 Series passive harmonic filter

The Filter is connected in series with the harmonic producing device. Harmonic
current produced flows towards upstream of the power system. The Series Passive
harmonic fé&tgr behaves as a.current acceptor at its tuned fréquency. It divides
harmonic current in_inverse.proportion {o the impedances according to Kirchhoff’s
law. The purpose of series filter is to reduce the magnitude of harmonic current that
flows back to the supply network. Consequently, harmonic voltage distortion would
result. This configuration is popular for minimizing 3™ harmonic. Advantages and

disadvantages of the Series Passive Filter are given in Table 7.4.

Table 7.4 : Advantages and Disadvantages of Series Passive Filter

Advantages Disadvantages

Provides high impedance at tumed | minimally effective for harmonics

frequency other than tuned frequency

Does not cause system resonance Should be rated at fulll load current

Does not import harmonics from No limits in harmonic current therefore

other sources the risk of overloading

Improves Power factor
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7.2.1.1.2 Shunt passive harmonic filter

The Filter is connected in parallel with the source of harmonic distortion and
provides a low impedance at its tunes frequency hence keeps harmonic currents out
of the power system. It also provides some smoothing on voltage waveform. Shunt
passive filters are the most common type of passive filter as they are cheaper
compared to the series passive filters and carry only a part of the total load current.

Advantages and disadvantages of the Shunt Passive Filter are given in Table 7.5.

Table 7.5 : Advantages and disadvantages of Shunt Passive Filter

Advantages Disadvantages

Provides high impedance at tumed | minimally effective for harmonics

frequency other than tuned frequency

only required to carry harmonic
Can cause system resonance
current and not the full load current

No limits in harmonic current therefore

Imnrmvine DAawariar farntAr

™

=
A passive Titer deals oply With harmeniclf 1 for. Therefore,
Multip . y ty] . More than one

shunt or series passive filters can be used with or without each other in a power
system. To overcome fixed compensation, large size, and resonance which are

general drawbacks of passive filters, active filters appear as a dynamic solution.

7.2.1.2 Active harmonic filters

Active filters are made of both active and passive elements thus require an external
power source. Active filters employ power electronic switching to filter harmonic
components. They are self adapting and capable of filtering a wide frequency band.
A great interest on active filters has come out due to wide availability of
semiconductor devices such as IGBTs and Power MOSFETs with fast switching

capability and analog-to-digital converters at reasonable prices.
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An active harmonic filter involves a controller that detects the instantaneous feeder
current. It extracts the harmonic current from the detected current by means of
digital signal processing. Then the filter produces a waveform equal in amplitude
and opposite in phase that cancels out the harmonics caused by nonlinear
components. By this way, active filters can reduce harmonics by approximately
90%. Active filter is a flexible solution for any type of non linear load. They are
widely used for compensation of variable frequency drives to reduce the effects of
renewable energy sources on a grid. Unlike traditional passive filters, modern active
filters are capable of performing multiple functions in addition to harmonic filtering
as, [48]

I.  Reactive-Power Control for Power Factor Correction and Voltage Regulation

ii.  Load Balancing

iii.  Flicker reduction

iv.  Damping

v. Isolating
Active hai ig@gn, ters have ToHowjng advantages over passive filters.
I. efiuging Totsl tyatmonie Distorti 30% in Plant of

MQASSIVT dilio

ii.  Improving overall power factor
iii.  Not affected by frequency variations
iv.  No risk of resonance
v. Don’t get overloaded
vi.  High filtering performance
vii.  Flexible in application - Adopts with variations in load and harmonic

spectrum and can be programmed to filter specific harmonic frequencies.

Disadvantages of Active harmonic filters over passive filters are,
i.  Higher cost
ii.  Active filters are not preferred in filtering harmonics from small loads
iii.  Switching frequency noise generated from fast switching devices and appear

in compensated source current; requires additional filtering.
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There are two types of power circuits applicable to active filters as VVoltage-Source
PWM Converter (VSC) and Current-Source PWM Converter (CSC). A VSC is
equipped with a dc capacitor and a CSC is equipped with a dc inductor. In practical
applications, voltage source converter is preferred over Current Source Converter as

VSC shows high efficiency, smaller physical size and low cost.

A number of different configurations for the active harmonic filter have been
proposed and some of them are in commercial stage at the moment. The main two

configurations are briefly described in following sub sections.

7.2.1.2.1 Shunt active harmonic filter

Mon Linear Load
L I I
S et EJET
- .

Shunt Active Filter

Figure 7.3 : Shunt Active Harmonic Filter

Shunt Active Filter is one of the most fundamental configurations of active filters.
As illustrated in Figure 7.3, it is connected in parallel with the system therefore need
to be sized only for harmonic power to be compensated. The Shunt Active Filter
operates as a current source injecting equal and opposite (phase shifted by 180°)
harmonic compensating current thereby keep supply current sinusoidal. It generally
supports harmonic orders from H5 to H25. With an appropriate control scheme, the
Shunt Active Filter can compensate the load power factor. The main advantage of
Shunt Active Filter is that it is of self limiting type in terms of harmonic cancellation

provided. If the harmonic currents drawn by the non linear loads are greater than the
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filter rating, the filter automatically limits its compensating current to its maximum
rating and will continue to correct up to the maximum current rating. The active
filter will not get overloaded and will function continuously without damage. Shunt
Active Filter technology has proven to be commercially successful.

7.2.1.2.2 Series active harmonic filter

MWon Linear Load

it
Ok

Series Active Filter

_;‘,-,;fj_LFigure MACTSi8aries ActivelHawionid Filter

The Series?ﬁ{‘ftér, as illustrated in Figure, 7.4 1s connected in series with the system
through a frgﬁlsformer and acts as a voltage source. It compensates both harmonic
current generated by the non-linear loads and voltage distortion present on the
supply system. The Series filter must be sized for total load rating. The Series Active

Filter technology is still in laboratory stage and not yet established in the market.

7.2.1.2.3 Hybrid active/ passive harmonic filters

The hybrid conditioner is a combination of an active filter and passive filters which
may be either series or parallel type. It’s a good technical-economic solution for
harmonic filtering combining advantages of both active and passive filtering. A
hybrid filter offers cost effective high filtering performance covering a wide range of
frequency band and power rating. Combination with the passive filter significantly
reduces the rating of the active filter. Hybrid filtering is ideal for the conditions
where both voltage and current harmonic distortion is present than conventional

pure filtering.
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In Hybrid Filters, harmonic filtering task is divided between two types of filters. The
passive filter carries out basic filtering with tuned filters (5", 7 order etc.), a high-
pass filter for the higher order harmonics and the active filter; through its precise and

dynamic technique, covers the other harmonic orders mainly lower order harmonics.

7.2.2 Harmonic Current Cancellation

Cancellation of harmonic currents is another effective harmonic suppression method
that can be used in power systems. Transformers with phase shift can be employed
to cancel out certain harmonic currents. Supplying harmonic producing loads with a
A-A and a Y-Y transformer in parallel makes 5™ and 7" harmonics cancel out at the

PCC. This is due to the 30° phase shift between two transformer connections.

When information technology (IT) equipment is heavily in use, there will be a high
content of triple-N (odd multiples of three) harmonics that can cause overloading of

the neutral. Zig-zag transformers and delta wound isolation transformers are

effective ag | ple 1onics. [48]
7.2.3D 'ng' Iderations.ol. Equipme
Since y by day, it is

essential to design those devices to minimize harmonic production thus ease the
burden on the grid. With the issues of power quality, industries are tempted to utilize
for devices with lower distortion. Significant technical improvements have been
done on Adjustable Speed Drives, Uninterruptable Power Sources, Battery Charges

and Fluorescent Lamp Ballasts recently. [48]

7.2.4 Recommended Harmonic Mitigation Method

In above Plants 01 and 02, both plants use a Six Pulse Bridge as the Full Power
Converter. A Six Pulse Bridge theoritically produces harmonics with orders of 6n +
1. [48] As the most appropriate harmonic mitigation method for above two Plants,
my recommendation is to install a Hybrid Harmonic Filter consisting of a Shunt

Active Filter with separately tuned filters for 5, 7", 13" and 17" harmonics.
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Figure 7.5 illustrates the basic diagram of a hybrid filter consists of an active filter

and a passive filter. The total filtering unit is connected in parallel with the network.

