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Executive Summary

PA Consulting, the prime contractor of US AID hasaaded the study of the frequency
control and voltage control aspects of the Sri leargower system to Global energy
consulting Engineers (P) Ltd., (GECE). The scop¢hefstudy comprises tuning aspects of
the governors and automatic voltage regulators (8)yBssessment of the frequency control
and voltage control procedures adopted by the @dylectricity Board (CEB) for the current
and future power networks up to 2020. The studg ise carried out using the PSS/E (Power
System Simulator for Engineering) software licensgdhe CEB with the assistance of CEB
engineers.

An Interim Technical Report giving the simulatioesults of 2008 base case power system
study has been submitted along with the recommamdain June 2009. A presentation has
also been made in Colombo. Subsequently, studies baen carried out on the frequency

and voltage control aspects of the planned powstesy scenarios for 2012, 2016 and 2020.
The GECE consultants have visited Colombo sevenalst and had detailed discussions with

the CEB engineers. CEB have supplied the poweesyslata as well as the dynamic model

data. The simulation studies using PSS/E have beaemed out CEB engineers when the

consultants were in Colombo and after wards wigul@& communication through e-mail.

The present report is the final report highlightithg simulation studies, analysis and the
recommendations for the CEB power system up to 2020

The software adequacies and the training requir&sri&ve also been identified.
Frequency Control

The tuning aspects of the governor parameters bas Btudied by considering a small

isolated power system with a hydro power planttheamal power plant, a combined cycle

power plant and coal based power plant separably transient frequency variations for the

trip of a large generating unit are used as theésbd$e adjustable parameters have been
varied and the response curves have been studisdetdhe effect of parametric changes.
Tuning of gains has also been studied using a $watodel separately. Guidelines for the

tuning of governor parameters have been given basethe above studies and on the

experience gained in Indian power stations.

Disturbances like sudden generator trip are siradlan the peak load and off peak load base
cases of 2008, 2012, 2016 and 2020 power systenaiggs, considering the power system
as a whole. The simulation has been repeated foous conditions like governor-free
operation of all generating units, inoperative goees and with only Victoria hydro
machines participating in frequency control. Thegjfrency trends are analyzed.

For any disturbance involving generation and loasihmatch, frequency changes and settles
down at a different value due to the governor dsoopder primary regulation. To restore
frequency back to the rated value, secondary régual@ required to adjust the generation
set points of the governors automatically. The Lé&adquency Controller (LFC) which is
part of the Automatic Generation Control (AGC) gystis required for the secondary
control. It can be implemented as part of the Epdgnagement system (EMS).
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The simulation study is based generally on the ohyoalata provided in the PSS/E program
by CEB according to the data verification carriast by the JICA study team in 2005.
Wherever data is inconsistent or unavailable slataélues have been taken.

Voltage Control

The voltage control aspects of the CEB power systambeen studied considering the entire
base case power system data for 2008, 2012, 201 &@20 scenarios. Disturbances like
three phase fault, generator trip, and sudden dbadge have been simulated on various 220
kV and 132 kV lines and the variations in voltageswer flows, and rotor angles at various
buses have been studied by simulating using PS3I&.effects of parametric changes in
AVR have been studied. The existing practice oftage Control has been reviewed through
discussions with the policy-making engineers of G also by simulation study.

Study of reactive power management is conductell evientation towards VAR Scheduling
for the combined operation of Generator AVR anddGrransformer Tap-Control (GTTC)
and the suitability of present practice adopted been checked using PSS/E software with
the assistance of trained staff of CEB.

Further simulation studies will be carried out aitage control strategies (VAR scheduling),
with combined operation of AVRs of individual geatrs and GTTCs, following a typical
disturbances. Based on the simulation study, pragposed to suggest recommendations on
suitable settings for the AVRs of individual gertera.

The effects of automatic voltage regulator (AVR)gmaeters like amplifier gain, stabilization
loop gain etc., have been studied on the sele@edrgtor models using Simulink program.

The use of power system stabilizers (PSS) with iggimg units for excitation control is well
established as a means of improving the dampirthensystem. Power system stabilizers
(PSS) are auxiliary feedback controllers which nez@ signal from rotor velocity, frequency
or accelerating power and provide a corrective inpuhe excitation system in order to damp
out the oscillations in the system. An approachtfa design of PSS applicable to CEB
power system is presented in the Report.

Static Var Compensator (SVC) provides fast actirygamnic reactive compensation for
voltage support during contingencies. SVC also addampening the power swings and
reduces system losses by optimized reactive powmtral. The power System stability can
also be improved by incorporating SVCs. A methodglbas been presented on the design of
static var compensators for CEB power system.

Recommendations

With the governor parameters as provided for in dggamic data base, the CEB power
system does not exhibit any oscillatory tendentdesnormal disturbances. The permanent
droop value of 0.05 p.u (or 5%) generally followiedin line with the setting followed in
many countries. The droop value reflects the retstiip between power and frequency. For
old power stations this value may not be the redlier as the relationships change due to
wear and tear. It is suggested that droop charsiitebe plotted from measurements when a
hydro power plant is commissioned after renovatemd modernization. The tuning
parameters as in the dynamic data give stable megpoGuidelines for tuning in the
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parameters in case of changes at power statiageteerally followed by various utilities are
also given in the report.

The present practice of grid frequency control asadjust the power output of hydro

machines at Victoria by reducing the droop to 1.@8m normal 5%) when the frequency

tends to fall during peak hours. But, it is necessa provide Automatic Generation Control

(AGC)/Load Frequency Control (LFC) which adjuste et points of participating machines
automatically based on the frequency error or ‘@aarol error’ (ACE). It is recommended

to include the AGC application program in the SCABAergy Management System (EMS)
at the System Control Center. The AGC applicatioagmm includes LFC, Economic

Dispatch (ED) and Interchange Scheduling (IS) fimmst As CEB has plans to add several
Coal based thermal power plants, ED function widoabe necessary. At present, the Sri
Lanka power system is considered as a single doautea. But after deregulation, in future
the electricity network may be divided into mangas. IS function will be necessary for
multi-area systems.

The effect of wind penetration on the power systgperation is studied and simulation
results are presented in the Report. It is obsetlratipenetration level up to 10% does not
pose problems for frequency control and voltagerobmiith the system settings as included
in the PSS/E program.

The settings of automatic voltage regulators (A\WR)vided with various generators as in
the PSS/E dynamic data have been reviewed and vaéses do not need to be changed. But
it was noticed that different types of AVRs are duse the power stations and the
mathematical model does not reflect these diffe@snn the AVR design. So it is
recommended that the AVR and excitation systemmpaters provided at the power stations
be checked by suitable tests and measurements.

Extensive simulations runs have been carried otht warious fault conditions to study the
voltage transients. Though some oscillations aeeded, system stability is not endangered.
However, proper adjustment of power system stail(PSS) parameters is necessary for
providing adequate stability margins. Guidelines given in the report for adjustment of the
PSS parameters.

Static Var Compensation (SVC) has been recommetuddprove the stability of the power
system. The reactive power (VAR) scheduling aspdotsvarious scenarios are also
discussed in the final report.

Training Requirements
Presently there are only two engineers trained $8/B on limited aspects of power system
planning. It is necessary to have 10 to 12 traierdineers trained on various aspects of

power system studies using PSS/E and other welknpograms.

Prior to the training on PSS/E a general apprexiatourse covering the theoretical aspects
of the power system analysis is necessary and@opabhas been given in the report.

It is also recommended to carry out tests at pastations and other sites to ascertain the
control system parameters for tuning the same @tiym
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Software Inadequacies

The PSS/E is a popular program among the utilitedd- wide. For the studies involving

load flows etc., it is quite convenient. The PSSSMUand TPLAN programs offered by

Siemens will be quite valuable for transmissionnplag and calculation of electric

transmission transfer capabilities and the impdctransactions and generator dispatch.
Hence, it is recommended that CEB may procure P8&Mand TPLAN also. To take

quick operational decisions, it is recommended t6&B may acquire Power World

Simulator software.

The requests for wind power plant interconnectianehto be analyzed in each case. CEB
may need to additional license to incorporate ckifié wind turbine models for studies
requiring fault ride through capability etc.
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FREQUENCY AND VOLTAGE CONTROL STUDY OF
CEB POWER SYSTEM

Final Report

Chapter 1
INTRODUCTION

Frequency and Voltage are the two important pararaeaffecting the quality of power

supply systems. These are to be maintained witienspecified range as all the electrical
equipment is designed to perform efficiently fore tispecified voltage and frequency.
Frequency variation indicates that there is misiatc the active power generated and
consumed. Voltage variation indicates that reacipower mismatch exists. Frequency
variation is a system-wide phenomenon. Voltageatiam depends on local and system wide
reactive power matching.

The variations in frequency and voltage dependherpbwer system network and the control
parameters. The control parameters have to beepgyofuned for optimum performance
from the system. Simulation techniques help in joted) the system response for large
interconnected power systems for various valuggrohg constants.

Global Energy Consulting Engineers (GECE) Hyderaldeas been entrusted the task of
conducting a reliability study of the power systeinSri Lanka by the PA Government
Services, Inc. under the USAID funded South Asiagi®®al Initiative for Energy
(SARI/Energy) Program with the assistance of Cetactricity Board (CEB), Colombo.

The objectives of the study are:

1. To suggest the most appropriate settings ancesoflindividual Turbine Governors and
to study and review the current practice of Fregye@ontrol and suggest the most
suitable method of frequency control for the futposver system until year 2020.

2. To suggest the most appropriate settings andemodél Automatic Voltage Regulators
(AVR) of the individual Generator and to study areView the current practice of
Voltage Control and suggest the most suitable naetifovoltage control for the future
power system until year 2020.

3. To study the current practice of VAr Schedulofghe power system with the combine
operation of Generator AVR and Grid Transformer Tamtrol and shall suggest the
most suitable method of Voltage Control for therent and future power system until the
year 2020.

4. i) To suggest how the frequency stability couldnb@ntained with a higher proportion
of non-centrally dispatched generators such as Wowier and Mini Hydro in the future
system until the year 2020.

i) To suggest a proportion to be imposed to namsedly dispatched power generators
such as wind and Mini Hydro.
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i) To recommend the appropriate method to mamthie frequency stability under
normal conditions with a higher proportion of naemtrally dispatched generators.

GECE consultants visited CEB offices several tirapd had detailed discussions with the
CEB engineers. Basic data required for the studyldeeen provided by the CEB. In the first
phase, study of the 2008 base case power systeiy Istis been completed using Siemens-
PTI's Power system Simulator for Engineering (P3$#tégram available with CEB with the
assistance of CEB engineers and the study reswdtprasented in this Interim report. A
presentation has also been made in Colombo onette@mmendations given in the Interim
report.

Subsequently, the base case scenarios of the pystem for the years 2012, 2016 and 2020
have been considered for the simulation study.ef@\coal based thermal power plants are
planned to be included in future. Mathematical ni@dgpropriate to the coal based power
plants of 285 MW and 300 MW have been included he simulation program. The
variations in frequency and voltage for the upsetditions like trip of a large generating unit
are obtained from the PSS/E simulation.

Wind power plants are also being planned in a lag.Whe effect of wind penetration on the
frequency and voltage variations is simulated usivgg GE 1.5 MW wind turbine models
available in the PSS/E program.

The stability of the power system can be improved ibcorporating Power System
Stabilizers in the excitation control systems. Plagameters in the PSS have to be properly
tuned. An approach for tuning of the PSS is givethe Report.

Static Var compensation helps in maintaining thikage stability in the event of occurrence
of faults in the system. An approach for the SYi€brporation is given in the Report.

Based on the simulation study and the experiencésthe GECE consultants,
recommendations are given for the safe reliableatjom of the power system with regard to
frequency control and voltage control.
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Chapter 2

CEB POWER SYSTEM: SALIENT FEATURES

The electricity demand in Sri Lanka is growing la¢ trate 7-8%. Sri Lanka has ambitious
plan to increase power generation capacity in the few years. By 2012, installed capacity
in the CEB power system is expected to increas85w/ MW from 2138 MW in 2008.
Installed capacity will further increase to 385K18V in 2016 and will be close to 500 MW in
2020.

The share of power generation by CEB in 2008 is ®8%hich 37% is from hydro power
sources and 21% is by thermal. The balance 42%y iprivate power producers (PPP).
There are many small hydro power plants in privsgetor contributing about 4% of total
generation.

The major hydro power stations are located in LarapComplex (5 stations) and Mahaweli
complex (6 stations). Mahaweli system is of muitgse nature with power and irrigation
components.

The thermal power generation consists of dieselgoastations, gas turbine and combined
cycle power plants. The major gas turbines aketdnitissa power station and diesel power
stations are at Sapugaskanda. As Kerawallpittgs tgrbine based combined cycle power
plants of 2 X 90 MW and 2 X 135 MW capacity arerplad to be added by 2010.

Several coal based thermal power plants will beiogmp at Puttalam (3 X 285 MW) and
Trincomalee (3 X 250 MW). Nearly SIX coal poweapls of 300 MW capacity are planned
in East Coast and West Coast.

CEB has a wind power plant of 3 MW capacity at Handiota. There are 5 wind turbines
of 600KW capacity. There are several proposalsaioid power plants of higher capacity.
The Ceylon Electricity Board has signed Lettergneént with four commercial developers to
build 34 megawatts of wind power in the Island'stast.

The CEB transmission system is at 220 KV and 132|é&é| and the distribution is at 33/11
kV level. The generating stations of CEB and IBfsconnected to the transmission system.
In 1997, the Japan International Cooperation Aggdt@A) drew up a “Master Plan for the
Development of a National Transmission Network'which a development plan for 2015
was suggested.

The System Control Center (SCC) for the CEB powstesn is located at Dematagoda in
Colombo manages the operation of both 220 kV arftikM3transmission systems of CEB.

The main duties of SCC are load dispatching andiarét managing. The daily schedule of

generation and dispatch of power to meet the systamand is done in the most economical
manner. The SCADA system with the Master statiothat System Control Center is the

Micro SCADA system supplied by ABB. There are pldasupgrade the System Control

Center by incorporating modern SCADA and energy dgment System.

The nominal frequency in Sri Lanka is 50 Hz. Undermal conditions frequency should be
controlled within the limits of 49.5 Hz — 50.5 Hze( £1%). The system frequency control is
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done manually. Whenever grid frequency tends tip ¢@neration at Victoria hydro power
station is increased. If the frequency still fallead shedding will be resorted too.

The system voltage at 132 KV is monitored duringkplwad times in the morning and night
voltage falls. The system control center takessstepadd capacitors so that voltage builds

up.

A coal fired power project of 1000 MW of power airicomalee by the CEB in collaboration
with the National Thermal Power Corporation (NTRE)ndia is also on the anvil.

Under South Asian regional Initiative (SARI) prograf USAID, the concept of an Indo-Sri
Lanka Power Transmission Grid Inter-connectionasmy explored which when completed
will contribute significantly towards easing Srirlla's energy crisis.
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3.1

3.2

3.3

3.4

CHAPTER 3

STUDY APPROACH

Introduction

The approach followed by the GECE consultants toyaaut the frequency and voltage
control study of the CEB power system is highlighite this chapter.

Familiarization of CEB Power System

The GECE consultants have got familiarized with @B power system by studying
various CEB reports and documents made availakke JICA master plan study
reports, REED reports etc., and several usefuudsons were held with the Planning
engineers and the System Control engineers. Sevisigd were made to Colombo
offices and regular correspondence was there threugail.

Visits were made to system Control Center, sulmstatiand combined cycle power
station at Kelanitissa.

PSS/E program and data

The GECE consultants have also been familiarizétt WSS/E program licensed by
CEB from Siemens which is quite popular amongtigsi

Based on the simulation guidelines given by GECRsuatiants, CEB engineers have
carried out the PSS/E simulation study and madéada the results provided in this
report. Based on the analysis and interpretatesuylts were carried out.