® ~ T

Harmonic producing
non-linear load

Active
Filter

Passive
Filter

Figure 7.5:  Hybrid Filter with an Active Filter and a Passive Filter

Chapter 08 describes the computer modeling and contro! of a shunt hybrid harmonic
filter together withnihersesults! bfothélsimulation.2tdffied out under the
MATLAB/g;E\uIink enviroriment.

7.3 Flicker Emission and Mitigation

According to the data analysis, all four wind plants under investigation had issues
related to flicker. The most preferable technique to mitigate the flicker is reactive
power compensation. Hybrid filters proposed above for Plants 01 and 02 are capable
of controlling reactive power and reducing flicker in addition to filtering of
harmonics. As described under section 6.6, a suitable STATCOM device can be
incorporated to reduce flicker emission at Plant 03 in addition to mitigating voltage
variations. In Plant 04, the Short Term Flicker Index has risen above the specified
maximum only for 0.3% of the measurement interval which is negligible. Further,
the maximum recorded Long Term Flicker Index in Plant 04 is well below the limit
therefore, incorporating mechanisms to mitigate flicker is not recommended at the

moment.
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7.4 Behavior of Power Factor and Power Factor Improvement

Methods used to improve power factor in power systems are briefly described under
this section and suitable power factor improving methods are suggested for each
Plant.

7.4.1 Power factor improving methods
Conventional devices and equipments used to improve the power factor in power
systems are, [37]

. Static Capacitor

ii. Synchronous Condenser

iii. Phase Advancer

7.4.1.1 Static capacitor

Installation of Static capacitor banks is the most widely used power factor
correction technique, mainly by the industries. Capacitors are connected in
parallel with the inductive loads which decreases system power factor. These
capacitors f ‘-"Qvide leading> capacitive 'cttrent! -which-técréases the lagging
inductive (:_Oj’ﬁponent ofoad current partiatly or totally thus improving the power

factor of the Toad circuit.

Capacitor banks offer several advantages like low loss, less or no maintenance,
operating in normal atmospheric conditions and ease of installation. The major
drawback of capacitor banks is the surges resulting when switching the capacitors.
The capacitors have a short life time (8-10 years) and when capacitors are

damaged, repairing them is highly uneconomical.

7.4.1.2 Synchronous condenser

An over-excited synchronous motor running on no-load is called a Synchronous
Condenser. When connected in parallel with the power system, it behaves as a
capacitor and draws a leading current and partially eliminates the lagging reactive
current, thus improving the power factor of the circuit. [37]

96



7.4.1.3 Phase Advancer

Phase Advancer is an AC exciter used to improve the power factor of induction
motors. The power factor of an induction motor is low as the stator winding draws
exciting current that is lagging behind the supply voltage by 90°. When exciting
ampere-turns are provided by means of a Phase Advancer, the induction motor
operates on leading power factor as an over-excited synchronous motor. To achieve
this, the Phase Advancer should be mounted on the main shaft of the motor and
connected to the rotor circuit of the motor.

7.4.2 Improving Power Factor at Wind Plants

In Plants 01 and 02, power factor is closer to unity when active power generation is
in MW range. But in average, a high reactive power consumption is shown at both
Plants. Therefore, power factor improvement at these two plants is essential. Since
Active Filter units are capable of Power Factor Correction and Voltage Regulation

in addition to harmonic filtering, the hybrid filters proposed under 7.1.4 for

harmor _ \ nt in these two
Plants. | g
Plant O S VAV VY AU AR Lecths LIS yrove the power

factor, a suitable STATCOM device as described under section 6.6 can be utilized.
Plant 04 has the best power factor variation but still needs to be improved. Since
there is no other suggested power quality improvements for Plant 04 to combine, an
appropriate power factor improvement technique as the “Phase Advancer” can be

employed.

7.5 Comparison of Wind Plants during Normal Operation

An overall comparison on performance of four wind plants under study during their

normal operation is illustrated as a radar chart in Figure 7.6.
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Performance comparison during normal operation

=o—Plant 01
=@—Plant 02
==Plant 03
=>Plant 04

Figure 7.6: Performance comparison of four wind plants during their normal

operation (Original in Colour)
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characteristics during normal operation as well.
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Chapter 08

COMPUTER MODELING AND SIMULATION OF A
HARMONIC FILTER

After discussing Harmonic Distortion Levels of the four wind plants under
investigation in Chapter 05 and various mitigation techniques in Chapter 07, this
chapter describes computer modeling and simulation of a Shunt Harmonic Filter.
Modeling and simulation is done in MATLAB/ SIMULINK V 7.7 environment. The
Name MATLAB stands for MATrix LABoratory. Simulation studies were very
useful at this stage of the research to evaluate distortion levels and to propose and

analyze possible improvements.

As mentioned under clause 7.2.4 in Chapter 07, a shunt hvbrid filter is proposed as

the most effeg armeniednitigation method,amaong; arieas-techniques available.
The filtet Gestfibed-ictisoehaptén consists, of JasShumt Acti r and a Passive
Filter. Develapmentof'the. modellahd simu below.

8.1 Development of the Computer Model

The Active Filter uses power electronic switching to generate harmonic currents that
cancel out the harmonic currents in the power system. Shunt Active Filter operates
as a current source that injects equal and opposite harmonic compensating current
into the system. It consists of two sub units as the “Controller” and the “Converter”.
The Controller detects the instantaneous output current of the wind plant and
extracts its harmonic component to be eliminated. Then, an inverter is used to

generate the compensating current.
The complete computer model was developed in number of steps corresponding to

the development of main components of the filter unit and the power system. The

output of the Wind Plant was modeled using actual plant parameters and measured
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data. Equivalent circuit of the Power System was developed using fault levels at the
Grid Substation at Palavi. The system feeds a 1 MW inductive bulk load at 33 kV

level.

8.1.1 Development of the controller for harmonic detection and Generation of
gate signals

In order to determine the harmonic content of the current waveform, method of
“Filtering the Fundamental” was used among various techniques available. In this
method, the feeder current is filtered by a band-stop filter, which removes the
fundamental. A single Butterworth filter unit available in “Analog Filter Design”
block set with a bandwidth of 5Hz was utilized for each phase to create the band-
stop filter.

After extracting harmonic content from the feeder current, a Voltage-fed PWM
inverter (VSI) is used to generate the compensating current. A bipolar triangular
waveform With a high frequency is used as the carrier signal to generate gate pulses
for the ngdhmverter The reference signal generated by.the controller is compared
with the Camer signal and ngrmalized between 0 and 1. The basic block diagram of

the Controller and Gate Signal Generator is shown in Figure 8.1.

=i

Wind Plant EBand-Stop Filter

MW —

Camer Waveform

Gate Signal to
PWL Inverter

Figure 8.1 : Basic Block Diagram of the Controller and Gate Signal Generator
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When the Reference Waveform is larger than the Carrier Signal, the gate pulse is
negative DC and when the Reference Waveform is smaller than the Carrier Signal,

the gate pulse is positive DC. This is illustrated in Figure 8.2.

DC .. SN I S I N NN | N N N N Ny 6 N B £ B N

Figure 8.2 émﬁ Generation of the'Gate Signal' by Putse Witth*Modulation
5,

8.1.2 Developiment of the Voltlage Fed PWM lnverter (VSI)

The Voltage Fed PWM Inverter was developed using the “Universal Bridge” block
available in the “Power Electronics” library and it implements a three phase inverter
consisting of six power switches. Insulated Gate Bipolar Transistor (IGBT) Switches
were used as the switching device. Six gate pulses generated by PWM (Pulse Width
Modulation) are given to the inverter as switching signals for the IGBT Switches.
The inverter input DC voltage was modeled using the “DC Voltage Source” block
available in “Electrical Sources” library. The compensating current waveform
produced by the inverter was fed to the system through a current injecting

transformer to cancel out the harmonics in the feeder.
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8.1.3 Development of the Passive Filter

According to Chapter 07, a Passive Filter with tuned filters for 5, 7%, 13" and 17"
harmonics is proposed for both Plant 01 and Plant 02. The Passive Filtering unit was
developed using the “Three Phase Harmonic Filter” block available in Power

System Elements library.

The complete block diagram of the model is shown in Figure 8.3.

PF1

FR IPH
FF3 PF2 Phi
Passive Filter FF2
Ph2
Phi 1 Ju| Phi 1 - AF1
Phz Z o FiZ Z P AFE )
Fha 3 | Ph3 3 o= AF2
Cument Injecting TF
Controller Voltage Source Inverter
Wind Plant g
— el
rl 1 MW

| | n
c

Inductive Load

Power System

Figure 8.3:  Block Diagram of the Complete System Model

8.2 Simulation Results
The current waveform of the wind plant is shown in Figure 8.4. The distortion level
is selected as 14% to represent the average Current Harmonic Distortion (THDI)

recorded at Plants 01 and 02. Fundamental component of the current is 46 A.
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Figure 8.4 : Current waveform from the Wind Power Plant (Phase 01)

Figure 8.5 shows waveforms of the detected feeder current by the controller,

subtracted fundamental component of 50 Hz and the harmonic content respectively.

fl [
N @ University of Moratuwa, Sri Lanka. B
| (@) Electronic Theses & Dissertatior.s
| &%  www.lib.mrtaclk

Figure 8.5:  (a) Feeder Current (b) Fundamental component of the Feeder Current

(c) Harmonic component of the Feeder Current
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After extracting the harmonic componenets of the feeder current by the controller,
the Voltage-fed PWM inverter generates the harmonic compensating current. The
compensating current is equal in magnitude to the extracted harmonic signal and
phase is shifted by 180°. These two waveforms obtained at the simulation is shown
in Figure 8.6.

Figure 8.6 (a)

Undversity of Moratuwa, Sti Lanka,
Electronic Theses & Dissertations

79 .4 0.4

0.3

Figure 8.6:  (a) Harmonic component of the Feeder Current

(b) Compensating Current generated by the VSI

The frequency spectrums and distortion levels of the waveforms were analysed
using the “FFT analysis tool” available in the Power Gui Block. The fundamental
component and total harmonic distortion (THD) of the selected waveform are
displayed in the spectrum window. Harmonic contents are displayed as a percentage
of the fundamental component. Figures below shows these properties of the feeder
current before and after harmonic filteration. It is observed that the filter unit has
reduced the Source THDI of 14% to 2% which is well below the allowed maximum
THD of the Grid Code of 5%.

104



—
ﬂ Powergui FFT Analysis Tool. lilﬂlg

Eile Edit Wiew Insert Tools Desktop Window Help ~
NEES| | ARODEAL- S| 0B =D
— Signal to analyze — Awailable signals
(71 Display selected signal @) Display FFT window Structure -
FFT window: 20 of 30.72 cycles of selected signal psbhridges_strs ]
40 T T T T T T T . TETE .
20 — input 1 =
oF Signal number: .
-20 1 -
A0t =
L L 1 L L 1 1 1 “FFT d
005 01 015 02 025 03 035 04 HANEow
Time (s} Start time (s |0.04
— FFT analysis

Mumber of cycles: |20

Sampling time -
Samples per cycle = 10000 — Fundamental freguency (HZ:
DC componsnt = 1.908=-008 =0
Fundam=ntal = 45§.87 peak (33 rms)
— FFT settings
Total Harmonic Distortion (THD) = 14.08% Display style :
. . List (relative to fundamertal) -
Maximum harmonic freguency 1
used for THD calculation = 2498950.00 H=z (499 10
0O H= (D) oz 0.00% =0.0°
2.5 Hz 0.00% 0.z° Hertz
5 H= O.00% o.1° Max Freguency (Hz):
7.5 H= 0.00% 0.1° 7000
10 H= 0.00% o.o° =7
< (1] | C Dispiay Close

b

Figure 8.7 : FFT Analysis of the Current from the Wind Power Plant (Original
in Colour)
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Figure 8.8 : FFT Analysis of the Filtered Feeder Current (Original in Colour)
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Two Harmonic Spectrums of the feeder current before and after harmonic filteration
is shown in Figure 8.9 and Figure 8.10 respectively. Harmonic currents are

presented as a percentage of the fundamental to simplyfy the comparison.

Harmonic Spectrum of the Current of the WPP
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Figure 8.9 Harmonic Spectrum of the Cuprent Output of the Wind Plant
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Figure 8.10  : Harmonic Spectrum of the Filtered Feeder Current
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Harmonic levels of all harmonic orders have been reduced after the installation of
the filter unit. Percentage reductions of the major harmonic currents are shown in
Table 8.1.

Table 8.1 : Comparison of the Harmonic contents of the Feeder Current before

and after Harmonic Filter.

Harmonic Before After
Order Harmonic Filter Harmonic Filter
THDI 14.09 % 2.05 %

03 2.71 % 1.16 %
05 542 % 0.86 %
07 4.96 % 0.70 %
11 1.62 % 0.17 %
13 5.49 % 0.46 %
15 2.00 % 0.15%
17 5.40 % 0.35 %
- 19 7.51 % 0.42 %
Rl 282 % 0.15 %

=Y

Resulting feeder current after the harmonic filter; which is almost sinusoidal is

shown in Figure 8.11.

Figure 8.11 : Filtered Feeder Current (Original in Colour)

107



Chapter 09

CONCLUSIONS AND RECOMMENDATIONS

Today, Electricity has become an essential commodity with extensive use of power
electronic equipment and non-linear loads in industrial, commercial and domestic
applications. With the improved life standards, electricity consumers are concerned
not only on the availability of power at their user end but also of its quality. Usually,
wind energy is considered as a risky source in terms of power quality. Major
concerns associated with wind plants are; Voltage changes and Fluctuations,
Voltage and Current Harmonics, Flicker, Frequency variations and Reactive power

compensation. These disturbances ultimately lead to huge economic losses and

safety concerns.

Basicall four t f distinct technologies of lants and three of
them a L/(@!;k in' Sridlanka. Urhis'résearety 4s focused on r power quality
issues utra“tr ith four wind plants i’ Puttalant. “ASpecial leration is given
on the effect ¢ ' ' | e of the project
includes,

i.  Measurement of electrical parameters of the wind plants from the utility side.
ii.  Detailed data analysis.
iii.  Study on mitigation techniques.
iv. ~ Computer Modeling and Simulation using MATLAB/SIMULINK

environment to investigate harmonic mitigation.

9.1 Conclusions

Conclusions made based on Measurements and Data Analysis are as follows.

1. CEB has published an Interconnection Standard (referred as the Grid Code in

this dissertation) for Wind Power Plants; clearly specifying Power Quality
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limitations and requirements. But, it was observed that none of the

investigated plants adhere to power quality requirements of this grid code.

2. Each individual plant violates at least one PQ parameter for more than 70%
of the data measuring time. But, neither the utility (CEB) or the Wind Power

Producers pay adequate attention on these violations.

3. At present, there is no appropriate system to continuously monitor the

parameters related to power quality.

4. High harmonic distortion is the most severe power quality issue identified in

Wind Plants under study.

5. Wind power plants with full power converters have not implemented
adequate harmonic mitigation methods. Even though, the use of Active/
Hybrid harmonic filters is becoming a widely popular solution, WPPs in Sri

Lanka have not installed any Active harmonic filters yet.

6. Most of the power quality improving and mitigatina methods discussed in

i tioR are potiyekimplemented in Sri-Lanka.
%
M > ) ) p Y jw 1 - -
7. ‘:[‘iadw""'!'u e twoe “C* whiety embtovs ‘2 Dotibiv-Eet ction Generator

.

the best power

quality characteristics.

9.2 Recommendations
9.2.1 General Recommendations for grid connected wind power plants

1. Both the Utility and Wind Power Producers must pay more attention on
power quality disturbances imposed by the wind plants. A system must be
developed to continuously monitor Power quality parameters and take

necessary actions to keep them within the specified levels.

2. For the upcoming Wind Plants, wind turbine type “C” employing a Doubly-
Fed Induction Generator is identified as the most suitable wind technology to
be integrated with the Sri Lankan Power System in the view of Power

Quality.
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9.2.2 Specific Recommendations for wind plants under study

9.2.2.1 Recommendations for Plant 01 and Plant 02

1.

o1

Plants 01 and 02 show highly unacceptable harmonic distortion levels.
Therefore, employing a suitable harmonic mitigation technique at these two

wind plants is recommended to control harmonic injection to the network.

Installation of a Shunt Hybrid harmonic Filter is identified as the most
suitable harmonic mitigation technique. A filter unit similar to the harmonic

filter described in Chapter 08 can be employed.

The same hybrid filter unit can be utilized to mitigate flicker and improve

power factor at these two WPPs.

To reduce the frequency of interruptions, it is recommended to replace the
bare conductor line which connects individual wind turbines to the

distribution network with 33 kV Covered Conductor or Arial Bundle

Conductor.
%Q% off'a \Suitable Dynamic! MoltdgeoRestorer {DVR) which injects

');t%-gé ] v the 4:-{;(4.-43571 thifre~ractare” ore~farit-vole: Jring a V0|tage

St

9.2.2.2 Recommendations for Plant 03

Installation of a suitable Static Synchronous Compensator (STATCOM) device is

recommended for Plant 03 to achieve following improvements.