Load flow analysis is the PSS/E basic activity ieariout by PSS/E. The power system
network data as per 2008 scenario was already-ibudlhd CEB engineers have been
carrying out regular planning studies using PSS/E.

To study the frequency and voltage control aspetysamic simulation activity of
PSSI/E is required. The mathematical models of uarmomponents of power system
along with data have been incorporated by CEB aedevsupposed to have been
checked by the JICA study team in 2005.

Certain discrepancies noted have been removed. amaeneters like water inertia
time whose precise values are not known were giledault values.

Simulation Methodology

In the PSS/E program, a small isolated system wgaherators and loads are created
around a power generating station and various nhiahces like sudden load change,
fault on a transmission line, one generating wiltife in a multi-unit power station etc.

The affect of varying governor gains on the frequyevariation is studied and optimum
values for the governor adjustable gains like terapodroop and recovery time of
hydro are obtained.

USAID SARI/ENERGY 19



3.5

3.6

The analysis is carried out for hydro stationsyria station, combined cycle power
plant and coal based thermal power plants.

As data was not available in the PSS/E programEB,Gypical data for 250 MW/ 300
MW available with GECE consultants has been inc@f@ol. In India, several 250
MW power plants are set up.

After simulating the isolated power systems (aroarnglant), combined power system
has been considered for simulation. The frequeratawior of the power system has
been simulated by creating disturbances like géoetigp and sudden load change.

The frequency variation for disturbance like lodwwge, short circuit or generator trip
depends on the total interconnected system in@ri@duding that of loads). Typical

disturbances are created in the Dynamic Simulgtimgram of PSS/E and the power
system frequency transients are studied. The effeftequency control by the spinning
reserve unit at Victoria power station is simulatdthe effect of varying governor

parameters at select locations is observed andnopti adjustment criteria were
obtained. The patrticipation in the restoration pssc by CEB’s hydro and thermal
generating units and the IPP’s power generatints isialso studied.

To estimate the grid composite inertia, disturbanaee created without individual
governor actions and the frequency variation f@psibad disturbance was used to
estimate the system inertia value and the selfla¢ign characteristic.

Simulation Using MATLAB/SIMULINK

To study the tuning aspects of governors and ARathematical models have been
created using MATLAB/ SIMULINK for hydro power plancombined cycle power

plant and single machine infinite bus power systensimulation of load change is
carried out and frequency variation and voltageéatian have been obtained for various
values of governor gains and AVR gains.

The generating units and their governors are repted in a composite fashion. The
hydro power plants are simulated with one equivialgydro turbine governor. The

thermal power plants are simulated by an equivatesdel. The load frequency control
is simulated on the Automatic Generation Contrdc() model. A single load model

is considered on the composite system.

Analytical Approach
Approach for Power System Stabilizer design andcS¥ear Compensation design has
been prepared based on the research carried otheb®GECE consultants and the

published articles.

Similarly wind penetration study has been carriat lmsed on the extensive study of
published papers.
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4.1

4.2

Chapter 4

FREQUENCY CONTROL: SIMULATION STUDY
Introduction

Frequency varies when the active power (MW) balasaodisturbed due to change in
the connected load or the generation. Under noomdlitions, load varies throughout
the day and night. There will be small variatiomsthe frequency and automatic
correction takes place due to the action of gowstnd/hen large disturbances occur
like trip of a turbine-generator or the trip ofrartsmission line connecting various loads
frequency falls or rises suddenly.

The ‘frequency stability’ depends upon the rotatingrtias of the generators and
rotating loads (or the aggregate inertia) and #téngs of the governors of individual
turbine governors.

The transient variation in frequency for variousveo system scenarios can be obtained
based on simulation of the detailed power systeith@maatical model.

CEB power system model has been simulated usingP®®/E program by CEB
engineers. The simulation results are analyzedishdhapter. The base cases of 2008,
2012, 2016 and 2020 are considered for various joeals and off peak loads.
Frequency behavior of CEB power system: 2008 ba case

Thermal Maximum Night peak

The load on the power system for thermal night p@akNP) for 2008 base case is
1910 MW. The installed capacity is 2138.3 MW. Thegkst generating unit for 2008
case is gas turbine GT-7 of 115 MW capacity.

The worst disturbance can be the trip of GT-7. fipeof GT-7 has been simulated for
the load condition of thermal maximum night pea#l #re frequency variation is shown
in Fig 4.1 as obtained from the PSS/E simulatiomlyst

When there is a disturbance like GT-7 trip, frequestarted falling and with governors
in action the power outputs have increased anduémecy fall is arrested. When the
generation matches with the new load frequencyesettown at the corresponding
value of frequency which is lower than the opergafrequency.

The frequency characteristic of the CEB power syste given by the variation in
frequency when all the governors are out of actiime Victoria hydro power plant
generating 72 MW is suddenly tripped when the loadthe 2008 base case power
system is 1910 MW. As shown in Fig 4.2, the systemguency falls to 2% (i.e., 1 Hz)
below the rated frequency for a generation charfg8.8%. The system frequency
characteristic is 3.8% (MW/HZz).

Additional simulation results of 2008 base casegaren in the Interim report.
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2008: Off peak Load

The trip of GT-7 has been simulated for the offipkad condition. The frequency variation
with all governors connected is shown in Fig 4.BeTrequency falls to 1.8% below rated
frequency and recovers due to governor actionssatttes down at 0.4% below rated value.
No oscillations are observed.

Same GT-7 trip is simulated WITHOUT any governand #he transient frequency variation
is shown in Fig 4.4.

It would be interesting to see the response onlgnWiictoria machines are in control with
all other governors blocked. The simulation resutthown in Fig 4.5. Frequency drop during
transient is more than that with all governorsatian.
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Fig 4.3 Simulation of GT-7 (115 MW) trip: Transient variation in frequency WITH governors in control
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4.3 Frequency behavior of CEB power system: 2012 ba case

The 2012 base case power system is characterizélaebgddition of large coal based
thermal power plant at Puttalam. To study the fesmqy characteristic of the 2012

planned power system, the Puttalam coal unit géngr&85 MW has been tripped.

The simulation is carried out with all governorsservice, without any governor in

service and with only Victoria governor in actidrhe respective simulation results are
given in Fig.5 to Fig.7. Frequency variation as|vad voltage variations at various
buses is shown.

Governor droop setting for all the machines exdéptoria machines is 5% and for
Victoria machines 1.6% droop value is set so thas¢ machines can participate in
secondary regulation.

When the coal unit at Puttalam generating 285 M\Wijged, frequency falls to 6% in
about 25 secondsithout governors in action, as shown in Fig 4.6. Voltagé32 KV
bus falls by about 0.5% after few oscillations.

With only Victoria governor in action with 1.6% d, the frequency fall is less (4%)
as shown in Fig 4.7. The increase in power outguYictoria can also be seen in the
figure. When all the governors are in action, ttegfiency restoration is better as shown
in Fig 4.8.

Simulation results of GT-7 trip are given in Fi® 40 Fig 4.10 without governors and
with governors. The deviations in frequency ars kbsn those due to Coal unit trip.

The voltage variations at the connected buseslsoeshown. It is observed that change
in voltage is not significant.
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4.4 Frequency behavior of CEB power system: 2016 ba case

The CEB power system planned for the year 2016e8ysan have a night peak load of
3726.7MW with the addition of 300MW unit at Trincafee coal power plant.

The simulation results of trip of 300 MW coal uaitTrincomalee are given in Fig 4.11
with all governors in action. The frequency falless than 1%.

However with only Victoria governors in control épgency fall is close to 5% (Fig.
4.12). It shows that other machines should be Wroug for secondary frequency
control.

For off-peak case, (with load of 1490.7 MW) howeiteis observed from simulation
that control of frequency is possible only with ¥iga as other machines have margin
to spare as shown in Fig 4.13.

']
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Fig 4.11 Simulation of Trincomalee coal unit (300 W) trip: Transient variation in frequency WITH
governors in action: 2016 night peak load
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Fig 4.12 Simulation of Trincomalee coal unit (300 W) trip: Transient variation in frequency WITH
ONLY Victoria governors in action
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Fig 4.13 Simulation of Trincomalee coal unit (300 M) trip: Transient variation in frequency WITH
ONLY Victoria governors in action: Off-peak load
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4.5 Frequency behavior of CEB power system: 2020 ba case

The 2020 power system is characterized by the iaddif more thermal power plants
of 300 MW capacity each.

Trip of a coal power plant causes frequency vammatis shown in Fig.4.14. There is no
difficulty in controlling the frequency if one 30RIW unit trips. Without governors
participating in control, however, the frequencl ¢annot be arrested, as shown in Fig.
4.15 and load shedding has to be resorted to.

AAMMAMAINE] O102/5I5476NY HDOd B3INDA
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THU, SEP D3 2009 15:55

Fig 4.14 Simulation of 300 MW coal unit trip: Trandent variation in frequency WITH all
governors in action
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Fig 4.15 Simulation of coal unit (300 MW) trip: Transient variation in frequency WITH OUT
governors in action

4.6 Concluding Observations

The simulation of CEB power system for various sec&s has been carried out using
PSS/E available with CEB. Various cases have bearidered like 2008, 2012, 2016
and 2020 for night peak and off-peak loadings.

In each base case trip of a large generating uast leen simulated and transient
frequency variations have been observed.

It is observed with the control settings providadhe dynamic data base of PSS/E for
various governors etc., the system can withstardirip of one large generating unit
like GT-7 (115 MW), coal unit (300 MW) etc.

It is possible that many of the governors may béblacked’ state and may not be
participating in the frequency regulation. Also thea that is incorporated in the PSS/E
dynamic data base may not exactly represent theigdlysystem.

In view of the above, it is suggested that whenevéarge generating unit trips feed
forward action may be initiated to trip an equaloammt of load without waiting for the
frequency fall to be sensed.

It is also important to incorporate Load FrequenCpntrol (LFC)/Automatic
Generation Control (AGC) in the SCADA/Energy Managat System (EMS) as
discussed in another chapter.
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5.1

5.2

Chapter 5

TUNING ASPECTS OF GOVERNORS

Introduction

The frequency behaviour of an interconnected posystem depends on the system
parameters like rotor inertia, time constants afows devices in the governing loop,
time constants of the steam turbine cylinders aegenstock water inertia time and the
settings of the individual governors which are athole.

It is important to tune the adjustable parametarsan optimum way otherwise an
otherwise stable system may become unstable.

A study of the tuning aspects of the governingesyst of CEB turbines is given in this
chapter.

Droop

The power-frequency characteristic can be expresstatms of ‘Droop’. As shown in

the figure below (for 4% droop) when power outpiarges from 100% to 0%,
frequency changes from 50 Hz to 52 Hz i.e., it @ases by 4%. For 5% droop,
frequency increases by 5% to 52.5 % Hz.

Droop can be defined as the percentage drop iemystequency which would cause
the Generating Unit under free governor actionttange its output from zero to full
load.

52

Frequency
(Hz) 4o Drop

| ——

|
0% 50% 100% ——>Load

Fig 5.1 Regulation or Droop Characteristic

» Droop facilitates parallel operation of generatimits in the interconnected mode.

* When a load disturbance occurs, the portion of Idzahge shared by a generating
unit depends on the droop.

« Droop also influences the stability of turbine spheentrol system.
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« The overall power system frequency control is affected by the droops of all
connected turbine governors.

Droop Value

Droop relates the power output versus speed ouémery, which relationship depends on the
various components of governing system, governbrevhft-steam flow characteristic. In
the electro-hydraulic governors adjustable paramstgrovided as droop that relates the gate
(or) valve opening command signal. For practicaippaes this adjustable parameter is
considered as the ‘droop’.

In hydro power plants this droop is referred as ‘fe¥manent droop’ as there is another
parameter ‘temporary droop’.

Normally, all turbine governors have a droop ofdexn 3% and 6%.
In India 4% or 5 % is set. In many utilities in AS% droop value is set.
In the CEB power stations, the value of 5% is agtper the ‘dynamic data’ given.
Therefore there is no change in droop value sugdest
It should however be remembered that the droopevalupractice may change due to the
changes in the characteristics of the governintgesygomponents especially the mechanical-
hydraulic components. For old power stations orovated power stations, the power —
frequency relationship has to be checked by measnts.
5.3 Dead Band
The governing system action depends on speed gerfdiere is a minimum value of
speed which cannot be picked by the sensing mexinamind hence may remain

uncorrected. This minimum value is called goverimsensitivity or dead band. The
characteristic is shown in Fig 5.2.

7

Valve
Opening /[\

———= Speed/Frequency

Fig. 5.2 Dead Band Characteristic
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5.4

Sometimes due to wear and tear dead band increasesa period of time. This is
detrimental to the frequency regulation. In congydtem analysis, it is well known that
dead band or hysteresis in a closed loop causeability or limit cycle oscillations.
Governor hunting may occur. At the same time, goeershould not react for very
small changes in frequency, so dead band is intemtlintentionally in the electronic
governor which is an adjustable feature.

As per the NERC (North American Electric Relialyili€ouncil) of USA Operating
Manual:

» Generators with nameplate ratings of 10 MW or oresinhave governors should
provide 5% droop.
* Dead band on all governors must be set to +/- OHBbe., 0.06 % of 60 Hz.

So for 50 Hz system, dead band should not be rhare+/- 0.03 Hz or 30 mHz.
Tuning of Hydro Turbine Governor Parameters

The governors are provided with adjustable parammébat are to be properly tuned to
achieve stable operation when the turbine genetatibris running in isolation and to
obtain proper frequency regulation of the interawiad power system operation.

The performance depends on adjustable controlleanpeters and plant parameters
fixed in design like rotor inertia constant, wateertia constant (in hydro turbine) and
various other machine constants depending on tiense.

The adjustable parameters, apart from droop, are:

- temporary droop

- resettime

- acceleration feedback gain (in hydro temporary gdrgavernor)

- PID (proportional, integral and derivative) gains RID governor)

Proper tuning of hydro turbine governor parametengery important as hydro power
plants can get isolated from the rest of the sysfBonovercome the negative effect of
‘water inertia’, proper values are to be set totdmaporary droop or PID governor for
stable operation.

The following formulas may be used to tune the terapy droop governor for stable
operation:
Temporary droop: b= K (Tw/Tm), where

T, = Water inertia time (sec.) and
Tm = the rotor inertia time = 2 *H
H = inertia constant

Ki=2to 25

Recovery timel, =K, * T,
Where K- 4 to 6;
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5.5 Tuning of Thermal power plant Governor Parametes

CEB power system has several Diesel generatorsatgoeiby IPPs. Typical (Ace
Power) diesel power plant has four 6.20 MW engingming on diesel cycle with
Wartsila 18 V 32 LN engine and is PLC controlled.

In diesel generator governor droop value is pravide 5%.

In CEB power system there are Combined Cycle Pquemts, like 163 megawatt
(MW) combined cycle diesel power plant at Kelasgisand 300 MW Kerawalapitiya
Multi Fuel Combined Cycle Power Plant.

Gas turbine control and steam turbine control adgusted using the standard
Proportional Integral Derivative (PID) controlleruning techniques while
commissioning. One typical standard technique isebdaon the minimization of a
performance index (J) based on the magnitude cédsgeror (e(t)) as given below.
Different performance indices,J, and J are given. Ing] time (t) is also used.

Jy = J.|e{f)‘dr = min,
0

Jy = [ez(r}rfr = min.
0

J3y = [( .02 (#)df = min.
0

5.6 Concluding Observations

The generation in CEB is predominantly hydro. Thermal generation is mostly by
private companies. Droop and dead band are two @ymparameters for all power
generating units. In hydro, there are other adplstparameters like temporary droop
and recovery time which have to be adjusted acogrth the criterion given as they
have a profound influence on the frequency stabilit

The frequency trend observed at steady state iCHE power system and the transient
simulation studies indicate that the CEB power aystfrequency is quite stable.
Simulation study of separate hydro, thermal andhined cycle plants also showed no
oscillations in frequency. Few sample results avergin the following pages. Tuning
is required only when renovation of old hydro powkmnts takes place and on the new
generating units being added.
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Chapter 6

FREQUENCY CONTROL STRATEGY: RECOMMENDATION FOR

6.1

6.2

6.3

AUTOMATIC GENERATION CONTROL

Introduction

Frequency is constant when the generation and doadn balance. But load always
changes in a power system so frequency also chaRgguency of power supply has
to be maintained close to the operating frequerizy %0 Hz for various reasons. Most
of the electrical equipment is designed for thecBga frequency. The prime movers
resonant frequencies should be avoided.