1.
2.
3.

Mitigate Voltage Sags/ Swells
Reduce Flicker Emission

Power Factor Improvement

9.2.2.3 Recommendations for Plant 04

Plant 04 shows the best power quality of four wind plants under study. There were

no considerable violations of the requirements mentioned in CEB Grid Code.

Therefore, no improvements are suggested.
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9.3 Provision for Future Research

1. Behavior of wind power quality at distinct turbine/generator capacities was
not included in this research. It was not possible to study on such area as all
four wind plants taken for study had installed equipment of similar
capacities. This topic could be studied to identify the optimum generator

ratings for the future wind developments.

2. Further study on Active Harmonic filters to design more efficient filters and
design and simulation of a DVR is recommended for future research.

3. A Financial evaluation /cost benefit analysis was not done for the suggested
power quality improvements. Further future study on these economic factors

will be beneficial to both Utility and Wind Power Producers.

S A
e 4

oeis, 7T
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Appendix A

DETAILS OF VOLTAGE INTERRUPTION EVENTS

Event/ o
Ref N Interval Description
ef No.
Plant 01
(i) Plant has tripped after the immediate voltage
sag.
(i) Vrup is mostly 327.67. High 2™ harmonic
voltage content at start. Harmonic orders from 2-
o1 13" July 2012 25 shows a harmonic voltage around 100V and
u ;
(889 0917 hyt V fundamental = 0, which causes the abnormal
- rs to
VTHD = 327.67.
1133) | 1321 hrs
(iii) Itup is > 200%. High 2™ harmonic content
closer to 50A. 3" harmonic content closer to
€T 304. 4%, harmonic..content closer to 20A and
1?’
griadiially decreasing until n=25.
(iv) STFI does not exceed the allowable limit.
(i) The interruption must have caused due to an
L-G fault in Phase 01. Units 01 & 03 are tripped.
i) Vrup > 12%. Very High harmonic voltage
(i) y Rig g
02 14 July 2012: content in Phase 2. ltup is > 200%. High 2™
(2088- | 0516 hrs to harmonic content closer to 40A. 3™ harmonic
2089) | 0517 hrs content closer to 30A. 4™ harmonic content

closer to 20A and gradually decreasing until
n=25. lf=0.

(iii) Pst has increased over 16 due to heavy fall

in voltage but has recovered within 01 min.
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Event/
Ref No.

Interval

Description

03
(2181-
2545)

14" July 2012;
0649 hrs to
1253 hrs

(1) Plant has tripped after the immediate voltage

sag.

(i1) V¢ = 0 Vryp >>> 5% and = 327.67-abnormal
in phase 02. Harmonic orders from 2-25 shows a
harmonic voltage around 80V, which causes the
abnormal Vryp = 327.67 in phase 02. Harmonic
orders 2-25 in Phases 01 & 03 are around 20V.

(iii) 1t = 0. ltup is > 200%. High 2" harmonic
content closer to 40A. 3™ harmonic content
closer to 30A. 4™ harmonic content closer to
20A and gradually decreasing until n=25.

(iv) STFI does not exceed the allowable limit.

Plant @”g

01
(3326-
3330)

25" July 2012;
2136 hrs to
2140 hrs

(1) Units 01, 02, 07, 08, 10, 11 & 13 are out of
operation.

(it) V1hp has risen to >15%. ltyp also jumps >
50% and same in 03 phases. High 2™ harmonic
content closer to 45A. 3™ harmonic content
closer to 30A. 4™ harmonic content closer to

20A and gradually decreasing until n=25. Iz = 0.

(iii) STFI does not exceed the allowable limit.
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Event/
Ref No.

Interval

Description

02
(3680-
3693)

26" July 2012;
0339 hrs to
0343 hrs

(i) Units 03, 04, 07, 08, 11, 12 & 13 are out of

operation.

(i1) Vup has risen to around 17% in phase 03;
twice of P03 in phase 02 and twice of P02 in
phase 01. ltyp also jumps > 80%. Is = O for last
04 mins. High 2™ harmonic content closer to
45A. 3" harmonic content closer to 30A. 4"
harmonic content closer to 20A and gradually
decreasing until n=25.

(ili) Pst has jumped to 6.6 from 0.17 and

continues.

03
(3707-
3709)

Sk

26" July 2012;
0357 hrs to
0359 hrs

(1) Units 03, 04, 07, 08, 11, 12 & 13 are out of

operation.

(0 Vigup has risen to around 12% in phase 03;
twice of P03 in phase 02 and twice of P02 in
phase 01. Ityp also jumps > 80%. I = 0. High 2"
harmonic content closer to 45A. 3™ harmonic
content closer to 30A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=25.

(iii) Pst = 30.36 due to rapid voltage variations

prevailing from previous interruption.
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Event/
Ref No.

Interval

Description

04
(3725-
3727)

26" July 2012;
0415 hrs to
0417 hrs

(i) Units 03, 04, 07, 08, 11, 12 & 13 are out of
operation.

(i1) Vup has risen to around 12% in phase 03;
twice of P03 in phase 02 and twice of P02 in
phase 01. It = 0. Ityp also jumps > 80%. High 2"
harmonic content closer to 45A. 3™ harmonic
content closer to 30A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=25.

(iii) Pst is within allowable limits.

05
(3747-
3932)

Sk

26" July 2012;
0437 hrs to 0742

hrs

(i) Units 03, 04, 07, 08, 11, 12 & 13 are out of

operation.

(Y1 oe0v A sl variation is around 20% in
phase-03; twice'ot' P03 n-phase 02 and twice of
P02 phase 01 until 3750. At 3751, Vrup of
phase 03 shows 327.67 until 3757 where V1ip is
around 55% other 2 phases. From 3758 to 3929,
V1up In Phases 01 & 02 are 70-90% and in
Phase 03 is 250-327%. From 3930 to 3932, V1up
in Phases 01 & 02 are 160-200% and 327.67% in
Phase 03.

(iii) Pattern of Vryp variation followed in
previous interruptions has been changed and a
very high distortion is shown in ph03. After the
turning point mentioned above, Phase 01 & 02
shows high harmonic voltages as 24V in 03"
harmonic, 80V in 5" harmonic & 11V in 11"
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Event/
Ref No.

Interval

Description

harmonic. Ph 03 shows a heavy harmonic

content of 50V in all harmonic orders.

(iv) Is = 0. Ityp also jumps > 80% and sometimes
shows 327.67% abnormal value. High 2"
harmonic content closer to 40A. 3™ harmonic
content closer to 30A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=25.

(v) Pst is within allowable limits.

06
(6070-
6073)

Sk

27" July 2012
1920 hrs to
1923 hrs

(i) Units 01, 02, 05 & 10 are out of operation.

(if) Vi = 0. Vryp is 327.67 in phase 02 and 20-
500 in other 2 phases. Harmonic voltages in
phakes 1 &03-atel genérally <8V and around
16VCInM=3" 1Al hanmonic orders have risen to
90V it phase 02.

(iii) It = 0. ltup is > 80%. High 2™ harmonic
content closer to 40A. 3™ harmonic content
closer to 30A. 4" harmonic content closer to

20A and gradually decreasing until n=25.

(iv) Pst rises to 5.64 from 0.24.

122




Event/

Interval Description
Ref No.
Plant 03
(i) Short Interruption. Vryp has risen to 130% in
phase 01 and >25% in phases 02 &03 from <5%.
High 5™ harmonic order of 10V.
n (i) ltp jumps > 215% from <5%. High 2"
01 17" August 2012; ) o .
harmonic content closer to 40A. 3™ harmonic
(1319) | 1457 hrs " _
content closer to 25A. 47 harmonic content
closer to 20A and gradually decreasing until
n=20. =0
(iii) Pstis within allowable limits.
(i) Short Interruption in the middle of two
_ voltage sags.
() (i) Vo 19)212%.Mp, 7300 V. All harmonic
afidetjvoltages are in the range of (3-8) V
02 17" August 2012;

(1321)

1459 hrs

(1) Irpp > 160% & 327.61% in Phase 01. High
2" harmonic content closer to 40A. 3 harmonic
content closer to 25A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=20. ;=0

(iv) Psthas risen to 21 after the sag.