In this chapter, the current practice of frequeaogtrol and the future strategies to be
adopted for frequency control are presented.

System Frequency Criteria

The grid codes or the operating guidelines spehi#yclose range in which frequency is
to be maintained.

CEB guidelines specify that frequency is to be neaned at 50 Hz +/- 1% i.e., 49.5 Hz
to 50.5 Hz and when frequency falls less than 48l7%oad shedding is resorted to.

In India, the system frequency should be maintaiugkin the frequency band of 49.0
Hz to 50.5 Hz, according to the Indian electri¢tyid Code.

According to the UK grid code, “the frequency otttransmission system shall be
nominally 50 Hz and shall normally be controlledhan the limits of 49.5 Hz — 50.5
Hz, The system Frequency could rise to 52 Hz of ttal47 Hz in exceptional
circumstances. Design of Generators Plant and Appamust enable operation of that
Plant and Apparatus within that range in accordavittethe following:-

Frequency Range Requirement

47.5 Hz — 52 Hz Continuous operation is required

47 Hz — 47.5 Hz Operation for a period of leasts2@onds is required each time the
frequency is below 47.5 Hz.

Frequency Variation and Control

Frequency is an indicator of balance of power gati@r and load. In an interconnected
power system, the generation of entire ‘controbaamd the total load connected are to
be in balance for the frequency to be constant.tBaifoad in a power system is never
at steady state and always varies though slowlyeMéver such load variation occurs,
the frequency varies and generation has to betadjus
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The variation in frequency depends on the gridtiaerAs shown in Fig 6.1 any
mismatch in generation and load manifests as freguehange of the power system
area. In alarge power system, several such amgasected by tie lines exist.

Generato Total
Power Other m/c | oad
Set point GRID
Governor Turbine INERTIA Area
_ Frequency
Total Generation
Frequency
Primary regulation

Fig 6.1 Power System Frequency Control System

Whenever frequency changes, the governors in allmlachines sense the change in
frequency (or speed) and act to adjust the geoeraly adjusting gate opening in hydro
and valve opening in the case of thermal machi8ash regulation is calleprimary
regulation as shown in the block diagranThe generating units which respond
naturally are said to be in governor-free moddr@e governor mode-FGMO).

When a load change occurs, due to the nature obpdicharacteristic provided
frequency does not get back to the original valetote a disturbance with primary
regulation alone. The set points have to be adjustenually or automatically and the
process is calledecondary regulation Automatic Load Frequency Control (ALFC)
system performs the secondary regulation as showheiblock diagram in Fig 6.2.

Set point .
Secondary regulation
—< AUTOMATIC 2
LOAD REQUENCY
T CONTROLLER
o
Other
Machines Generatol Total
Power Other m/c | oad
Set point GRID Area
Governor Turbine INERTIA Frequency
Total Generation
Frequency
Primary regulation

Fig 6.2 Automatic Load Frequency Control System
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In the modern Energy Management Systems (EMS) aattortoad frequency control
system (ALFC) is part of Automatic Generation Coh{AGC).

In power systems, where automatic control doeserist, manual control of set points
is done on instructions from dispatch center.

6.4 Current Practice of Frequency Control in CEB

In Sri Lanka the frequency control is performedtty System Control Centre (SCC) of
CEB. Automatic load frequency control by secondagulation does not exist. The
frequency control task is assigned to hydro povetias at Victoria (3 x 70 MW) and
New Laxpana (2 x 50 MW). Sometimes Samanalawewag@ MW) and Kotmale (3 x
67 MW) are also used. Other generating units gémgrawer as per the dispatch
instructions given by SCC.

When the frequency falls, the droop setting ofglhdicipating Victoria hydro machines
with spare capacity is reduced to 1.6% due to wMidtoria machines increase their
generations. As noted earlier, the share of powease of load change depends on the
droop setting. The sharing of a machine with 5%ogrwill be less than the sharing of
machines with 1.6% droop.

A machine should be in governor-free mode andoukhhave enough spare capacity,
to respond to frequency fall. Similarly with highdead band or insensitivity, the
generating units cannot participate in frequengylaion.

Typical frequency variation for a disturbance i®wh in Fig 6.3 as obtained from the
PSS/E simulation study of 2008 base case CEB psystem.
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Fig 6.3 Simulation of GT-7 trip (115 MW): Transient variation in frequency and power outputs
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6.5

When there is a disturbance like GT-7 trip, frequyestarted falling and with governors
in action the power outputs have increased andiéecy fall is arrested. When the
generation matches with the new load frequenciesatbwn at the corresponding

value of frequency which is lower than the opefiequency. But if there is
automatic load frequency controller it should hagee back to the original value.

The current practice of frequency control wheretdfi@ hydro machines are directed to
participate in secondary frequency regulation byuoing permanent droop of their
governors to 1.6% (from 5%) is also simulated @ndas observed that the frequency
does not come back to the original value as theecton to set points of governors has
not been given. When the frequency falls below #z5load shedding is resorted to.

Suitable Method of Frequency Control for the Fture Power System

It is necessary to incorporate an automatic mesharfior frequency regulation. If an
automatic load frequency control system is proviffequency gets restored to the pre-
disturbed value as shown by the typical frequeraryation in a 60-Hz system.

In this response curve taken from published litegta loss of generation has resulted
in a frequency fall from 60.01 Hz to 59.209 Hz ahe to governor actions (primary
regulation), frequency starts increasing and ituthdave settled around 59.75 Hz as
shown below.

Frequency #freq [50]

B0
59,

59
59.
59,
59,
59,
59.
59,

59,

nol
11§

§25
152
%)
7
S04
4l
23

04

[06:00:0%]

AGC Response

Governor Response

[0B:02:%%]

Fig 6.4 Typical frequency response of a 60-Hz powslystem with Automatic Generation Control

(AGC) for a step load increase
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But Automatic Generation Control (AGC) system which includedoad Frequency
Control (LFC) acts on the set points of the governors and fregjugets restored to the 60
Hz value as shown in the response curve (Fig. 6.3).

For a similar system, measured frequency variatiban large generation is lost is shown in
Fig. 6.4.

G004
= m
[ e e ey
58.88 1
2500-MW
O Generation
;E___, 58.98 Lost AGC RESPOMSE
=]
]
S 5894 Turbine -Generator inertia
E instantly resists the drop in
E frequency while the turbine speed
58,92 1 gowvernars start to increase
turbine output power. *+— GOVERMOR RESPOMSE
58.20 ———— —— t
5:50 g:00 5:10 8:20 8:30
TIME {pm])

Fig 6.5 Typical frequency response of a 60-Hz powslstem with Automatic Generation Control (AGC)
for a generation loss

The primary control (Immediate change corresponding to sudden chahfgead and
frequency) andsecondary control (Change in setting control power to maintain opegat
frequency) can be clearly seen on the steady dtatg characteristic.
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4._____________________

v

Fig 6.6 Governor Set point change by Secondary Cami on Droop characteristic

In the sloping curve (1) when power level changesifR; to R.,, frequency falls. But the
reference is shifted by the AGC so that the opegaftiequency corresponding to new power
level R is original frequencwo.

6.6

Implementation of Automatic Generation Control(AGC)

The AGC implemented in developed countries includes frequency control (LFC),
economic dispatch (ED) and interchange scheduli8y (These are implemented as
application programs in Energy Management SysteliSEsoftware located in Energy
Control Centers (ECC).

For CEB power system only LFC function can be aaphs ED function mainly deals
with optimal operation of thermal power plants.9n Lankan power system automatic
control function can be implemented only in Hydawer stations.

The interchange scheduling (IS) is applicable tagrosystem with many control areas.
The CEB power system being small can be considasea single area power system.
When deregulation is implemented IS function wéleecessary.

The implementation scheme for AGC is shown in Fig @he AGC function within
SCADA/EMS will receive frequency, generations (M@ and signals through remote
terminal units (RTUS).
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System Frequency (EHG)
HYDRO POWER PLANT!

Fig 6.7 Typical implementation scheme of Automati€&eneration Control (AGC)

When there is a frequency change, primary contitoib@a is performed by the governors
of prime movers. After few seconds, Secondary @bntunction by Automatic
generation controller (AGC) is initiated. AGC conbgsi the set point changes required
to restore the frequency to the set value and sssm@mmands to participating
generating units.

Area Control Error (ACE)

AGC acts on what is called Area Control Error (AG#)ich is defined below:

ACE =A Net Interchange # (A f)
A Net Interchange = Interchange error = Scheduladtual
A f=A o =frequency deviation

B = frequency bias ( pu MW/ pu frequency)

The basic idea is when  ACE> 0 generatioreirebsed and ACE<O0 generation is
increased.

The change in power reference settigBref ) is calculated using integral control ( or
Proportional integral control) as:

APt = - K; | ACE dt

At steady statéP..s must become constant and ACE=0. Then necesdsiyAP,
(change in load). Integral control with stable gidjrguarantees zero error.
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Where interchange scheduling is also involved, kter stage in CEB power system,
the scheme is shown in Fig 6.8.

Actual ~
Frequency Freg uency

Scheduled Bl Bl
Frequency e Area Control

Actual Net —~ Error (ACE)

Interchange \|J

Scheduled Net

Interchange

Fig 6.8 Area Control error (ACE) in Automatic Generation Control (AGC)
of multi-area system

6.7 Frequency Control with Renewable Energy Sources

Apart from major hydro and thermal fired power istas, CEB power system has plans
to enhance the share of non-centrally dispatchedepsources like wind and small
hydro. There is a pilot wind power project of 3 MM&pacity and several proposals are
under consideration. Sri Lanka has more than 110 d\Wwiini hydro connected to the
grid, mostly owned by small power producers (SPPs).
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Penetration level of wind and mini hydro sources

In any power system there is a maximum load denathat can be sustained by the
load frequency control system. It can be expreapgdoximately as:

Afmax N Afmax D |

—

AP = Prated -
frated - S frated

WhereAP = maximum load deviation
Rateq= rated power
Afmax = maximum permissible frequency deviation from rifweed value
faeq= rated frequency (50 Hz)
S = governor’s droop parameter
D = load damping constant

[Source: Vladimir Chuvychin, Antans Sauhats, VadBbelkovs, Ref. 10.]

For typical values of Prated = 108fmax = 0.2 Hz; D = 1.6; S = 0.05, the valueA#t

is 8.6%. The system can sustain a maximum loadgehah 8.6% keeping the steady
state frequency deviation within maximum permissizlue of 0.2 Hz.

So the penetration level possible is 8.6%.

Penetration levels of 20% are already reached miaek.

However wind penetration affects the load frequeranytrol, apart from voltage control
due to the intermittent nature of wind energy atab alue to the absence of inertial
response. Supplementary control systems are tathmduced in the LFC or AGC and
sufficient reserve capacities are to be ensuredtédrie operation.

In CEB power system, penetration level of more th@#0 is not expected in the next
few years. However for future power system scesar@yond 2016, it is suggested that
advanced control schemes using storage devicesdakfor frequency regulation.

A possible AGC scheme for future power systemivemgin Fig. 6.9 where Automatic
Storage Control (ASC) like advanced batteries dgdheels and Automatic Load
Control (ALC) devices based on power electronicgias can be used for frequency
regulation under AGC.
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Automatic Set points to
.| Generation Generators
| Control ———> under regulation
(AGC)
Area Control
\Error (ACE)
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Control ———> fast regulation
Frequency (ASC)
error
Other signals: Automatic Dispatch signal to
Interchange error, Load Control Loads on
Load error etc., »| (ALC) ———> Control

6.8

Fig 6.9Frequency regulation scheme with generation contradtorage control and load control

Recommendations

The frequency control practice suggested for fujpogver system up to 2020 is to
incorporate Automatic Generation Control (AGC) whies also referred as Load
Frequency Control (LFC).

It is understood that CEB is upgrading the Systemtf®| Center in which Fichtner has
prepared the feasibility report suggesting the riporation of Load Frequency Control
in the SCADA / Energy Management System (EMS).

AGC function may only act on the hydro power plawith electronic governors and
sufficient spare capacity should be available.

When the penetration levels of wind, mini hydro atider power systems increase, it is
recommended to enhance the Automatic Generationtr@ofAGC) system by
including Automatic Storage Control (ASC) with lemies and fly wheel and also
Automatic Load Control (ALC) using power electranitevices.

USAID SARI/ENERGY 46



6.9 References

1.

Frequency Control Concerns In The North Americagciic Power System
December 2002 by B. J. Kirby, J. Dyer, C. Martinez. Rahmat A. Shoureshi, R.
Guttromson, J. Dagl®ecember 2002, ORNL Consortium for Electric
Reliability Technology Solutions

N. Jaleeli, D.N. Ewart, and L.H. Fink, “UnderstamgliAutomatic Generation
Control”, IEEE Transactions on Power System, VoIN@. 3 August 1992, pp.
1106- 1122.

A.J. Wood and B.F. Wollenbergower Generation, Operatior& Control, John
Wiley & Sons, 1984.

R.L. King and R. Luck, “Intelligent Control Concepor Automatic Generation
Control of Power Systems,” NSF Annual Report ECSE8349, March 31, 1995.

P. Kundur, Power System Stability and Control, ERRI Power System
Engineering Series, McGraw-Hill, 1994

C. Concordia, F. P. deMello, L.K. Kirchmayer and/mR Schulz, "Effect of Prime-
Mover Response and Governing Characteristics oteByBynamic Performance,"
American Power Conference, 1966, Vol. 28, pp. 1834EEE transactions on
Power Systems, Vol. XX, 1999

Dynamic Analysis of Generation Control PerformaB8tandards Tetsuo Sasaki,
Kazuhiro Enomoto

Nasser Jaleeli, Louis S. VanSlyck: “NERC’S NEW CGROL PERFORMANCE
STANDARDS”, IEEE Trans. on Power Systems,Vol.14,3@p.1092-1099,1999

North American Electric Reliability Council, NERCp@rating ManualPolicy 10,
available at http://www.nerc.com.

10.Vladimir Chuvychin, Antans Sauhats, Vadims StrekdWroblems of frequency

control in the power system with massive penetnatibdistributed generation”,
www.atpjournal.sk/atpplus/archiv/2008_2/PDF/plusA®.pdf.

USAID SARI/ENERGY 47



Chapter — 7

VOLTAGE CONTROL: LOAD FLOW AND DYNAMIC SIMULATION
STUDY

7.1 Load Flow Studies:

The following Load Flow Studies are performed on the base-case CEB System for a typical
Day: (24" June, 2009] :

(i) Day — Peak : Hydro Max

(i1)) Day — Peak: Thermal Max

(iii)) Off — Peak: Hydro Max

(iv) Off — Peak: Thermal Max

(v) Morning — Peak: Hydro Max
(vi) Morning — Peak: Thermal Max
(vil) Night — Peak: Hydro Max
(viii) Night — Peak: Thermal Max

Inconvenience caused by the following eight illegible images is highly regretted. Legible
images will be incorporated in subsequent reprints.
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(i) Day — Peak : Hydro Max
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(i) Day — Peak: Thermal Max
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(iii) Off — Peak: Hydro Max
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(iv) Off — Peak: Thermal Max
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(vi) Morning — Peak: Thermal Max
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(vii) Night — Peak: Hydro Max
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(viii) Night — Peak: Thermal Max
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Existing Planning Criteria in CEB:

In order to ensure quality and a reliable supplyet#ctricity, CEB plans to operate the
transmission network as given below:

Voltage:
() Normal operating range :

220KV: +/ - 5%; 132KV: + / - 10%; 33KV: +/1%
(i)  Single Contingency Condition :
220KV: - 10% to + 5%; 132KV: + /- 10%; 33K¥ /- 1%

However, at present, it is observed that the CEBsimission network experiences the
following variations in system parameters:

(i)  Normal operating range :
220KV: + /- 10%; 132KV: + /- 10%
(iv)  Short term variations :

220KV: - 16% to + 12% for 5 seconds;
132KV: - 16% to + 12% for 5 seconds.

Minimum System Voltages (during a typical month):

Lowest Recorded during the month:

132KV level: 107KV at 2000 hrs.
220KV level: 195KV at 2100 hrs.

Lowest Recorded on the Day of the Maximum NightkPea
(@) Atthe time of Day Peak: 1100 hrs.

level: 113KV; 220KV level: 210KV.
(b) At the time of Night Peak: 1930 hrs.

132KV level: 108KV; 220KV level: 211KV.
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7.2 Dynamic Simulation Studies
The following Simulation Studies are performed:

(A) Tuning of Excitation AVR Parameters :
(i) Sample Example — 1 :

A small sample system with two generating unitse¢ buses, two loads
and six lines is considered for simulation usingsHESsoftware modules.
Following the disconnection of one of the load lsusevariations of bus
terminal voltages are obtained and plotted, fofed#int values of AVR

gain constant , K (K = 200, 150, 100, 80).

SernPle Extenenple —1

. ol (6/osfoq)

O—=
O—== i N

il w |
By o B

T

Figt 1 Sevenple Sydfen £ Exowmple—]

BN Py - | Frvorn = -/Sf‘a’gﬁw“ﬁ\

Observation:As the value of K is reduced, the transient pedievaf voltage
variation response has gradually increased witlv sébe of transient decay.

(i) Sample Example — 2 :

A small partial network of CEB system correspoigdio Mahaweli
Complex with 2 generating units (three units atrkale are combined
into one equivalent machine and one unit at Via)p#4 buses, 2 loads,
and 5 lines (220 kv) is considered for simulati@ing PSS/E software
modules. Disturbance is simulated by disconnectirgy Rantembe bus
from the network and the variations of terminaltages of each of the two
units are obtained and plotted, for different valogé AVR gain constant,
K (K= 200, 150, 100, 80) with the ratio of timenstants (k/ Tg) = 0.1
and K=100 with (K/Tg) =0.
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2.6‘{03 o9

Sevnple Ex o —

Testing for Mahaweli Complex

Disturbance-Disconnecting the Rantembe Bus from the network and observe the behavuoir of Terminal
Voltage of each machine for 5s.

=

Fig s % < -
G- Seveple Syhlen £\ Exoumple -2

Observation: With (TA/Tg) taken as 0.1, and as the value of K is reduced,
the rate of decay from the transient peak is sMth (TA/Tg) changed
from 0.1 to 0.0, the voltage variation response Ih&some more
oscillatory and takes more time to reach steadgst@ue.

(i) Simulations using MATLAB — Semolina on Sample Exmple :

SMIB like Sample Example is considered for the gtussing the
parameters similar to those of CEB system companeMiachine is
represented by:

(a) Salient-pole type, corresponding to Hydro plamd (b) Round-rotor
type, corresponding to Thermal plant. The followihgo types of
Excitation Systems are considered: (i) SEXS Modal (ii) Excitation
System Model available in MATLAB, which is similao the standard
model of IEEE Type 1 system.

Variations of the following parameters are con®dei(a) AVR Gain, K,
and (b) Feedback gain,;K The following responses are obtained and
plotted:

Rotor Angle deviation, Speed deviation, Active PowReactive Power,
and Terminal Voltage.
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a. Simulation Studies with ‘SEXS’

The following is the line diagram of Synchronousg&tor connected
to infinite bus. The transient responses have bektained for
variation in Ky from 50 to 400 of SEXS type excitation system.

1y ransimission line
t b
Gen. I - ~O
el
I—"]'ﬂ"-l 3 Phase /
. Fanlt
Exciter e
& AVR
Machine Data:
M/C Data VICTO | KELAN
T 4o (>0) (sec) 6.7 6.85
T"40 (>0) (sec) 0.051 0.032
T"40 (>0) (sec) 0.11 0.16
Inertia, H 4.3 4.5
Speed damping, D 0.5 0.5
X4 1.03 1.75
Xq 0.63 1.72
X' g 0.29 0.27
X"4=X"qg 0.165 0.16
X 0.1 0.1
S(1.0) 0.03  0.03
S(1.2) 0.25 0.4
‘SEXS’(Simplified Excitation System)
Emma
Wit B+
. o - TAz " KAfE) " _7[
vt i TBa#1 Th s+ .Uf
Lead Lag Compensation Requlator Emin
ki
60
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Data: | ead lag compensation
T/_\ =1

TB =10

Regulator

Ka varied from 50 to 400

Ta =0.05

Kelanitissa (Thermal): SEXS Model

Deviation

gle

Rotor An

Time (sec)

10

Kelanitissa (Thermal): SEXS Model

x 107

8 v

Speed Deviation

Time (sec)
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Kelanitissa (Thermal): SEXS Model

1.5

.
0

Active Power Output (pu)
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0O 1 2 3 ra X o
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Kelanitissa (Thermal): SEXS Model

2.5 v T ! ]

=
0

=

Reactive Power Qutput (pu)

-0.5

O 2 4 G a8 10
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Kelanitissa (Thermal): SEXS Model
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Terminal Voltage

-0.5

1.4
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Victoria (Hydro): SEXS Model

10

Speed Deviation

Time (sec)

Victoria (Hydro): SEXS Model

1.5 !
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2.5 3
Time (sec)

USAID SARI/ENERGY

64




Victoria (Hydro): SEXS Model
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Reactive Power Cufput (pu)
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Victoria (Hydro): SEXS Model
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Simulation Studies with ‘IEEE Type 1 like’

IEEE Type 1 Excitation System

e WD Vka

1

vl | MU el sgrtui B2 + 02 2)

o {trs+1)
Fositive Segence Law Fass Fiter
Wi altage
)
witah

=
L,
YYYYY
I+ +

to.s+]

ka

¥

th.z+1

{ta.s+1)

e Efd

1

b4

Ef

Lead Lagy Compensator  Main Regulator H
’:

ropartionnal
saturation

kfs

F Y

h 4

o5 +he

Exciter

{tfs+1)
Diarnpitig

Excitation System Data

t=0.02s

t=t,=0;

Ka=varied from 50 to 400
T=0.001s

K= varied between 0.0001 to 0.05
T¢=0.1s

Ke=1; Te=0;

Ref: "Recommended Practice for Excitation System ModeisPower System Stability

Studies”, IEEE Standard 421.5-1992, August, 1992.

Kelanitissa (Thermal) : IEEE Type 1 like Excitation Model
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Kelanitissa (Thermal) : IEEE Type 1 like Excitation Model

Speed Deviation
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Kelanitissa (Thermal) : IEEE Type 1 like Excitation Model
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Kelanitissa (Thermal) : IEEE Type 1 like Excitation Model
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Victoria (Hydro) : IEEE Type 1 like Excitation Mode |
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Victoria (Hydro) : IEEE Type 1 like Excitation Mode |
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Victoria (Hydro) : IEEE Type 1 like Excitation Model
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Victoria (Hydro) : IEEE Type 1 like Excitation Mode |
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Kelanitissa (Thermal) : IEEE Type 1 like Excitation Model (Variation of K;)
Even response plots are obtained by varying theevaf Ka (100, 200, 400), sample plots
are shown here.
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KA =100

Speed Deviation
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Victoria (Hydro) : IEEE Type 1 like Excitation Mode | (Variation of Ky)
Even response plots are obtained by varying theevaf Ky (100, 200, 400), sample plots
are shown here.
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Active Power Qutput (pu)
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Terminal Voltage (pu)
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Some Observations:

() For SEXS Type model with the chosen parameters,

(i)

(ii)

It is found that damping is poor for Kelanitissdn€fmal) machine compared
to Victoria (Hydro) machine for the plots of rotangle deviations, for lower
values of K. Also, it is found that lower values of,Keads to more

oscillations on Kelanitissa machine than Victoriaamine, from the plots of
rotor angle deviation.

From the plots of speed deviation, active powerpottreactive power
output, and terminal voltage, it is found that teture of oscillations is
similar for Kelanitissa and Victoria machines, imting the effect of K.

Also, fewer oscillations are observed in the plotdfReactive power output
compared to Active power output for both types afchines.

(b) For IEEE Type model with the chosen parameters,

(i)

(ii)

It is found from the plots of rotor angle deviatithat for higher values of
Ka, the transient dip is more and settling timeslaneer.

From the plots of rotor angle deviations, variataf Ka is found to be less
effective for Victoria machine compared to Kelassa machine.

From the plots speed deviations, it is found thatgeneral nature of plots is
similar for Kelanitissa and Victoria machines.
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(i) From the plots of Active power output, it is foutitht the settling time is
less for Kelanitissa machine compared to Victorachine.

(iv) From the plots of Reactive power output, it is fduihat oscillations are
more for higher values of Kfor both types of machines.

(c) IEEE Type model representation appears to resuthproved response plots for
both types of machines.

(d) For IEEE Type model with the chosen parameterbdtin types of machines,

(i) Effect of feedback gain {Kis found to be more visible for higher values of
Ka in the plots of rotor angle deviations and loweluea of K result in
lower settling times. Also, nature of rotor anglkevition varies with the
value of Kfor a chosen value of K

(i) Effect of K on the nature of the plots of speed variation vacind reactive
power outputs appears to be marginal.

(i) Nature of rotor angle deviations appear to tdferent for Kelanitissa
machine and Victoria machine, whep K varied for chosen values ofs K

7.3 Dynamic Simulation Studies conducted on Base Casédar 2008) CEB System:
(@) Detailed Sample study:

Disturbance has been simulated by considering ea€efFphase fault at the Kotmale
end of the Kotmale—-Biyagama 220 KV Line. Twaeaof reclosing conditions
with time sequences as indicated below are coresider

(a) Successful Reclosing :
Fault ...(160ms)... CBs trip ...(500ms)... CBs close ale@ring fault.

(b) Unsuccessful Reclosing :
Fault ...(160ms)... CBs trip ...(500ms)... CBs close 60ths)... CBs trip.

Following time responses of Behaviours of Four Gatoes (Kotmale, Victoria,
Kelanitissa and New Laxapana) are obtained andeplpotising PSS/E modules:
Terminal Voltage, and Power Output (P&Q).

The above simulations are obtained mth the cases (i) with all governors in
operation, and (ii) with governors at Victoria, Kuile, Randenigala and
Samanalawewa are in operation, and (iii) withowtegoors.

(b) Simulation of Three-phase Faults on 220/132 KV ihes:

(1) Disturbance is simulated by trippirmpth circuitsof 220 KV linesand the
responses are obtained and plotted using PSS/Hules) similar to those
(with governors) of the above item, for the follogicases of study:
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(i)

(ii)

(iii)

(iv)

Kelanitissa — BiyagamaCase of Successful Recloser) : Response plots
of variations in Terminal Voltage, Active Power,daReactive Power, at
two buses.

Also, (Case of Unsuccessful Recloser): Responsts plovariations in
Terminal Voltage, Active Power, and Reactive Powetwo buses.

Biyagama — PannipitiydCase of Successful Recloser): Response plots
of variations in Terminal Voltage, Active Power,daReactive Power, at
four buses.

Also, (Case of Unsuccessful Recloser): Responsts plovariations in
Terminal Voltage, [Active Power], and Reactive Povet four buses.

Biyagama — Kotugoda (Case of Successful Reslp Response plots
of variations in Terminal Voltage, [Active Powednd Reactive Power,
at four buses.

Also, (Case of Unsuccessful Recloser): Responsts plovariations in
Terminal Voltage, Active Power, and Reactive Powaefpur buses.

Kotmale — Biyagam#Case of Successful Recloser): Response plots of
variations in Terminal Voltage, and Reactive Powag¢three buses.

Also, (Case of Unsuccessful Recloser): Responsts plovariations in
Terminal Voltage, Active Power, and Reactive Powaethree buses.

Even though Response Plots are obtained for aliboge mentioned 4 Cases, sample
Response Plots for the Case (iv) Kotmale — Biyagane shown here :
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e KOTHMALE BIVAGAMS 220KV
BOTH CIRCUITS OUT
UNSUCCESSFULLY RECLOSED
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(c) Simulation of Three-phase Faults on 220/132 K\W.ines, with machines
equipped with Excitation System Model SEXS :

(1) Disturbance is simulated by trippinge circuitof 220 KV lines(with thermal

maximum at night peak) and the responses are @otaamd plotted using
PSS/E modules, similar to those (with governordhefabove item (a), for the
following cases of study: (with Successful Reclpser

() Kotmale — Biyagamat Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.
(i) Kelanitissa GIS — Biyagamat Biyagama end: Response plots of
variations in Terminal Voltage, and Power outptitwap buses.
(i) Pannipitiya — Biyagamat Pannipitiya end: Response plots of variations
in Terminal Voltage, and Power output, at four lsuse
(iv) Kotugoda — Biyagamat Kotugoda end: Response plots of variations in
Terminal Voltage, and Power output, at two buses.
(v) Kotmale — New Anuradhapurat New Anuradhapura end: Response
plots of variations in Terminal Voltage, and Powatput, at three buses.
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() Kotmale — Biyagamaat Biyagama end: Response plots of variations enminal
Voltage, and Power output, at three buses.

Power Output Variation
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(ii)

Line at Biyagama end. Successful reclosing assumed.

Power Output Variation

Simulation of 3 @ fault on one cct of Kelasga GIS -Biyagama 220kV transmission
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(i) Simulation of 3 @ fault on one cct of Panitipa -Biyagama 220kV transmission Line
at Pannipitiya end. Successful reclosing assumed.

Power Output Variation
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(iv) Simulation of 3 @ fault on one cct of Kotugn@iyagama 220kV transmission Line at

Kotugoda end. Successful reclosing assumed.

Power Output Variation
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(v) Simulation of 3 @ fault on one cct of Kotmadleew Anuradhapura 220kV transmission
Line at New Anuradhapura end. Successful recloassgimed.

Power Output Variation
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(2) Disturbance is simulated by trippimme circuibf 132 KV lines(with thermal maximum
at night peak) and the responses are obtained lattdcpusing PSS/E modules, similar
to those (with governors) of the above item (aj, tfee following cases of study: (with
Successful Recloser)

() Biyagama — Sapugaskand#t Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) New Laxapana — Balangodat Balangoda end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) Polpitiya — Kiribathkuburaat Polpitiya end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(iv) Kelaniya — Kolonnawaat Kelaniya end: Response plots of variations enminal
Voltage, and Power output, at three buses.

(v) Kolonnawa — Kelanitissaat Kolonnawa end: Response plots of variations in
Terminal Voltage, and Power output, at three huses

() Simulation of 3 @ fault on one cct of BiyagaiBapugaskanda 132kV transmission
Line at Biyagama end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of New Lapana-Balangoda 132kV transmission
Line at Balangoda end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of Pol#-Kiribathkubura 132kV transmission
Line at Polpitiya end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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(iv) Simulation of 3 @ fault on one cct of KelaaiKolonnawa 132kV transmission Line at
Kelaniya end. Successful reclosing assumed.

Power Output Variation
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Terminal Voltage Variation
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(v) Simulation of 3 @ fault on one cct of Kolonnadelanitissa 132kV transmission Line
at Kolonnawa end. Successful reclosing assumed.

Power Output Variation
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Terminal Voltage Variation
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(d) Simulation of Three-phase Faults on 220/132 K\.ines, with machines
equipped with Excitation System Model IEEE T1 :

(1) Disturbance is simulated by trippiome circuitof 220 KV lines(with thermal
maximum at night peak) and the responses are @otaamd plotted using
PSS/E modules, similar to those (with governordghefabove item (a), for the
following cases of study: (with Successful Reclpser

() Kotmale — Biyagamat Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) Kelanitissa GIS — Biyagamaat Biyagama end : Response plots of
variations in Terminal Voltage, and Power outptitwa buses.