03
(3771)

19™ August 2012;
0749 hrs

(i) Short Interruption in the middle of two
voltage sags. V < 0.1V .

PHO1 - Viwp = 39%. AIll harmonic order
voltages have risen to (8-12) V; except 15V in
5" Harmonic. V=30 V.
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Event/
Ref No.

Interval

Description

PHO2 - Vo = 28%. AIll harmonic order
voltages have risen to (4-6) V; except 16V in 5"
Harmonic & 11 in 2" Harmonic. Vi=30 V.

PHO3 - Viup = 50%. AIll harmonic order
voltages have risen to (10-15) V; except 21V in
5" Harmonic. V=30 V.

(i) ltup jumps > 215% from <5%. High 2"
harmonic content closer to 43A. 3™ harmonic
content closer to 28A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=20. =0

(iii) Pst has risen to 6 following the sag.

Plant Oé,.g No Events
“,j.
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Appendix B

DETAILS OF VOLTAGE SAGS
Event/
Interval Description
Ref No.
Plant 01
(i) Sag before interruption. V = 0.788 Vms
Considered to have LVRT capability. The plant
has tripped after 1 min
(i) Vtup has suddenly increased to 74.34%
from 1.3%. Vs has reduced to 30V and then to
zero. All harmonic orders have risen.
01 | 13" July 2012; (iii) Itup also shows a sudden increase. In
(888) | 0916 hrs general, all harmonic orders have risen;

prominently, High 2" harmonic content closer
tp 40A. 3" harfonic content closer to 30A. 4™
harmaenic content closer to 20A and gradually

decreasing until n=25.
(iv) With the sag, Pst has increased to 16.4.

(v) P=2kW. Q=6kVar.

02

(1134)

13" July 2012;
1322 hrs

(i) Sag followed by the interruption. V = 0.48
Vims. Considered to have LVRT capability. The
plant has recovered above 90% of voltage after

1 min

(i) Viup = 327.67-abnormal. Very High
harmonic voltages. Harmonic orders from 2-25

shows a harmonic voltage around 5-10V.

(iii) ltyp > 200%. In general, all harmonic

orders have risen; prominently, High 2"
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Event/
Ref No.

Interval

Description

harmonic content closer to 40A. 3™ harmonic
content closer to 30A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=25.

(iv) P=0, Q=2 kVAR.

(v) With the sag, Pst has increased over 32.

03

/

(2180}

114" Juin2o22s

A
L?O648 hrd

(i) Sag before interruption. V = 0.298 Vims.
Doesn’t have LVRT capability. The plant has
fallen below 40% of voltage.

(i) Vtup > 24% and 4-5 times of it in ph 2.
Very High harmonic voltages in phase 02 when

compared with others.

(niyIbrpiuwaR08%. Lianka0. In general, all
harronic-ordershavel visen; prominently, High
2% narmonic content closer to 40A. 3"
harmonic content closer to 30A. 4™ harmonic
content closer to 20A and gradually decreasing
until n=25.

(iv) P>0, Q<O.

(v) With the sag, Pst has increased to 14.83.

Plant 02
(i) V = 0.41 Vi Units 05, 07, 08, 10 & 11
seems to be tripped. Doesn’t have LVRT
01 | 26™ July 2012; .. b
capability. The plant hasn’t either recovered
(3543) | 0113 frs 90% voltage or tripped within 1 min.

(if) Vtup has suddenly increased to 24.4%.
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Event/
Ref No.

Interval

Description

(ili) ltup also shows a sudden increase >50%
and 327.67 in phase 03. Prominently, High 2"
harmonic content closer to 40A. 3™ harmonic
content closer to 25A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=25.

(iv) Pst & Voltage unbalance is within

allowable limits.

(v) With the sag, PF has become closer to zero.
P=0, Q>0

02

(3653)

26" July 2012;
0303 hrs

(i) V =0.761 Vs Units 03, 04, 05, 10, 11 & 12

seems to be tripped.

(1)VConzidered. tbrhavellNVRT capability. The
plant-hasrecovered above ©0% of voltage after

I min.
(iii) Vthp has suddenly increased to above 35%.

(iv) ltup also shows a sudden increase >60%
and 327.67 in phase 03. High 2™ harmonic
content closer to 30A. 3™ harmonic content
closer to 20A. 4™ harmonic content closer to

15A and gradually decreasing until n=25.

(v) Pst & Voltage unbalance is within

allowable limits.

(vi)P,Q<0;PF<O.

03

(6524)

28" July 2012;
0254 hrs

(i) V = 0.83 Vs At this point, all 13 units
show a consumption of 23.6kW. Considered to
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Event/
Ref No.

Interval

Description

have LVRT capability. The plant has recovered
above 90% of voltage after 1 min

(if) Vpp increased to 24%.

(iii) lHp increased to > 60%. High 2" harmonic
content closer to 35A. 3 harmonic content
closer to 20A. 4" harmonic content closer to

15A and gradually decreasing until n=25.

(iv) P=6kW,Q=6 kVAR. With the sag, PF has
reduced to 0.02.

(v) Pst & Voltage unbalance is within

allowable limits.

Plant 03

01

(1320)

17" August 2012;
1458 hrs

(1) WOEA016vW Ay Followedaby an interruption
event-Considered-tohave' 1\VRT capability. The
plant has tripped after 1 min

(if) V1up is >100% and almost twice in PHO2.
High 5™ harmonic order of 10V &. All other
harmonic order voltages of (2-6) V prevailing

from interruption. Vi = 19 kV.

(iii) ltup >200% & highest in PH02. High 2™
harmonic content closer to 40A. 3™ harmonic
content closer to 25A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=20. =0

(iv) PF <0 & closer to zero. P=0,Q=2 kVAR.
(v) STFI has suddenly risen to 21.05 following

the interruption.
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Event/
Ref No.

Interval

Description

02

(1322)

03

(1526)

17™ August 2012;
1500 hrs

17" August 2012;
1824 hrs

(1) V = 0.31 V,ns Followed by an interruption
event Doesn’t have LVRT capability. The plant

has fallen below 40% of voltage.

(if) Vtup is >13%. Vi = 8 kV. All harmonic
voltages have risen to (2-8)V.

(iii) ltup >235%. High 2™ harmonic content
closer to 40A. 3™ harmonic content closer to
25A. 4™ harmonic content closer to 20A and
gradually decreasing until n=20. I;=0

(iv) PF = 0. P=0,Q=0.

(v) STFI = 21 nprevailing from above

L {0). V7 all 03 phases;

lity. The plant

has recovered above 90% of voltage after 1 min

(if) Vrhp is >35%. All harmonic voltages have
risen to (1-4)V.

(iii) ltp >210% and 327.67 in PHO3. High 2"
harmonic content closer to 20A. 3™ harmonic
content closer to 12A. 4™ harmonic content
closer to 9A and gradually decreasing until
n=20. ;=0

(iv) PF close to zero. P=32.5kW, Q= - 40kVar.

(v) STFI is within allowable limits.
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Event/
Ref No.

Interval

Description

04

(1620)

05

(2851)

17™ August 2012;
1958 hrs

18" August 2012;
1629 hrs

(1) V = 0.85 Vs, Voltage drop in all 03 phases.
Considered to have LVRT capability. The plant

has recovered above 90% of voltage after 1 min

(if) Vup is =25% in phase 02 & almost twice in
Phases 01 & 03. All harmonic voltages have
risen to (1-4)V.

(iii) ltpp is 150%, 320% & 210% in 03 phases
respectively. High 2" harmonic content closer
to 40A. 3" harmonic content closer to 25A. 4™

harmonic content closer to 20A and gradually

decreasing until n=20.

“1) o 1 Fld)ap ::t'i,:ux.a::;n:}: FISEN 1.

(i) V = 0.8 Vs, Voltage drop in all 03 phases.
Considered to have LVRT capability. The plant

has recovered above 90% of voltage after 1 min

(i1) Vrup is >36%. All harmonic voltages have
risen to (0.5-2.0)V in all 3 phases.

(iii) Itup is >145%. High 2" harmonic content
closer to 14A. 3™ harmonic content closer to

08A and gradually decreasing until n=20.
(iv) PF close to zero. P=65 kW, Q= - 65kVar.

(v) STFI has is within allowable limits.
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Event/
Ref No.

Interval

Description

06

(3770)

19™ August 2012;
0748 hrs

(1) V = 0.75 Vs, Voltage drop in all 03 phases.
Considered to have LVRT capability. The plant
tripped after 1 min

(if) Vrup is >60%. All harmonic voltages have

risen to (1-4)V in all 3 phases.