(i) Pannipitiya — Biyagamat Pannipitiya end : Response plots of variations
in Terminal Voltage, and Power output, at four lsuse

USAID SARI/ENERGY 91



(i) Simulation of 3 @ fault on one cct of Kotmabgyagama 220kV transmission Line at
Biyagama end. Successful reclosing assumed.

Power Output Variation
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(ii)

Line at Biyagama end. Successful reclosing assumed

Power Output Variation

Simulation of 3 @ fault on one cct of Kelasga GIS -Biyagama 220kV transmission
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(i) Simulation of 3 @ fault on one cct of Panitipa -Biyagama 220kV transmission Line
at Pannipitiya end. Successful reclosing assumed.

Power Output Variation
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(2) Disturbance is simulated by trippingne circuit of 132 KV lines (with thermal
maximum at night peak) and the responses are @otaamd plotted using PSS/E
modules, similar to those (with governors) of thewe item (a), for the following cases
of study: (with Successful Recloser)

() Biyagama — Sapugaskandd Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) New Laxapana — Balangodat Balangoda end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) Polpitiya — Kiribathkuburaat Polpitiya end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.
() Simulation of 3 @ fault on one cct of BiyagarBapugaskanda 132kV transmission

Line at Biyagama end. Successful reclosing assumed.

Power Output Variation

‘Ei
tr
.

ARMARAAINH T BRIZ/SIEATENY ARMARAAAAA
AMMAAMA LT BODZ/SIEATENG MDY HINDA

INCHIATINAINEAE RipndSyRpRYS LBIPUINID 13714

CILGLITLGOGETLETR O
CLILILLLCELILILN @

] ] ] ] ] | ] | 1 %_

o.a 3.80560 & _0DDO 9. 0000 12.008 1S. 000
L. SO00 SO0 F.5a00 (L. 1.1 ] [

TIME (SECANOSI

TUE. HAY 03 2009 1L:248

USAID SARI/ENERGY 95



Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of New Llapana-Balangoda 132kV transmission

Line at Balangoda end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of Poly&-Kiribathkubura 132kV transmission
Line at Polpitiya end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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(e) Simulation of Three-phase Faults on 220 82 KV Lines, with machines equipped
with Excitation System Model IEEE T1 and Power Sgst Stabilizer (PSS) of STAB
1 Type Model:

It is simulated that the following Generating &tas are considered for installation of
PSS: Kelanitissa GT 7, Victoria, Kotmale, RandelsigRantembe, Kerawalapitia, and
Kukule.

(1) Disturbance is simulated by trippimmne circuit of 220 KV lines (with thermal
maximum at night peak) and the responses are @otaand plotted using PSS/E
modules, similar to those (with governors) of tlhewe item (a), for the following
cases of study: (with Successful Recloser)

() Kotmale — Biyagamaat Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) Kelanitissa GIS — Biyagamat Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at two buses.

(i) Pannipitiya — Biyagamat Pannipitiya end: Response plots of variations i
Terminal Voltage, and Power output, at four buses.
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(i)  Simulation of 3 @ fault on one cct of Kotmd#yagama 220kV transmission Line at
Biyagama end. Successful reclosing assumed.

Power Output Variation
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Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of Kelasga GIS-Biyagama 220kV transmission
Line at Biyagama end. Successful reclosing assumed.

Power Output Variation
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(i) Simulation of 3 @ fault on one cct of Panitipa -Biyagama 220kV transmission Line

at Pannipitiya end. Successful reclosing assumed.

Power Output Variation
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Terminal Voltage Variation
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(2)

(i)

Disturbance is simulated by trippingne circuit of 132 KV lines (with thermal
maximum at night peak) and the responses are @otaamd plotted using PSS/E
modules, similar to those (with governors) of thewe item (a), for the following cases
of study: (with Successful Recloser)

() Biyagama — Sapugaskandd Biyagama end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) New Laxapana — Balangodat Balangoda end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

(i) Polpitiya — Kiribathkuburaat Polpitiya end: Response plots of variations in
Terminal Voltage, and Power output, at three buses.

Simulation of 3 @ fault on one cct of BiyagaiBapugaskanda 132kV transmission
Line at Biyagama end. Successful reclosing assumed.

Power Output Variation
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Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of New Llapana-Balangoda 132kV transmission
Line at Balangoda end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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(i) Simulation of 3 @ fault on one cct of Poli-Kiribathkubura 132kV

Line at Polpitiya end. Successful reclosing assumed

Power Output Variation
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Terminal Voltage Variation
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Some Observations

(&) With SEXS Type Excitation System Model :

(i)

(ii)

Simulation Study on Kotmale — Biyagama 220Kné:

For the Case of tripping of one circuit with sucfakrecloser, Response plots of
Terminal Voltage variations at the bus Nos. 2230 2220 are similar except for
initial transient dip, with more dip at bus No. 222

Nature of variation remains the same for all theeehbuses (1300, 2220, 2230),
with marginally larger initial transient dip at bi800. Marginally higher voltages

(more than rated pu voltages) following the voltages are exhibited for the case
of tripping one circuit compared to tripping botincaits with successful recloser.

In the case of tripping both circuits with unsuafak recloser, increase in

voltages, following the failure of recloser opeoati is found to be more at

Kotmale and Victoria buses compared to Kelanitiass

For the Case of tripping both circuits, with susfek recloser, larger initial
transient dip occurs at bus N0.2220 and lower dardessa bus. For unsuccessful
recloser case, Kelanitissa bus exhibits margirfatirer voltages.

For the case of tripping one circuit, it isuied that the behaviours of variation for
terminal voltage and power output remain similarall the cases of 220 KV line
fault simulations studied. Marginal differencestire nature of behaviours are
observed between 220 KV and 132 KV line faults.
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(b)

()

7.4

With IEEE T1 Type Excitation System Model:

Simulation Cases studied by tripping one circuitedher 220 KV or 132 KV lines,

with successful recloser: From the plots of termimaltage variations, following

varying initial transient voltage dips, the increas voltage is found to be lower with
IEEE T1 model representation compared to SEXS mmegeesentation.

It is recommended to incorporate IEEE T1 Type Etmn System Model (based on the
availability of data) instead of simpler model oEXSS Type, for the purpose of
obtaining near actual results.

Machines equipped with IEEE T1 Type Excitation System Model and PSS of
STAB 1 Type Model:

(i) From the plots of terminal voltage variatiahis found that oscillatory behaviours
are observed with larger settling times comparedh® cases without PSS.
However, it is noticed that relatively less ost¢dly behaviours are found on
some 132 KV buses compared to 220KV buses.

(i)  From the response plots obtained in the satioh cases studied both on 220KV
and 132 KV lines, it is found necessary to identdifective locations for
equipping PSS on the machines, instead of randteutsm of locations for PSS.

(i) Undamped or poorly damped oscillations aretenf exhibited in modern
interconnected power systems. The use of PSS withrgting units for excitation
control is well established as a means of improdagping in the system. Proper
choice of the location of PSS is essential to getrhaximum benefit from the
point of view of improving dynamic stability. Whilé would be advantageous to
install PSS on all the machines, the applicatiostabilizers on older units can be
ineffective and uneconomical in practice. For fatiory system damping, it is
sufficient to equip relatively few machines with $SIt is suggested to use
eigenvalue analysis and the observation of modeeshir the purpose.

Simulation of Three- phase Faults on 220 / 1% Lines:

Response Plots of Rotor Angles

Disturbance is simulated by trippiropth circuits(or) one circuit of 220 KV/132 KV
lines and the response plots of Rotor Angles are oldaared plotted using PSS/E

modules, similar to those (with governors) of these items, for the following cases of
study:

() Kelanitissa — BiyagamgBoth circuits of 220 KV Lines outases of Successful
Recloser and Unsuccessful Recloser

(i) Biyagama — PannipitiyaBoth circuits of 220 KV Lines outfases of Successful
Recloser and Unsuccessful Recloser

(i) Biyagama — Kotugoda(Both circuits of 220 KV Lines out£ases of Successful
Recloser and Unsuccessful Recloser
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(iv) Kotmale — Biyagama, (One circuit of 220 KV LingSyse of Successful Recloser

(v) Kotmale — Biyagama (Both circuits of 220 KV Lineg)oCases of Successful
Recloser & Unsuccessful Recloser

(vi) Biyagama — Sapugaskanda, (Both circuits o2 KV Lines out):Cases of
Successful Recloser & Unsuccessful Recloser
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Observations and Recommendations :

All cases of rotor angle deviations exhibit stat@lgponses for the studies performed.
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Chapter — 8

Voltage Control: VAR Scheduling

The following studies are performed to analyzeissae of VAR Scheduling :

(A)  Study the voltage variation of busbar voltages he tvicinity after setting 33kV
winding of the auto transformer mode to full load

(B) VAR Scheduling considered :

Base Case Voltage Control Element Status:

(Scenario: Thermal Maximum Night Peak)

= All Tap Changer Controls removed

= All AVR Controls removed

= EXxisting VAR compensator status

= Base case voltage violations

= Switched Shunt Capacitor Compensation Requirentemitified
= Tap Changer Controller Requirement Identified

= AVR Set Points Considered

Options considered for study:

= Changing AVR set points.
= Tap change control.

=  Switched Shunt Controls.
= With all three controls

(No voltage above or below 5% has been observed)

(C) AVR Setpoint Variation:

Kotmale Vshedu=<1.03 pu, 1.04, 1.05
Barge Vshedu=1.02pu, 1.025, 1.03
Upper Kotmale Vshedu=1.04pu, 1.045, 1.05

(D) TAP Positions

() 2012 — Galle GSS :

Matara GSS — 15% load increase at minimum tapipasit
Galle GSS - 15% load increase at nominal tap jpositi
Galle GSS - 15% load increase at maximum tap paositi
Galle GSS - 20% load increase at minimum tap @ositi
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Galle GSS - 20% load increase at nominal tap jpositi

Galle GSS - 20% load increase at maximum tap paositi

Galle GSS - 25% load increase at minimum tap [@ositi

Galle GSS — 25% load increase at nominal tap positi

Galle GSS - 25% load increase at maximum tap paositi

Galle GSS - 5% load decrease from 1.25% Load atrmmaim tap position
Galle GSS - 5% load decrease from 1.25% Load atnaditap position
Galle GSS - 5% load decrease from 1.25% Load ainmuam tap position
Galle GSS - 10% load decrease from 1.25% Loadr@tmaim tap position
Galle GSS — 10% load decrease from 1.25% Loadratnad tap position
Galle GSS - 10% load decrease from 1.25% Load =inmugn tap position

(i) 2012 - Ratmalana GSS :
(i) 2012 - Trincomalee GSS
(iv) 2016 — Galle GSS:

(v) 2016 - Ratmalana GSS :
(vi) 2016 - Trincomalee GSS :

(E) AVR Setpoints and Tap Positions :

Kotmale PP and Ratmalana GSS:

Kotmale Vshedu=<1.03 and Ratmalana GSS at mininagnposition
Kotmale Vshedu=<1.03 and Ratmalana GSS at nomapgbasition
Kotmale Vshedu=<1.03 and Ratmalana GSS at maximnaprpdasition
Kotmale Vshedu=1.05 and Ratmalana GSS at minimprpaaition
Kotmale Vshedu=1.05 and Ratmalana GSS at nomipgldaition
Kotmale Vshedu=1.05 and Ratmalana GSS at maximprpdsition

(3] Shunt Capacitors :

(i) CEB System Year — 2012 :
Without & with Ampara Capacitor
Without & with Pannipitiya Capacitor
Without & with Galle Capacitor
Without & with Matugama Capacitor

(ii) CEB System Year — 2016 :
Without & with Ampara Capacitor
Without & with Pannipitiya Capacitor
Without & with Galle Capacitor
Without & with Matugama Capacitor
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(A) Study the voltage variation of busbar voltagesn the vicinity after setting 33kV
winding of the auto transformer to full load

In PSS/E simulation, it is observed that the maaéb transformer tap changers are
working correctly. For example, extracts of som&uhes for the year 2008 Night Peak
Scenario are mentioned:

Kotogoda inter-bus transformer - with OLTC

33kV winding loading - 119% (without 50 Mvar BSC):
220kV Voltage - 0.978 p.u. ; 33kV Voltage - 0.981 p

33kV winding loading - 93% (with 50 Mvar BSC):
220kV Voltage - 0.997 p.u. ; 33kV Voltage - 1.008 p

Kotogoda inter-bus transformer - without OLTC

33kV winding loading - 119% (without 50 Mvar BSC):
220kV Voltage - 0.987 p.u. ; 33kV Voltage - 0.878 p

33kV winding loading - 94% (with 50 Mvar BSC):
220kV Voltage - 0.996 p.u. ; 33kV Voltage - 0.97.0 p

Rantambe inter-bus transformer (OLTC at its nominal tap)
220kV Voltage - 1.038 p.u. ; 132kV Voltage - 1.028

In the case of Kotugoda inter-bus transformer withOLTC the 220kV voltage is
within limits (+5% ~ -5%), but the 33kV voltagel®vy as 0.878 p.u. This situation can
be eliminated by activating the OLTC or using 50aviBSC (already exists).

Normally in the PSS/E simulations, voltage problears observed in Galle Region and
Ampara area, but not at busses near to the thredirg auto transformers.

Also, dynamic simulation studies are performed mpnsidering several loading
scenarios of Biyagama inter-bus transformer (33kihdimg) and the effect of
capacitors to improve the situation. Some restlteese studies are indicated here:

Simulation 01

Set initial load at Biyagama 33kV winding to 80%itsfnominal rating
Solve Load Flow
Put all exciters out of service

Simulation 02
Set initial load at Biyagama 33kV winding to 28%itsfnominal rating

Solve Load Flow
Put all exciters out of service

USAID SARI/ENERGY 115



Simulation 03

Set initial load at Biyagama 33kV winding to 28%itsfnominal rating
Set all transformers to their nominal tap

Fixed all switched shunts

Solve Load Flow

Put all exciters out of service

Simulation 04

Set initial load at Biyagama 33kV winding to 28%itsfnominal rating
Set all transformers to their nominal tap

Fixed all switched shunts

Solve Load Flow

Put all exciters out of service

Add 50 Mvar capacitors at t= 5 sec.