(iii) lthp is >165%. High 2" harmonic content
closer to 15A. 3™ harmonic content closer to

08A and gradually decreasing until n=20.
(iv) PF close to zero. P=35kW Q= (-27.5kVar)

(v) STFI has risen to 6.04.

07

(3772)

19™ August 2012;
0750 hrs

(i) V = 0.45 Vs Followed by an interruption
event Considered to have LVVRT capability. The
plant hids recovered above 90% of voltage after

1 min

PHOL - Vqup = 36%. All harmonic order
voltages have risen to (6-8) V; except 10V in
3" Harmonic & 11V in 5" Harmonic. V; =
13.6kV.

PHO2 - Vwp = 26%. All harmonic order
voltages have risen to (3-6) V; except 8V in 3"
Harmonic & 12V in 5™ Harmonic. Vs =13.6kV.

PHO3 - Vi = 60%. All harmonic order
voltages have risen to (9-13) V; except 19V in
5" Harmonic. V¢ = 13.6kV.

(ii) Itup is >210% & highest in PHO1. High 2"

harmonic content closer to 40A. 3™ harmonic
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Event/
Ref No.

Interval

Description

content closer to 26A. 4™ harmonic content
closer to 20A and gradually decreasing until
n=20.

(iii) P=0 Q= 2.5kVar. PF=0

(iv) STFI = 6.04 prevails following the

interruption.

08

(4200§¢

19" August 2012;
P4628 hrs
)

(i) V = 037 Vs Doesn’t have LVRT
capability. The plant has fallen below 40% of

voltage.

(if) Vrup is >24%. All harmonic voltages have

risen to (3-6)V in all 3 phases.

(ifi) V1o is >165% and twice in PHO2. High 2"
Hateonit! content cidseritoa42A. 3™ harmonic
contéit @losérs  BTAOTEY harmonic content
closer to 20A and gradually decreasing until
n=20. Harmonic current of PHO2 are about 1A

low than other phases.
(iv) PF close to zero. P=0, Q= 2.5kVar

(v) STFI has suddenly risen to 18.12.

09

(5639)

20™ August 2012;
1457 hrs

(i) V = 0.71 Vs Considered to have LVRT
capability. The plant has recovered above 90%

of voltage after 1 min

(i1) Vup is >45%. All harmonic voltages have
risen to (0.5-3.0)V in all 3 phases.

(iii) ltup is >180% and highest in PHO02. High

2" harmonic content closer to 20A. 3
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Event/
Ref No.

Interval

Description

harmonic content closer to 11A and gradually
decreasing until n=20.

(iv) PF close to zero. P=0, Q= 2.5kVar

(v) STFI is within allowable limits.

Plant 04 — No Events
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Appendix C

DETAILS OF UNDER VOLTAGE EVENTS

Event/
Ref No.

Interval

Description

Plant 01 : No Events

Plant 02
(i) V = 0.782 Vims. Doesn’t have LVRT
capability. The plant hasn’t either tripped or
recovered above 90% of voltage within 1 min.
o1 25" July 2012; V1up has suddenly increased to 24. 4% from

(2302-2303)

o8

0432 hrs to
0433 hrs

5.65%.

(ii) ltyp also shows a sudden increase from
5.75 to 31.25.

(iii) P suddenly drops to zero. PF remains at
0.99 and fall to 0,02.

=) @y & [215687 VRS Doesn’t have LVRT
capability. The plant hasn’t either tripped or
" recovered above 90% of voltage within 1 min.
27" July 2012; _
02 V1up has suddenly increased to 23% from
0535 hrs to
(5245-5246) 9.5%.
0536 hrs - ) _ _
(ii) Ityp in phase 01 is 327.67 and 36 in Phase
02 & 03.
(iii) PF remains at 0.96 and fall to 0.02.
Plant 03
o1 19" August 2012; | () V =0.68 Vims Doesn’t have LVRT
1813 hrs to capability. The plant hasn’t either tripped or
(4395-4396) 1814 hrs recovered above 90% of voltage within 1 min.
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Event/
Ref No.

Interval

Description

(ii) P<0, Q>0 in k range. PF close to zero.

(iii) ltup is 160-300%. Random variation
between phases. High 2" harmonic content
closer to 35A. 3" harmonic content closer to

20A and gradually decreasing until n=20.

(iv) STFI & Voltage unbalance are within

allowable limits.

0FS

(5666-5669)

2oTCAtigust 2012}
1526 hrs'to

1527 hrs

(i) V = 057 Vs Doesn’t have LVRT
capability. The plant hasn’t either tripped or

recovered above 90% of voltage within 1 min.

(i) P,Q fluctuate directions in k range. PF

close to zero.

(IS 181 20457%. Random  variation
between phases: Al harmonic voltages have
risen to (1-5)V in all 3 phases except 9V of 5t

Harmonic.

(iv) ltup is 160-265%. Random variation
between phases. High 2" harmonic content
closer to 35A. 3" harmonic content closer to
20A and gradually decreasing until n=20.

(v) STFI & Voltage unbalance are within

allowable limits.

Plant 04 : No Events
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MINIMUM, MAXIMUM AND AVERAGE VOLTAGE HARMONIC

Appendix D

PERCENTAGES WITH PERCENTAGE DURATIONS THAT EXCEED THE

ALLOWABLE MAXIMUM LIMITS

Appendix D (i): Minimum, maximum and average voltage harmonic percentages

with percentage durations that exceed the allowable maximum limits when P < 0.

content exceeding
allowable limit

H } }
armonic Grid Code Plant 01 Plant 02 Plant03 | Plant04
Category Requirement
Minimum 1.10 0.99 1.33 0.48
(< 4%) | Average 1.95 1.43 2.17 1.04
n<11 Odd Maximum 2.48 2.03 4.00 1.54
o)
/o % Duration —harmonic
content exceeding 0.0 0.0 0.0 0.0
allowable limit
0.22 0.17
{?’;‘g( \ | V an 548 548
n<il Imul 3 1.00 1.11
Even
content exceeding 20.51 18.00 0.0 0.21
allowable limit
Minimum 0.12 0.28 0.21 0.17
(< 2%) | Average 0.51 0.99 0.44 0.70
11<=n<17 Maximum 2.38 2.68 0.74 161
[0)
Odd % % Duration —harmonic
content exceeding 4.27 4.75 0.0 0.0
allowable limit
Minimum 0.03 0.04 0.04 0.04
(<0.5%) | Average 0.24 0.45 0.10 0.18
H<=n<l7 Maximum 1.49 1.72 0.19 1.08
[0)
Even % % Duration —harmonic
20.51 43.50 0.0 5.61
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Harmonic Grid Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 0.09 0.08 0.03 0.02
(< 1.5%) | Average 0.42 0.71 0.07 0.12
17<=n<23 Maximum 2.97 3.41 0.18 0.22
0,
Odd % % Duration —harmonic
content exceeding 9.40 9.25 0.0 0.0
allowable limit
Minimum 0.03 0.02 0.01 0.02
(< 0.4%) | Average 0.26 0.23 0.03 0.05
17<=n<23 Maximum 111 0.66 0.07 0.12
o)
Even % % Duration —harmonic
content exceeding 21.37 11.50 0.0 0.0
allowable limit
Minimum 0.09 0.20 0.20 -
23<=n< | (<1.2%) | Average 1.72 2.64 2.70 -
50 Odd + Maximum 10.91 10.60 11.93 -
Even % | % Duration —harmonic
| 27.69 -
vl! VA AT
Appen nic percentages

with percentage durations that exceed the allowable maximum limits when P = 0.