Biyagama 33kV busbar voltage variations

Simulation 1 2 3 4
AV (p.u) With exit. -0.024 -0.081 Not done| +0.082
Without exit. | -0.031 -0.101 -0.082 +0.003

USAID SARI/ENERGY

116



Figure 8.1 : Network
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Figure 8.2: Voltage variation following an approximately 21.6% (up to full load) load
variation at Biyalama 33kV winding
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Figure 8.3 : Voltage variation following an approxmately 233% (up to full load) load
variation at Biyalama 33kV winding
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Figure 8.4 : Voltage variation following an approxmately 233% (up to full load)
load variation at Biyalama 33kV winding, fixed capaitors, transformers at their
nominal values
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Figure 8.5 : Effect of adding 50Mvar capacitors tdBiyagama 33KV level at t=3sec.
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Figure 8.6: Voltage variation following an approximately 21.6% (up to full load) load
variation at Biyalama 33kV winding, with exciters in service
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Figure 8.7 : Voltage variation following an approxmately 233% (up to full load) load

variation at Biyalama 33kV winding — with excitersin service
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Figure 8.8 : Effect of adding 50Mvar capacitors to Biyagam&a3KkV level at t=3sec. with
exciters in service
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Observations and Recommendations:

(B) VAR Scheduling considered:

(Scenario: Thermal Maximum Night Peak)

Base Case Voltage Control Element Status:

=  All Tap Changer Controls removed
= Al AVR Controls removed

. Existing VAR compensator status are listed in Tdble

Table 1 : Existing Capacitor Status

Bus No Bus Name MVAR Contribution Control Mode
3530 THULH-3  33.000 10.00 Discrete
3565 PANNI-T  33.000 100.00 Discrete
3580 KOTUG-3 33.000 50.00 Discrete
3650 GALLE-3  33.000 20.00 Discrete
3680 KURUN-3  33.000 10.00 Discrete
3690 HABAR-3  33.000 10.00 Discrete
3700 ANURA-3A 33.000 15.00 Discrete
3770 KIRIB-3  33.000 20.00 Discrete
3800 MATUG-3 33.000 20.00 Discrete
3810 PUTTA-3  33.000 20.00 Discrete
3820 ATURU-3  33.000 15.00 Discrete
3850 PANAD-3 33.000 20.00 Discrete
3880 AMBALA  33.000 10.00 Discrete
3910 ANIYA 33.000 10.00 Discrete
4650 GALLE-SV 5.9000 20.00 Continuous

Base case voltage violations

Base case voltage violations observed are listeGable 2. Busbars with planning criteria
violations are highlighted on the same table. Andeshows the load flow diagram for
Thermal Maximum Night Peak Scenario — Base Case.
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Switched Shunt Capacitor Compensation Requirensemttified

Bus bar MVAR
Galle 132kV 80
Ampara 33kV 40
Kurunegala 33kV 25+107
Valachchenai 33kV 20

*Existing MVAR

Tap Changer Controller Requirement Identified

" Set Biyagama inter-bus to control 33kV/33kV voltage
. Set New Anuradhapura inter-bus transformer to cbd32kV voltage
" Set Madampe transformer to control 33kV busbar

. Set Colombo E transformer to control 11kV busbar

. Set Colombo A transformer to control 11kV busbar

. Set Colombo F transformer to control 11kV busbar

. Set Trincomalee transformer to control 33kV busbar
" Set Veyangoda transformer to control 33kV busbar

. Set Bolawatta transformer to control 33kV busbar

" Set Kosgama transformer to control 33kV busbar

. Set J'Pura transformer to control 33kV busbar

" Set Nuwara-Eliya transformer to control 33kV busbar

= Set Badulla transformer to control 33kV busbar

AVR Set Points Considered

. Set Kotmale, Victoria and Randenigala 220kV bushard.02 p.u using respective
machine AVRs

" Set Kelanitissa 220 kV and 132 kV busbar voltagesl02 p.u using respective
machine AVRs
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Table 2 : Base Case Voltage Violations

Bus No. Bus Name Voltage Level Voltage (p.u) VoidgV)
1150 AMPA-1 132 0.7867 103.8
1640 DENIY-1 132 0.9246 122.0
1680 KURUN-1 132 0.9349 123.4
1710 TRINC-1 132 0.9289 122.6
1780 VALACH_1 132 0.8613 113.7
3160 INGIN-3 33 0.8227 27.1
3500 KOSGA-3 33 0.9434 31.1
3570 BIYAG-3 33 0.9376 30.9
3620 BADUL-3 33 0.9345 30.8
3650 GALLE-3 33 0.7973 26.3
3690 HABAR-3 33 0.9231 30.5
3770 KIRIB-3 33 0.9357 30.9
3830 VEYAN-33 33 0.9499 31.3
3860 MADAM-3 33 0.919 30.3
4750 COL_E-11 11 0.9111 10.0
5160 INGI-1T1 132 0.8227 108.6
1160 INGIN-1 132 0.8227 108.6
1650 GALLE-1 132 0.8808 116.3
1690 HABAR-1 132 0.938 123.8
1770 KIRIB-1 132 0.9481 125.2
3150 AMPA-3 33 0.7544 24.9
3200 UKUWE-3 33 0.9275 30.6
3520 NUWAR-3 33 0.9447 31.2
3600 BOLAW-3 33 0.9426 31.1
3640 DENIY-3 33 0.9149 30.2
3680 KURUN-3 33 0.9198 304
3710 TRINC-3 33 0.9002 29.7
3780 VALACH_3 33 0.7821 25.8
3840 JPURA 3 33 0.9395 31.0
4435 COL_A 11 11 0.9474 10.4
4760 COL_F-11 11 0.9426 10.4
Option 01
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= Changing AVR set points.

Table 3 : Voltage violations with AVR set points

Bus No. Bus Name Voltage Leve Voltage (p.u) VoitdgV)
1150 AMPA-1 132 0.8036 106.1
1640 DENIY-1 132 0.9296 122.7
1680 KURUN-1 132 0.9439 124.6
1710 TRINC-1 132 0.9377 123.8
3150 AMPA-3 33 0.7725 255
3200 UKUWE-3 33 0.9365 30.9
3640 DENIY-3 33 0.9200 30.4
3680 KURUN-3 33 0.9293 30.7
3710 TRINC-3 33 0.9093 30.0
3780 VALACH_3 33 0.7947 26.2
4750 COL_E-11 11 0.9277 10.2
1160 INGIN-1 132 0.8384 110.7
1650 GALLE-1 132 0.8867 117.1
1690 HABAR-1 132 0.9469 125.0
1780 VALACH_1 132 0.8720 1151
3160 INGIN-3 33 0.8384 27.7
3620 BADUL-3 33 0.9459 31.2
3650 GALLE-3 33 0.8047 26.6
3690 HABAR-3 33 0.9325 30.8
3770 KIRIB-3 33 0.9451 31.2
3860 MADAM-3 33 0.9267 30.6
5160 INGI-1T1 132 0.8384 110.7

Voltage violations observed with AVR set points bBsted in Table 3. Busbars with planning
criteria violations are highlighted on Table 3. &Arn2 shows the load flow diagram for
Thermal Maximum Night Peak Scenario — AVR set mint

Option 02

" Tap change control
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Voltage violations observed with Tap change costme listed in Table 4. Busbars with
planning criteria violations are highlighted on theme table. Annex 3 shows the load flow
diagram for Thermal Maximum Night Peak Scenaricap Thange Control.

Table 4 : Voltage violations with tap change contrb

Bus No. Bus Name Voltage Level Voltage (p.u) VoédkV)
1150 AMPA-1 132 0.7885 104.1
1640 DENIY-1 132 0.9257 122.2
1680 KURUN-1 132 0.9405 124.1
1780 VALACH_1 132 0.8762 115.7
3150 AMPA-3 33 0.7564 25.0
3200 UKUWE-3 33 0.9350 30.9
3650 GALLE-3 33 0.7990 26.4
3690 HABAR-3 33 0.9363 30.9
3780 VALACH_3 33 0.7997 26.4
1160 INGIN-1 132 0.8244 108.8
1650 GALLE-1 132 0.8821 116.4
1710 TRINC-1 132 0.9451 124.8
2705 NEWANU-2 220 0.9384 206.4
3160 INGIN-3 33 0.8244 27.2
3640 DENIY-3 33 0.9160 30.2
3680 KURUN-3 33 0.9257 30.5
3770 KIRIB-3 33 0.9415 31.1
5160 INGI-1T1 132 0.8244 108.8
Option 03

= Switched Shunt Controls

Voltage violations observed with tap change costrade listed in Table 5. Busbars with
planning criteria violations are highlighted on theme table. Annex 4 shows the load flow
diagram for Thermal Maximum Night Peak Scenariovit&ed Shunt Controls.
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Table 5: Voltage violations with Switched Shunt Cotrols

Bus No. Bus Name Voltage Level Voltage (p.u) VoidkV)
1710 TRINC-1 132 0.9431 124.5
3570 BIYAG-3 33 0.9374 30.9
3710 TRINC-3 33 0.9149 30.2
3860 MADAM-3 33 0.9191 30.3
4750 COL_E-11 11 0.9116 10.0
3500 KOSGA-3 33 0.9483 31.3
3600 BOLAW-3 33 0.9427 311
3840 JPURA_3 33 0.9400 31.0
4435 COL_A 11 11 0.9479 104
4760 COL_F-11 11 0.9426 10.4
Option 04

] With all three controls

No voltage above or below 5% has been observed.
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Annex 1 : Load Flow Diagram Night Thermal Scenario- Base Case
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Annex 2: Load Flow Diagram Night Thermal Scenario AVR Set Points
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Annex 3 : Load Flow Diagram Night Thermal Scenario- Tap Change Control
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Annex 4: Load Flow Diagram Night Thermal Scenario -Switched Shunt Control

vz = = o

v

=

Ak

3
E

3 9
o iq
B A3 5
2 EH
:
&
o 8k

2008 Sri Lanka Transmission Network

USAID SARI/ENERGY 134



Annex 5: Load Flow Diagram Night Thermal Scenario -With All Controls
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(C) AVR Setpoint Variation:

Kotmale Vshedu=<1.03
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Kotmale Vshedu=1.05pu
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Barge Vshedu=1.025pu
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Upper Kotmale Vshedu=1.04pu
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Upper Kotmale Vshedu=1.05pu
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2012 Sri Lanka Transmission Network
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2016 Sri Lanka Transmission Network
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2016 Sri Lanka Transmission Network
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(D) TAP Positions

() (2012 — Galle GSS):

Matara GSS — 15% load increase at minimum tapipasit
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Galle GSS - 15% load increase at maximum tap positi
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Galle GSS - 20% load increase at nominal tap positi
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Galle GSS - 25% load increase at minimum tap ositi
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Galle GSS - 25% load increase at maximum tap positi

T4 Al LEA | Py
RATHEPS oy i|f N
RATHAP-1

F540
DLE b

0
BMEBALS
SbeLs L2
w
1 SR w |
5 || =D an |
1037
ol 3z
Rl
G -
5.1 -
05
13156

H
T
RATHAP |74 il i
RATHAP-1

1530
ARMBALS

bs flss %
o [ = ¢
74

1 |}

USAID SARI/ENERGY 148



Galle GSS -5% load decrease from 1.25% Load atmadrtap position
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Galle GSS -10% load decrease from 1.25% Load atmim tap position
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Galle GSS —-10% load decrease from 1.25% Load atnmugmi tap position
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Ratmalana GSS — 15% load increase at minimum tsjiqo
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Ratmalana GSS — 15% load increase at nominal tsiiqpo
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Ratmalana GSS — 20% load increase at minimum tsjiqo
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Ratmalana GSS — 20% load increase at maximum &pqyo
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Ratmalana GSS - 25% load increase at nominal tsiiqgpo
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Ratmalana GSS -5% load decrease from 1.25% Laathahum tap position
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Ratmalana GSS -5% load decrease from 1.25% Laadx@amum tap position
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Ratmalana GSS —10% load decrease from 1.25% Laamhahal tap position
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(i) 2012 - Trincomalee GSS

Trincomalee GSS — 15% load increase at minimunpaéetion
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Trincomalee GSS — 15% load increase at maximurpdaion
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Trincomalee GSS — 20% load increase at minimunpaéetion
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Trincomalee GSS — 20% load increase at nomingbdagion
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Trincomalee GSS — 25% load increase at minimunpaéetion
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Trincomalee GSS — 25% load increase at maximurpdaion
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Trincomalee GSS —5% load decrease from 1.25%L oadratnum tap position
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Trincomalee GSS —-5% load decrease from 1.25% Lbadrainal tap position
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Trincomalee GSS —-10% load decrease from 1.25% hbadnimum tap position
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Trincomalee GSS —10% load decrease from 1.25% hbathximum tap position
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(v) 2016 — Galle GSS:

Galle GSS - 15% load increase at minimum tap @ositi
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Galle GSS - 15% load increase at nominal tap positi

\ Sl A Y1 A 7 S 555
{TR 1630 [BALAN-1  13200] 3630 [BALAN-3  33.000]1 |

h0.979 W ~ '132%1 kjg-g

3740 1740
RATMAP-3 RATNAP-1

05

1.009
133.2

RATNAP-3

1170
SAMAN-1

404

1.00p0
30.0p
1\6330

1650
GALLE-1

o
264

A a2 gl e

0.
130.2 1059
347

I

USAID SARI/ENERGY 167



Galle GSS - 20% load increase at minimum tap ositi
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Galle GSS - 20% load increase at maximum tap positi
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Galle GSS - 25% load increase at nominal tap positi
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Galle GSS -5% load decrease from 1.25% Load atmoimi tap position
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Galle GSS —-5% load decrease from 1.25% Load atrmaritap position
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Galle GSS -10% load decrease from 1.25% Load atr@bap position
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Galle GSS - 15% load increase at minimum tap fositi
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Galle GSS - 15% load increase at maximum tap positi
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Galle GSS - 20% load increase at nominal tap positi
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Galle GSS - 25% load increase at minimum tap ositi
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Galle GSS - 25% load increase at maximum tap positi
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Galle GSS -5% load decrease from 1.25% Load atmadrtap position
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Galle GSS -10% load decrease from 1.25% Load atmim tap position
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Galle GSS —-10% load decrease from 1.25% Load atnmugmi tap position
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(v) 2016 - Ratmalana GSS :

Ratmalana GSS — 15% load increase at minimum tsipiquo
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Ratmalana GSS — 15% load increase at nominal tsiigqo
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Ratmalana GSS — 20% load increase at minimum tsjiqo

2200
DEHIY 3

TZOT

1200
DEH_1

6.8 2
el TR
il

0996
azg

Iran
FATRA A

1.005
361

=13

e

B0

MNI-D3 A

i

1380
Ha
ot

Ratmalana GSS — 20% load increase at nominal tsiigqo
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Ratmalana GSS — 20% load increase at maximum &pqyo
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Ratmalana GSS — 25% load increase at nominal tsiigno
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Ratmalana GSS — 25% load increase at maximum &pqyo
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Ratmalana GSS -5% load decrease from 1.25% Laathahum tap position
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Ratmalana GSS -5% load decrease from 1.25% Laadx@amum tap position
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Ratmalana GSS —10% load decrease from 1.25% Laachahum tap position
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Ratmalana GSS -10% load decrease from 1.25% Laaahahal tap position
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Ratmalana GSS —10% load decrease from 1.25% Laadxamum tap position
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(vi) 2016 - Trincomalee GSS :

Trincomalee GSS — 15% load increase at minimunptesition
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Trincomalee GSS — 15% load increase at nomingbdéagion
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Trincomalee GSS — 15% load increase at maximurpdaftion
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Trincomalee GSS — 20% load increase at nomingbdéagion
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Trincomalee GSS — 25% load increase at minimunptesition
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Trincomalee GSS — 25% load increase at maximurpdaftion
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Trincomalee GSS -5% load decrease from 1.25% Lbadrainal tap position
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Trincomalee GSS —10% load decrease from 1.25% hbadnimum tap position
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Trincomalee GSS —10% load decrease from 1.25% hbathximum tap position
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(E)_AVR Setpoints and Tap Positions:

Kotmale PP and Ratmalana GSS:

Kotmale Vshedu=<1.03 and Ratmalana GSS at mininagnposition
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Kotmale Vshedu=<1.03 and Ratmalana GSS at nonapgbasition
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Kotmale Vshedu=<1.03 and Ratmalana GSS at maxinaprpasition
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Kotmale Vshedu=1.05 and Ratmalana GSS at minimprpaaition
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Kotmale Vshedu=1.05 and Ratmalana GSS at nomipgidaition
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Kotmale Vshedu=1.05 and Ratmalana GSS at maximprdsition
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(F) Shunt Capacitors:

(i) CEB System — 2012:
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Without Pannipitiya capacitor
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With Galle capacitor
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Without Matugama capacitor
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With Galle capacitor

W 07
L PEk cdh o
5e6 M pgg, m.mm 57

9

Sls
—

a3

(

BA7

k2

TTvO
ossy

—
l
62e
866D
C.._ [un]
g e
_mmaw
TIvo
059E
‘z ﬁ_rv ozzl & M &
vze0 d|fs o
ﬂ LI TTvO
=] U [a]=i=]8 L o
T = BE6L
= £ —
BE oo
666 0 ==
Eee
LN LY E-dvN L
b1 Ob.E
!
rze &
60 d|M
|
R b2
D

217

USAID SARI/ENERGY



Without Galle capacitor
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VOLTAGE CONTROL: STATIC VAR COMPENSATOR FOR STABILI

9.1

9.2

Chapter 9

TY
IMPROVEMENT

Introduction

Thyristor controlled shunt compensators are usé@dapily for voltage control in power
systems. Inclusion of these has significant effectthe dynamic stability of power
systems. Stability improvement through SVC has bieeliicated in this Section. Also,
simulation studies of SVC on CEB System are peréatiand the results are enclosed.