Harmonic Gnc_l Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum NA 1.07 0.22 0.44
(<4%) | Average NA 1.65 244 1.04
n<11Odd Maximum NA 2.05 3.30 154
% : :
% Duration —harmonic
content exceeding NA 0.0 0.0 0.0
allowable limit
Minimum NA 0.17 0.05 0.18
n<11l Even
o (<1%) | Average NA 1.14 0.49 0.48
(0}
Maximum NA 1.85 1.04 1.13
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"C'z:g;?;c ngtjdirce:rcr)iit Plant 01 Plant 02 Plant03 | Plant04
% Duration —harmonic
content exceeding NA 59.84 7.14 0.35
allowable limit
Minimum NA 0.38 0.04 0.17
(<2%) | Average NA 1.13 0.62 0.53
Hi<=n<ty Maximum NA 2.97 0.87 161
[0)
Odd % % Duration —harmonic
content exceeding NA 12.60 0.0 0.0
allowable limit
Minimum NA 0.06 0.02 0.05
(< 0.5%) | Average NA 0.56 0.14 0.17
li<=n<ly Maximum NA 1.67 0.30 1.28
o)
Even % % Duration —harmonic
content exceeding NA 51.18 0.0 313
allowable limit
Minimum NA 0.10 0.04 0.03
, 0.09 0.11
mum "l 0.14 0.22
0.0 0.0
CALICCUIIIU alvyvvavic
limit
Minimum NA 0.03 0.02 0.02
(< 0.4%) | Average NA 0.29 0.04 0.05
17<=n<z3 Maximum NA 0.54 0.07 0.12
[0)
Even % % Duration —harmonic
content exceeding NA 1181 0.0 0.0
allowable limit
Minimum NA 0.11 0.33 -
23<=n< 50 | (<1.2%) | Average NA 2.58 3.07 -
odd + Maximum NA 28.63 10.10 -
Even % | % Duration —harmonic
NA 60.63 35.71 -

content exceeding
allowable limit
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Appendix D (iii): Minimum, maximum and average voltage harmonic percentages
with percentage durations that exceed the allowable maximum limits when
0 <P< 850 kW.

Harmonic Grid Code Plant 01 Plant 02 Plant03 | Plant 04
Category Requirement
Minimum 1.04 1.02 0.07 0.44
(<4%) | Average 1.60 1.70 1.64 0.92
n<11 Odd Maximum 2.89 10.28 23.03 1.46
[0)
/o % Duration —harmonic
content exceeding 0.0 1.37 0.04 0.0
allowable limit
Minimum 0.24 0.12 0.03 0.22
(<1%) | Average 1.98 1.12 0.67 0.46
n<11Even Maximum 2.86 10.25 22.46 1.55
[0)
/o % Duration —harmonic
content exceeding 79.18 51.37 3.92 0.65
allowable limit
g“”% Minimum 0.19 033 0.03 0.12
5
SEsA< 2%) | Ayerage 145 117 0.29 0.46
<=n<177" Maximum 3.96 6.51 1.00 111
O,
Odd % % Duration —harmonic
content exceeding 20.45 14.38 0.0 0.0
allowable limit
Minimum 0.12 0.04 0.02 0.06
(< 0.5%) | Average 0.93 0.60 0.14 0.13
11<=n<17 Maximum 2.85 6.00 0.39 0.62
0)
Even % % Duration —harmonic
content exceeding 8401 4795 OO 023
allowable limit
Minimum 0.12 0.06 0.19 0.05
(<1.5%) | Average 1.78 0.99 0.11 0.12
17<=n<23 Maximum 4.70 4.14 0.52 0.27
[0)
Odd % % Duration —harmonic
content exceeding 58.36 26.03 0.0 0.0
allowable limit
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Harmonic Grid Code Plant 01 Plant 02 Plant03 | Plant 04
Category Requirement
Minimum 0.04 0.02 0.02 0.02
(< 0.4%) | Average 0.90 0.30 0.07 0.05
17<=n<23 Maximum 1.63 3.80 0.18 0.12
[0)
Even % % Duration —harmonic
content exceeding 85.50 19.86 0.0 0.0
allowable limit
Minimum 0.26 0.16 0.18 -
23<=n< 50 (< 1.2%) | Average 8.13 4.04 0.70 -
Odd + Maximum 64.28 52.68 327.66 -
Even % | % Duration —harmonic
94.05 57.53 2.13 -

content exceeding
allowable limit

Appendix D (iv): Minimum, maximum and average voltage harmonic percentages

with percentage durations that exceed the allowable maximum limits when 850 kW

<pP< 5| i
Harm 'Cr i b PlAn lant03 | Plant 04
Categ i eduUitrémettt
Minimum 1.09 1.18 NA 0.44
(<4%) | Average 1.60 1.60 NA 0.91
n<110dd Maximum 2.60 551 NA 560
[0)
/o % Duration —harmonic
content exceeding 0.0 0.0 NA 0.0
allowable limit
Minimum 0.90 1.44 NA 0.22
(<1%) | Average 2.56 2.61 NA 0.46
n<il Maximum 3.81 351 NA 5770
[0)
Even % % Duration —harmonic
content exceeding 98.76 100.0 NA 0.83
allowable limit
Minimum 0.52 0.57 NA 0.12
11<=n<17
(<2%) | Average 1.78 1.77 NA 0.44
Odd % .
Maximum 4.45 4,92 NA 0.96
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Harmonic

Grid Code

. Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
% Duration —harmonic
content exceeding 32.09 32.87 NA 0.0
allowable limit
Minimum 0.39 0.36 NA 0.06
(< 0.5%) | Average 1.15 1.13 NA 0.14
11<=n<17 Maximum 2.87 3.10 NA 0.56
o)
Even % % Duration —harmonic
content exceeding 98.17 98.54 NA 0.08
allowable limit
Minimum 0.68 0.55 NA 0.05
(< 1.5%) | Average 2.29 1.98 NA 0.12
17<=n<23 Maximum 5.65 5.60 NA 0.30
[0)
Odd % % Duration —harmonic
content exceeding 83.73 68.87 NA 0.0
allowable limit
Mipkmum 0,47 0r34 NA 0.02
€45 0.496)] d Average 108 9450 NA 0.06
17<=n<23 4 Maximum k55 0.95 NA 0.18
0)
Even %% % Duration —harmonic
content exceeding 100.0 95.8 NA 0.0
allowable limit
Minimum 3.20 3.42 NA -
23<=n< (< 1.2%) | Average 9.87 8.70 NA -
50 Odd + Maximum 29.11 14.43 NA -
Even % | % Duration —harmonic
100.0 100.0 NA -

content exceeding
allowable limit
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Appendix D (v): Minimum, maximum and average voltage harmonic percentages

with percentage durations that exceed the allowable maximum limits when

5 MW <P< 10 MW.

Harmonic

Grid Code

. Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 1.26 1.34 NA 0.44
(< 4%) | Average 1.70 1.70 NA 0.91
n<11 Odd Maximum 2.22 2.35 NA 2.00
(o)
/o % Duration —harmonic
content exceeding 0.0 0.0 NA 0.0
allowable limit
Minimum 1.53 1.75 NA 0.22
(<1%) | Average 2.27 2.37 NA 0.46
n<ll Maximum 2.97 3.35 NA 0.74
o)
Even % % Duration —harmonic
content exceeding 100.0 100.0 NA 0.0
allowable limit
“.V‘f; _ NMHRbuR 0,67 0.62 NA 0.12
é‘:% 2%Ir |cAVerage 2510 202 NA 0.44
11<=n<1/G= W ENE T gla3 6.40 NA 0.96
[0)
Odd % % Duration —harmonic
content exceeding 47.60 44,71 NA 0.0
allowable limit
Minimum 0.40 0.37 NA 0.06
(< 0.5%) | Average 1.22 1.20 NA 0.14
11<=n<17 Maximum 3.67 3.71 NA 0.63
[0)
Even % % Duration —harmonic
content exceeding 99.30 99.05 NA 3.45
allowable limit
Minimum 0.76 0.41 NA 0.05
< 1.5%) | Average 2.60 2.12 NA 0.12
( g
17<=n<2z3 Maximum 6.58 7.87 NA 0.30
0)
Odd % % Duration —harmonic
91.63 74.49 NA 0.0

content exceeding
allowable limit
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Harmonic Grid Code Plant 01 Plant 02 Plant03 | Plant 04
Category Requirement
Minimum 0.53 0.38 NA 0.02
(< 0.4%) | Average 0.78 0.50 NA 0.06
17<=n<23 Maximum 1.32 1.01 NA 0.18
o)
Even % % Duration —harmonic
content exceeding 100.0 97.23 NA 0.0
allowable limit
Minimum 0.93 2.03 NA -
23<=n< (< 1.2%) | Average 8.10 7.56 NA -
50 Odd + Maximum 15.30 18.70 NA -
Even % | % Duration —harmonic
content exceeding 100.0 100.0 NA -
allowable limit
-
=5
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Appendix E

MINIMUM, MAXIMUM AND AVERAGE CURRENT HARMONIC
PERCENTAGES WITH PERCENTAGE DURATIONS THAT EXCEED THE
ALLOWABLE MAXIMUM LIMITS