Dynamic Stability Improvement through SuitableLocation of SVC
STATIC VAR COMPENSATOR MODEL

The SVC is assumed to consist of a fixed capaatat a Thyristor controlled reactor
connected in anti-parallel as shown in Fig. 9.1.

Fig. 9.1 Elements of Static Var Compensator

An analytical technique utilizing simplified (clasal) models of machines and controllers
was used to predict the influence of location oSRE stabilizing the system. A Similar
technique is proposed here to predict the influesfade location of SVC on effectiveness
of stabilizing control. However, the classical rebdf synchronous machine is not
adequate as SVC control acts through reactive poalgage loop (Q-V) and its coupling
with the power angle loop (8- Hence, the generator model should also inchield
winding and excitation control.
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AN OVERVIEW OF THE PROPOSED METHOD

Consider a power system with a single SVC at aiquéatr location. The system can be
described by the following equation.

px=Ax+hbu 1)

Where, xis the state vector andis the scalar control variable. For a simplifreddel of
the SVC, the deviation in reactive power outp\M®{) can be treated as the control variable
u. The subscript i in equation (1) characteribeslocation of the SVC. With the auxiliary
control of SVC, the control variable is obtainednfr a feedback of the output signal
described by

u=Fiy (2
yi=Ci x + du 3)
The output signal chosen for the SVC is the local foequency deviationw;.
The objective of the controller is to increase damnping of a critical mode of oscillation

by the proper choice of controller. If th*e criieagenvalue of the open loop systenijis
the eigenvalue of the closed loop syst@jr) €an be expressed as

N’
No=N o+ T AF; + higher order terms (4)
oF;
The Eigen value sensitivity is calculated formatchesed loop system matrix {Aand is
given by
bF ¢
A=A+ (5)
1-Fd;

The expression for the Eigen value sensitivity ofmatrix with respect to the control
parameter ks given as

C <[ B iwis
1" ~|oF
S = =

'R <VjWj> (6)
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Where, V; and_W; are the eigenvectors of.Aand A; respectively correspondin t8

C
Eigen value evaluated at the initial value gfwhich is assumed to be ze oF is

obtained from (5) as
0Ac
oF |FR=0= b

The effectiveness of a controller can be judgedhleymagnitude of real part of &nd this
is evident from (4) when higher order terms arelewtgd. Different locations of SVC give
rise to different h g vectors and the influence of location on stalmizcontrol can be
predicted from the real part of &valuated at each location.

The computation of (6) is straight forward once Higen values and eigenvectors of the
open loop system matrix A are calculated. As thiesmain invariant for various choices of

the controller, the prediction of the effectivene$she controller is simplified compared to

the method based on simulation which requires tegekigen value analysis for each

location of the controller with variation in theiga

SYSTEM MODEL

To implement the method proposed in the previousisg the system model of multi-

machine power system of the form given by (1) aBp Has to be constructed. It is
advantageous to use simplified model of generatdr $VC for this analysis. However,

classical machine model is not adequate as it failaccount for the improvement in

system damping due to reactive power control aad bus. Hence, a fourth order model
of the generator including the field winding andgde time constant excitation system is
considered here. Combining the equations of varganerators in the system, we have

PX = [Ac] Xo + [B] ASs (7)
Where,

X =[X'g1 ... Xgi oo Xgnl

Kg1= [AEq AW A3 A Egq]
A multi-load model can be described as

AS = [Kv]AVL +[Ki] pA6L

Neglecting frequency dependence and assuming theovapensator to be located at ith
load bus, the above equation gets modified to

AS = [KV]AVL - 8 AQq (8)
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Where

€=[00 ... 01 ... 00]
i™ element

The output equation is given by

y =Awi =C X+ d AQq 9)
Where
G=Ki [Fu] [A]
d = [K] [Fu b

This equation is in the form given by (3).
AN EXAMPLE

A multi-machine power system is considered to ftlat® the method proposed. The
machine and exciter data are tabulated in Table 9.1

Table — 9.1

The machine and exciter data for multi-machineesyst

vachine Xa X'y T I Te Ke
1 0.1460 0.0608 8.96 23.64 0.07 10.0
2 0.8958 0.1198 6.00 6.40 0.07 10.0
3 1.3125 0.1813 5.89 3.01 0.07 10.0

The multi-machine system has three generators anldad buses. Constant impedance
load characteristics are assumed and the effectsa$ient saliency are ignored in this
example. Without the compensator the eigenvaleesgponding to electromechanical
oscillations are

M= -0.0161 +j13.3447
2= -0.0087 *j8.6605

The compensator is assumed to be located at odeblemaat a time and the sensitivities of
these eigenvalues with respect to the gasr& evaluated.
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Table 9.2 shows the sensitivities for differendtiens of the SVC.
Table — 9.2

Eigenvalue sensitivities of rotor oscillations atF.0

S S
Bus No. (M = -0.0161 + j13.3447) | (A, =- 0.0087 + j8.6605)
4 ~0.0355 - j0.0000 ~0.0049 - j0.0005
5 ~0.0419 + j0.0002 - 0.4416 - j0.0051
6 -0.3177 - 0.0002 -0.3154 - j0.0039
7 -0.0058 + j0.0002 - 1.5594 - j0.0135
8 -0.2433 + j0.0006 - 1.4593 - j0.0136
9 -0.9826 - 0.0024 ~1.0912 - j0.0099

Inspection of Table 9.2 shows that the sensitivgymaximum at bus No.9 for the
eigenvalue corresponding to higher frequency. utthe eigenvalue corresponding to
lower frequency, it is maximum at bus No.7. Sirtbe sensitivity for the eigenvalue
corresponding to higher frequency at but No.7 iy wenall, bus No.9 can be chosen as the
optimum location for the compensator.

The location of SVC at bus 9 is optimal from stalilion point of view. This is also
confirmed from Table 9.3 which compares the logcatid buses 7 and 9 for controller gain
set at F= 3.0.

Table — 9.3

Eigenvalues corresponding to roter oscillationlémations No.7 and 9

Bus No. A1 o
7 -0.0304 + j13.3110 -8.7261 + j11.22%4
9 -5.9338 + j15.5043 -0.9973 + j10.9160

SVC at location 7 has significant effect on the gdarg of low frequency oscillation; it has
negligible effect on the high frequency oscillatioBVC at bus No.9, in contrast, improves
damping of both modes of oscillations althoughdamping of low frequency oscillation is
less compared to that of high frequency. The peseof SVC at both places can be
expected to improve the damping of both modes aflasons significantly.

USAID SARI/ENERGY 225



9.3 Simulation Studies of SVC on CEB System
The following Simulation Studies are performed:
(1) Year — 2012: Without & with SVC at Galle;
(2) Year — 2016:
(a) Without & with SVC at Galle;
(b) Without & with SVC at Kelanitissa;
(c) Without & with SVC at Hambantota;

(3) Year — 2020: Without & with SVC at Galle
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(i) Year — 2012 : With Galle SVC
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2016:With Galle SVC
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Without Galle SVC
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With Kelanitissa SVC
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Without Kelanitissa SVC
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With Hambantota SVC
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Without Hambantota SVC
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(iiii ) Year — 2020: With Galle SVC
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Without Galle SVC
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9.4 Observations and Recommendations

* Even though SVC is existing on the base-case CE&eS8y it is not found
effective.

*  Simulation studies are performed to obtain thecefté SVC at specific identified
buses on Power Flows of CEB Systems corresponditiget Years 2012, 2016 and
2020 and the results are presented on the paetiaionk.

* Improvement of reactive power flows in the neighbgrsections and voltages at
buses nearer to the location of SVC are observed.

* It is recommended to identify the effective locasofor installing SVCs for
improving the system dynamic stability, using thegedure suggested in this
section.
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10.1

10.2

Chapter 10

STABILITY IMPROVEMENT USING POWER SYSTEM
STABILIZERS (PSS)

Introduction

Many of the modern large interconnected power systeend to exhibit undamped or
poorly damped oscillations when subjected to spetturbations about their operating
point. This constitutes a severe threat to systeourity, and creates difficult operating
problems. Hence, the need for the improvement stesy damping has received much
attention recently in the industry.

Analysis of dynamic stability can be performed l®riding a linearized state space
model of the system in the following form:

pX=AX+Bu (1)

Where, the matrices A and B depend on the systeranpders and the operating
conditions. The Eigen values of the system maiidetermine the stability of the
operating point. The Eigen-value analysis candsz wunot only for the determination of
the stability regions, but also for the designha tontrollers in the system.

The use of power system stabilizers with generatimi¢gs for excitation control is well
established as a means of improving the dampinghén system. Power system
stabilizers (PSS) are auxiliary feedback contrellehich receive a signal from rotor
velocity, frequency or accelerating power and paevia corrective input to the
excitation system in order to damp out the osailiet in the system.

A Versatile System Model for Dynamic StabilityAnalysis of Large Scale Power
Systems

The development of system model proceeds systeatigitizy the development of the
individual models of various components and sulesyst and their interconnection
through the network model. This approach retduesidentity of the generating unit in
the system model. Further, the changes in thesystatrix caused by the changes in
the system configuration can be easily accommodated

10.2.1 Overview of the Proposed Method:

Any complex power system can be represented, iergénas shown in Figure 10.1.
This shows two types of buses in a power systenGénerator bus (G) and (ii) Load
bus (L). Although only one bus or bus pair of egge is shown in figure, there can be
a large number of generators and loads in a giystes. At any bus k of an N-bus
network the following equations apply

oR oR
AR =) | A8 +—<AV, )
‘ J%:k(aej bV, 'J
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0Q 0Q
AQ, = | —=kAQ +—=kAV
R ,%: 0. ' av,

j
Where, | is the set of buses that are connected to bus k.

@ GI ' Ly
| Power system F—

Generating network Non-~
unit ¥ linear
[ hus] foad

L

Fig 10.1 Block diagram for Power System Network

Also, it would be shown that for each buAP(AQ) or (A8, AV) can be eliminated
depending on the type of bus. This elimination pthoe introduces the subset of
generator output variables in the network equatioffse remaining unknowns can thus
be solved in terms of the system state variables.

The [A] matrix formulation is based on identifyirtge interconnections among the
various subsystems of the power system as showigure 10.2. Each generating unit
comprises of three subsystems representing thengymous machine, excitation and
governor systems. Network is represented by it®hlan matrix [J] of (2N x 2N)
dimension. The effect of any non-linear voltageatelent load can be considered by
modifying the corresponding diagonal block in [JAlIl the generators are
interconnected through the network.

In order to utilize the network equations giverthe form of equation (2), the machine
model has to be compatible. Hence the linearizadhine representation is derived in
a form such thafPy andAQy are the input variables from the network and tlzeimme
terminal quantitiesp8y andAVy are expressed in terms of the machine outputhlasa

andAP;, AQ,.
Bp)
E— Synchronous| Ym Asg
Machine
5ystem Network
Bm
AR, | Turbine— [Bgm
Governor
System bg
Dme u
Avsg | Excitutionf®
Ue

Fig 10.2 Block diagram showing the interconnectionamong the various
subsystems of power system
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Development of the system model is based on thewdation of the individual
component models and identifying the various imdenections between the
subsystems. The linearized network algebraic eguostare solved in the terms of the
system state variables resulting in the final systeodel.

10.2.2 State Space Model of the Overall System

State space model of the overall system is obtaasedvhere all the components are
matrices,

pX=[Al X +[B]U 3
Y=[C]X 4)

Where X=[Xu' X&' X'

U= Met Qgt]t
Y=Y YE Y
A'M BME BMG

[Al=[Bey Aeg O (5)
_BGM (@) Ag
O O

[B]={B O (6)
i O Bg
c,

[C]= Ce (7)
L Ce

10.3 Dynamic Stability Improvement through SuitableLocation of PSS

It can be shown that a proper choice of the locatb PSS is essential to get the
maximum benefits from the point of view of improgiynamic stability in a large
interconnected system. In a large-scale poweesysthe optimal location of PSS is a
complex problem, and it is normally decided by tBeonomical and technical
considerations. During the planning stages, varialiernatives must be considered
with different objectives for the selection of b&station of the controllers. For each of
the objectives, the system designer should haventbemation about the ranking (in
order of preference) of all the possible locatiohshe controllers. This facilitates the
system designer to select the best locations ofttimrollers that satisfy the various
possible objectives in an optimum manner. Theathje of this Section is to propose
an analytical method to solve the problem of seaobf PSS locations for the purpose
of improving the dynamic stability.

While it would be advantageous to install the P&Salb the machines, the application
of stabilizers on older units of the multimachingstem can be ineffective and
uneconomical in practice. Also, it may not be ddde from the point of view of
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10.4

coordination between various machines in a largdesy. For satisfactory system
damping, it is sufficient to equip relatively fewaohines with PSS. It is suggested to
use the eigenvalue analysis and the observationooe shapes (eigenvectors) for the
purpose of location of PSS.

In particular, two analytical methods are preseimettiis section based on two different
assumptions namely:

1. the controller structure is not decided apriori;
2. the controller structure is decided in advance.

Both these methods have been tried on several dgarapd the results are discussed.
OUTLINE OF THE PROPOSED TECHNIQUE

Dynamic stability of power systems can be inveséigawith the help of a linear
mathematical model expressed in the form

PX=AX+Bu (8)
Y=CX 9

Where Xis the state vector, is the control vector and ¥s the output vector. In
deriving this model, the generating units are regnéed by differential equations and
the power system network by algebraic equationise degree of the detail used in the
representation of generating unit can vary dependmthe availability of data and the
need for suitable accuracy. The model can be imsed

1. Prediction of the performance of the system ungecisied disturbances. The
prediction of the stability characteristics is amportant application and can be
determined from eigenvalue analysis and is indepetnof the disturbances.

2.  The design of suitable controllers. Normally, mntrol theory, the structure of

the controller is specified in advance. In theecad feedback control, for
example, it can be represented by

u=FY (10)
Where, the elements of the matrix F have to begrtpghosen.
In a power system, the selection of control vectdras to be made first before the
controller can be designed. Assuming that thezeadotal of ‘m’ control vectors out of

which one has to be selected, the problem candbedsas follows:

Select a control vector, where i can range from | to m such that the sysdesctribed
by

PX=AX+B u (11)
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satisfies the control criterion in the most optimenner among all possible choices of
the control vector. In general, the solution tis hroblem requires the specification of
the control criterion and the control structuretsas that given by equation (10).

The control criterion in the dynamic stability pteim is to increase the damping of the
critical modes of oscillation. The objective caa $tated in terms of achieving the
maximum amount of damping through minimum contrifbré.  To illustrate this,
consider the transformation

X=TZ (12)
which reduces the system of equations (11) to

pZ=[T'AT]Z+[T'Blu
=[AlZ+[B]y (13)

Where A is a diagonal matrix (with the assumptiloat tall the eigenvalues are distinct)
whose elements are the eigenvalues of the A matibhe row in equation (13)
corresponding to the critical eigenvalue (mokjedan be expressed as

PZ=NZ + B u (14)
Where, B is the jth row of [B]]

Assuming that the control law of i$ going to be selected suitably in order to stié
eigenvalueA; to the left in the complex plane (to increase daenping), it can be
observed that the control effort would be minimdra scalar norm of the vector;Bs
maximum. If the control;us a scalar then Bis also a scalar and the criterion for the
best control is to maximum |;B'over all possible values of the index i. Itade noted
that Bj; is the scalar product of the eigenvectqr(@f the matrix A) and the vector B

Selection of Control with Fixed Configuration

In the previous discussion the nature of the coréne or the configuration of the
controller has not been assumed apriori. In thesrate method of selection of the best
control vector, the control law given by the eqoat{10) is assumed. For the single-
input-single-output (SISO) case, the system eqndfid) reduces to

pX=(A+B RC)X (15)

Where the outputjy= C; X is used for feedback. The value of the scaldfeedback
gain) is so chosen as to shift the open loop efit@igenvalue\; to the left in the
complex plane. This is to be achieved with the IEsapossible value of gain. The
closed loop eigenvalu?q* is given by

04,
A*, = A, +—-F +higher order terms.
oF.
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If the higher order terms are neglected, the bestral is determined by maximizing
the absolute value of

R 04,
oF,
The eigenvalue sensitivitgX; /0F) is given by:

t
i

@)
<

04, <B,
ok <

(W >

>
J

(16)

<[l
=

I

Where_\ and_W are the eigenvectors of [A] and [Aspectively corresponding to the
jth eigenvalue.