Appendix E(i): Minimum, maximum and average current harmonic percentages with

percentage durations that exceed the allowable maximum limits when P < 0.

r ) )
armonic Grid Code Plant0l | Plant02 Plant03 | Plant04
Category Requirement
Minimum 13.00 13.00 11.33 6.81
(<4%) | Average 29.47 24.76 23.00 13.02
n<11 Odd Maximum | 225.54 197.30 55.78 23.70
% ] :
% Duration —harmonic
content exceeding 100.0 100.0 100.0 100.0
allowable limit

_ 1 3.95 2.80
- T O AN I
n<l e | Max| | 36354 | 285.76 31.84 8.27
Even % 5= www. l1b.mrt.ac.lk
content exceeding 100.0 100.0 100.0 100.0
allowable limit
Minimum 1.91 2.30 0.91 1.73
(<2%) | Average 8.11 8.88 7.54 9.96
11<=n<17 Maximum | 112.38 129.55 14.71 24.56
Odd % % Duration —harmonic
content exceeding 99.43 100.0 98.46 99.68
allowable limit
Minimum 1.10 1.10 0.91 0.81
(< 0.5%) | Average 4.80 5.10 2.91 2.85
11<=n<17 Maximum 63.23 62.57 13.22 20.74
Even % % Duration —harmonic
content exceeding 100.0 100.0 100.0 100.0
allowable limit
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allowable limit

Harmonic Grid Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 8.11 0.68 4.70 2.24
(<3.1%) | Average 42.60 7.03 88.40 11.06
17<=n<50 .
Maximum 333.24 116.69 325.87 19.08
Odd +
% Duration —harmonic
Even % )
content exceeding 100.0 100.0 100.0 99.36

Appendix E(ii): Minimum, maximum and average current harmonic percentages

with percentage durations that exceed the allowable maximum limits when P = 0.

Harmonic

Grid Code

. Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum NA 55.00 19.60 7.02
(< 4%) | Average NA 55.97 51.56 13.53
n<110Odd 6.77 25.32
% o — v erettv-ofF Mottt e
o o niversity ol |
Sl rentelesdangic Thesasa 160(0 000 100.0
SSHowabievimit !
34.2 5.00 3.13
(<1%) | Average NA 85.44 75.96 5.68
n<ll Maximum NA 87.10 86.57 8.36
[0)
Even % % Duration —harmonic
content exceeding NA 100.0 100.0 100.0
allowable limit
Minimum NA 16.13 4.69 1.78
(< 2%) | Average NA 16.48 15.05 4.49
11<=n<17 Maximum NA 16.77 16.64 16.62
[0)
Odd % % Duration —harmonic
content exceeding NA 100.0 100.0 98.95
allowable limit
Minimum NA 14.97 1.59 0.88
11<=n<17
(< 0.5%) | Average NA 15.25 13.49 1.92
Even % .
Maximum NA 15.56 15.41 8.33
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H B ]
armonic GI’ICi Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
% Duration —harmonic
content exceeding NA 100.0 100.0 100.0
allowable limit
Minimum NA 7.27 1.58 3.70
17<=n<50 (< 3.1%) | Average NA 7.40 7.04 12.27
Odd + Maximum NA 7.96 7.88 18.63
Even % | % Duration —harmonic
content exceeding NA 100.0 100.0 100.0
allowable limit

Appendix E(iii): Minimum, maximum and average current harmonic percentages

with percentage durations that exceed the allowable maximum limits when

0 <P< 850 kW.
Harmonic Grid Code Plant 01 Plant 02 Plant03 | Plant 04
Category | Requirement
g"% Minimam 1451 3043 0.60 4.81
gy -
Lt~ 4%) | Average 43.53 63.42 2.34 15.28
n<11Odd = Maximum 205.66 419.77 55.00 31.87
[0)
/o % Duration — harmonic
content exceeding 100.0 100.0 7.80 100.0
allowable limit
Minimum 19.49 36.80 3.05 2.53
(<1%) | Average 87.51 100.27 4.04 5.45
n<il Maximum 516.30 803.34 79.00 9.71
[0)
Even % % Duration — harmonic
content exceeding 100.0 100.0 100.0 100.0
allowable limit
Minimum 2.44 16.24 0.25 0.65
(<2%) | Average 22.35 20.88 1.00 3.02
11<=n<17 Maximum 149.17 159.60 15.59 16.93
[0)
Odd % % Duration — harmonic
100.0 100.0 2.52 73.35

content exceeding
allowable limit

146




allowable limit

Harmonic GI’ICi Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 1.58 10.78 0.19 0.38
(<0.5%) | Average 13.28 17.07 0.85 0.96
Y Maximum 83.31 85.36 12.73 3.92
[0)
Even % % Duration — harmonic
content exceeding 100.0 100.0 76.58 924
allowable limit
Minimum 14.87 27.00 0.20 3.72
17<=n<50 (< 3.1%) | Average 69.13 27.93 1.56 8.48
Odd + Maximum 359.80 321.70 323.45 19.60
Even % | % Duration — harmonic
content exceeding 100.0 100.0 1.90 100.0

Appendix E(iv): Minimum, maximum and average current harmonic percentages

with percentage durations that exceed the allowable maximum limits when
850 KW <PEBIW;

Harmonic Gmi Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 5.63 494 NA 1.18
(<4%) | Average 13.76 10.47 NA 5.40
n<11 Odd Maximum | 40.27 48.93 NA 13.47
% : :
% Duration —harmonic
content exceeding 1000 1000 NA 6732
allowable limit
Minimum 8.60 1.15 NA 0.64
(<1%) | Average 26.88 16.73 NA 2.18
n<11 Maximum 74.44 78.60 NA 4.62
[0)
Even % % Duration —harmonic
content exceeding 100.0 100.0 NA 92.08

allowable limit
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Harmonic

Grid Code

“watlowakle limit

. Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 1.35 1.25 NA 0.26
(<2%) | Average 6.45 4,39 NA 1.09
11<=n<17 Maximum 23.05 18.79 NA 3.76
[0)
Odd % % Duration —harmonic
content exceeding 95.09 91.37 NA 7.56
allowable limit
Minimum 0.80 0.66 NA 0.17
(<0.5%) | Average 3.68 243 NA 0.35
11<=n<17 Maximum | 14.15 11.84 NA 1.16
o)
Even % % Duration —harmonic
content exceeding 100.0 100.0 NA 7.10
allowable limit
Minimum 4.55 2.16 NA 0.85
17<=n<50 (<3.1%) | Average 16.88 7.48 NA 3.15
Odd + | Maximum 210.20 302.13 NA 8.08
Even % g% Duratidh “heréhid
(e abritent excedding 60,0 10010 NA 51.52

Appendix E(v): Minimum, maximum and average current harmonic percentages

with percentage durations that exceed the allowable maximum limits when 5 MW

<P< 10 MW.
Harmonic Grid Code Plant0l | Plant02 | Plant03 | Plant04
Category Requirement
Minimum 3.26 3.27 NA 0.64
(<4%) | Average 4.40 4.87 NA 1.36
n<11 Odd Maximum 8.77 31.62 NA 2.23
%
% Duration —harmonic
content exceeding 33.75 78.89 NA 0.0
allowable limit
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Harmonic Gnd. Code Plant 01 Plant 02 Plant 03 Plant 04
Category Requirement
Minimum 5.50 4.55 NA 0.44
(<1%) | Average 7.33 7.00 NA 0.70
n<il Maximum | 14.50 48.47 NA 1.08
[0)
Even % % Duration —harmonic
content exceeding 100.0 100.0 NA 2.29
allowable limit
Minimum 0.40 0.62 NA 0.11
(<2%) | Average 2.00 2.08 NA 0.30
11<=n<17 Maximum 3.85 16.31 NA 0.58
0]
Odd % % Duration —harmonic
content exceeding 39.00 42.28 NA 0.0
allowable limit
Minimum 0.40 0.40 NA 0.29
(<0.5%) | Average 1.07 1.10 NA 0.36
11<=n<17 Maximum 3.85 6.23 NA 0.49
0,
Even % 490 Duration —harmonic
‘éﬁgoment exceeding 89.47 98.91 NA 0.0
‘L%_-gl‘lovvable Hirttit
Mimmum 2.55 1.36 NA 0.36
17<=n<50 (< 3.1%) | Average 5.00 3.15 NA 0.71
oOdd + Maximum 92.57 295.86 NA 1.13
Even % | % Duration —harmonic
content exceeding 97.23 41.08 NA 0.0
allowable limit
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