10.5 Simplified Power System Models

In the dynamic stability analysis, the interesiniginly centered around damping of the
electromechanical oscillations of the rotors of dywnous machines. For an ‘n’

machine system there are in general (n — 1) mofdescdlations. For planning studies

it is admissible to use a simplified system modéliclv contains only the relevant

features that are of interest. Thus, it is possiblconsider only classical models of the
machine neglecting damper windings, voltage regulahd governor. The machine is
represented by a constant voltage source behitidutsient reactance.

The machine equations are given by
[M] P? A3y = APy - AP, (17)

For constant mechanical power inpE,, = O. The network equations can be written
in the form

AP,
v
AP, o
Jon Jpe Aé_(
AQ = (18)
o Jon Joe AE
AQ
~ AE,

Where, 35, e Joa and e are the component matrices of the Jacobian ealfedm
the network power flow equations. The subscrierseto the internal buses of the
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generators. To simplify the analysis it is assunieat the effect of the voltage
variations in the load buses is negligible.

Then, since only the active power component isiredun the swing equation given by
(17), the equation (18) can be written in the fgiren by

AP AD J
S E T ][R, (19)
AEI Aél ‘JE3
Where,
J J J J
[JPA]Q{ Al JAZ} and [JPE]QLE Ez}

‘]AS A4 E3 ‘]E4

From equation (19), we have
A8 = J'aa AP - T aq dnz A8y - J'as Je3 AE, (20)

Substituting the equation (20) in (19), we get
APy = [K] Ady + [B'q] AP, +[Bs] AEy (21)

Where [K]
[B'd]
[Bs]

[ - JAzl Jna™t dazl
[Ja2 Jaa ] .
[Je1- a2 Jasa™ Jeg

The vectorAP, is zero for the constant power type loads andntaiao be treated to be

zero for any other type of voltage dependent Idadsuitably modifying the diagonal
block of the Jacobian corresponding to the loaegbus

The generator internal voltage is controlled by nseaf PSS control on the machine.
Thus, the generator internal voltage vecdE; consists of non-zero elements
corresponding only to the machines on PSS control.

The expression foAPy is given by the equation (21) when PSS is preséfénce, in
equation (21),

I if the PSS is absent, the veck, is zero.
. if the PSS is present, the vectbP, is zero.

System Model with PSS

For simplicity it is assumed that only one locatfon PSS is considered at a time. For
the location of PSS on the ith generafi, is given by

AEg =i Ue (22)
Where} =[0 O.......... ftheen .0}
and y; is the control corresponding to the ith machifeom the equations (21) and
(22), we get

APy = [K] A3 + b U (23)
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Where

b= [Bdl (24)

Using the equations (17) and (23), the state spawe of the system model can be
obtained and is given by

PX=[A] X +Db g Ue (25)

Where X= [Ady Awgy]'

pei{_[fﬂ]_l D,J; [A]{f, g - [Pl=-AM1K (26)

Normally, the rotor velocity of the machine is ussegithe feedback control signal for
the PSS. This can be derived as

Yi = _Ctei X (27)
(_:tei =[0 £|]-

From the equation (10), for the SISO case, we get

Ui=F ¥ (28)

10.6 Effect of the Location of PSS on Dynamic Stdliy — Illustration with Numerical
Examples

10.6.1 Nine-Bus, Three-Machine Power System

DATA:

Number of Buses = 9
Number of Lines = 9
Base MVA = 100.0
Number of Machines = 3
Number of Loads = 3
Number of shunt capacitors = 0
Number of voltage controlled buses = 0
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Table C.1: Line Data for the Nine-Bus, Three Machmes System

Line From To BUS Line Impedance HC";‘]';:'T‘:' Turns

No. Bus R X rging Ratio
Admittance

1 1 4 0.0 0.0576 0.0 1.0
2 2 7 0.0 0.0625 0.0 1.0
3 3 9 0.0 0.0586 0.0 1.0
4 4 5 0.01 0.085 0.088 1.0
5 5 7 0.032 0.161 0.153 1.0
6 6 9 0.039 0.17 0.179 1.0
7 7 8 0.0085 0.072 0.0745 1.0
8 8 9 0.0119 0.1008 0.1045 1.0
9 4 6 0.017 0.092 0.079 1.0

All impedances are in pu on a 100-MVA base.

Table C.2: Generator Data for the Nine-Bus, ThreeMachine System

Generator 1 2 3

Rated MVA 247.5 192.0 128.0
kV 16.5 18.0 13.8
Power Factor 1.0 0.85 0.85
Type Hydro Steam Steam
Speed 180 rpm 3600 rpm 3600 rpm
Xd 0.1460 0.8958 1.3125
X'g 0.0608 0.1198 0.1813
Xq 0.0969 0.8645 1.2578
X'q 0.0969 0.1969 0.25

X (leakage) 0.0336 0.0521 0.0742
Tdo 8.96 6.00 5.89

Too 0 0.535 0.600

H (MW.s/100 MVA) 23.64 s 6.40 s 3.01s

Reactance values are in pu on a 100-MVA basetirA# constants are in secs.
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Data for the Controllers

Excitation Systengfsee Figure C.3)

Ka
Ks

SE - Aex eXpB(:_‘X Vid

50.0; K = 0.02;
0.057; d-=

0.45

k =-0.037; ¥=0.146

Where A,-0.015 and B =0.6

Power System Stabiliz¢PSS)(see Figure C.4)

Kpy=96.0; =3.0; 5=0.15 & =0.05

Gen. 2

18kv

230 kv 230 kV gﬁia kV

wLoad C

® e,

18/230
@

@j 230138

TT° T7°

Load A Load B
20 KV l_@
Wi 230/16:5
165 kv =<1

@Gen.1

@Gen.E

Fig. C.1 Single line diagram of nine~bus,three -
machine power system
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Fig.C2 Load flow diagram showing prefault conditions
of the nine-bus,three- machine system
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Fig-C-4 Block diagram of Power System Stabilizer

The multi-machine power system described aboveoissidered. The single line
diagram of the system is shown in the Figure CThe system model is formulated
according to the procedure given in the SectionThe eigenvalues for the system
without the PSS and for the specified load condgiare calculated and found to be 0.0
+ | 8.6758; and 0.0_+4 13.3973 corresponding to the rotor electromendzn
oscillations. All the generators, taken one atnaetiare considered for the location of
PSS with a view to damp the electromechanical lasichs.

In the first method, the magnitude of the scalardpct of the reciprocal eigenvector
(W) and the vector dis calculated for each of the complex pair of eigdues and for
different locations of the PSS. In the second wthhe eigenvalue sensitivity;{$s
calculated for each of the complex pairs of eigumsand for different locations of the
PSS. The local feedback of rotor velocity of thachine is considered as the feedback
control signal in this method.

The results obtained for these two methods are shiowhe Table 10.1.

Table 10.1: Scalar Products in Method 1 and the Eigenvalueithéties in Method
2, for Different Locations of the PSS in the 3 —dWlime System.
Feedback Control Signal in Method 2; Local Feedbzdke Absolute
Value ofw of the Machine.

Scalar Products in the Method 1 Eigenvalue Sensiiives in the
. Method 2 Re. (§),j=1, 2
Location . .
(Gen.) Lower Frequency Higher Lower Higher
No Mode (w= 8.6758) | Frequency Mode | Frequency Mode| Frequency
' (w=13.3973) (w=8.6758) Mode (w =
13.3973)
1 0.8141 0.5652 +2.1029 +0.1808
2 2.6195 1.1609 -17.6790 -2.7518
3 1.3260 2.6012 -5.1410 -19.8580

Validation of the Results

In order to test the results obtained from the wtedjarding the effective location, an
eigenvalue analysis is performed. The eigenvabbézined for a controller gain of F =
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0.2 pu/rad. per sec with the feedback signal obthitocally from thew of the
corresponding machine, taken one at a time, arersho the Table 10.2. The results
given in the Table 2 validate the conclusions reuay the effective location of the PSS.

Table 10.2: Eigenvalues Corresponding to the Electromechafsalllations for
Different Locations of the PSS, with Local FeedbatRotor Velocity
of the Machine.

Eigenvalues
Locati Feedback :
(G%Cna;'?\lno Control Lower Frequency Higher Frequency
Structure Oscillation Oscillation
1 NE = F A +0.371248.8029 +0.03564.3.4020
2 -3.358016.6445 -0.2331j4.3.1140
3 -0.939219.2990 -3.9201410.8501

10.6.2 Six — Bus, 4 — Machine System

An example of a 4 — machine system described ithanoeference is considered here.
The single line diagram of the system is showrha Eigure C.5. The generator data,
bus data and the line data are given below:

Data given here is in pu on a 100 MVA base.

Table C.3: Generator Data for the 4-Machine System

T Inertia
Generator Xg X g Xq do Constant H
(sec.)
(sec.)
1 (Infinite Bus)| 0.0 0.0 0.0 - -
2 0.761 0.084 0.75 7.3 10.36
0.609 0.092 0.524 7.5 11.30
4 0.302 0.046 0.262 7.5 22.65
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Table C.4:  Bus Data for the 4-Machine System
B Bus Voltage | Bus Voltage Generation Load
US| Magnitude | Phase Angle
No. 9 9¢ mMw | MvAR | Mw MVAR
(pu) (Degrees)
1 1.07 0.0 861.0 480.0 0.0 0.0
2 1.04 2.1 180.0 49.0 30.0 15.0
3 1.05 -1.4 275.0 150.0 60.0 40.0
4 1.05 4.4 400.0 94.0 110.0 80.0
5 0.91 -14.5 0.0 0.0 1060.0 400.0
6 1.00 -4.5 0.0 0.0 400.0 170.0
Table C.5: Line Data for the 4-Machine System
Line From To Bus Line Impedance Line Turns
Bus Resistance Reactance| Charging Ratio
a 4 6 0.0101 0.0615 0.8 1.0
b 3 6 0.0057 0.046 0.098 1.0
c 3 5 0.0836 0.236 0.1856 1.0
d 1 3 0.0628 0.11 0.3654 1.0
e 1 5 0.0033 0.0313 1.144 1.0
f 2 5 0.0255 0.172 0.65 1.0
g 2 4 0.0836 0.236 0.1856 1.0

Results for the Effective Location of PSS

The system model is formulated as per the proceiddieated earlier. The eigenvalues
for the system without the PSS and for the spetifi@d conditions are computed and
found to be 0.0 6.1907; 0.0 410.2067; 0.0 412.2026.
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Gen. 4

Gen. 1
(Infinite bus)

Fig: C.5 Single line diagram of the 4- machineystem

Corresponding to the rotor electromechanical csailhs, all the generators, taken one
at a time, are considered for the location of P88 avview to damp these oscillations.
Both the methods proposed are applied. The spabtaiucts obtained in the method 1
and the eigenvalue sensitivities obtained in théhowe 2 are shown in the Table 10.3,
for different locations of the PSS.

Validation of the Results

In order to verify the results obtained above foe teffective location of PSS, an
eigenvalue analysis is performed. The eigenvablésined for a controller gain for F =
0.2 pu/rad. per sec. are shown in Table 10.4. €igpenvalues given in the Table 10.4
validate the results obtained above.
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Table 10.3: Scalar Products in Method 1 and the Eigenvalusi8eties in Method 2,
for Different Locations of the PSS in the 4 — MaehBystem. Feedback
Control Signal in Method 2; Local Feedback of tHesslute Value ot of

the Machine.
Location Scalar Products in the Method 1 ElgenvalueRSeerEsél)tl\glt;ef '2 tge Method 2.
(Cla\l(zn.) 1% Mode 2" Mode 3 Mode 1% Mode 2" Mode 3 Mode
' (0=6.1907) | (w=10.2067)| (0=12.2026)| (w=6.1907)| («=10.2067)| («=12.2026)
2 2.4429 9.4447 0.1787 -4.0323 -15.9540 -0.0180
3 3.4251 2.9018 2.5331 -3.8275 -0.8659 -14.4114
4 7.7206 7.8656 0.2536 -17.5471 -3.8410 -0.354Y
Table 10.4: Eigenvalues Corresponding to the Electromechafesalllations for
Different Locations of the PSS in the 4-Machinet8ys Feedback
control structure: =R Aw, 1=2,3,4
. Eigenvalues for Different Modes of Oscillations
Location e ond 3
(Gen)No. |y 4i6.1907) (\» = 410.2067) (\z = 412.2026)
2 -0.623716.6510 -3.3764j8.8315 -0.0008j12.2011
3 -0.749716.4438 -0.0745/10.2974 -2.9968#11.1401
4 -4.011445.0504 -0.308319.7999 -0.02881.2.1675

Discussion of the Results

The methods proposed for the determination of tiffecve location of PSS are

demonstrated with two power system examples. dsgliwo examples considered here, both
the methods suggest similar results for identifyamgeffective location of the PSS and, from
an inspection of the Tables 10.1 to 10.4, the #ffedocations of the PSS for each of the
modes of oscillations are summarized here.

In the 3-machine system, the lower and higher feegy modes of oscillations are effectively

damped by providing the PSS on the machines 2 angsgectively.

In the 4-machine

system, the modes of oscillations correspondingote 6.1907,w = 10.2067, andw =
12.2026 are effectively damped by providing the P&S the machines 4, 2 and 3
respectively.

It is interesting to observe that if PSS is prodide machine one (in the 3-machine system)
the feedback gain has to be negative in order nopde oscillations. The present practice in
the industry of designing PSS utilizing simplifisgstem models (that of a single machine
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connected to infinite bus) always results in theeg®n of positive feedback gains and
applied to the present case would result in negatamping of the system.

10.7 Recommendations

()

(ii)

(iif)

(iv)

v)

Improvement in the damping of electromechanicaillasions can be obtained by using
PSS.

It is found from the study reported here that theppr location of PSS is important for
it to be effective in damping the oscillations.

Any one of the two approaches suggested here fectsey the optimum location of
PSS may be employed. The first method is indegetinaf the controller structure; and
the second one is based on eigenvalue sensitivity.

It is observed that in a large system, no individe&S may be expected to perform
satisfactorily in the absence of proper coordimati@tween various controllers in the
system.

CEB Power System Network-equivalent correspondmg¢he mesh-connected system
(say, 220 KV and 132 KV buses, taking into accoinet effect of all radial feeders

incident at the appropriate buses present in thghatenetwork) may be obtained using
PSS / E software module. Using the Linearized Dyiné@imulation module of PSS / E

software, power system [A], [B] & [C] matrices mag obtained for the desired CEB
System. Then, any one of the Approaches suggebtanay be applied to identify

effective locations for installing PSS, by rankitng effectiveness of PSS locations for
improving the damping of selected modes of osailiet.
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Chapter 11

VOLTAGE STABILITY ANALYSIS
11.1 Introduction to Voltage Stability

11.1.1 Power System Stability Classifications

1
An IEEE paper published in May 2004as proposed the following three classifications
of power system stability:

* Rotor angle stability
» Frequency stability
* Voltage stability

When a particular system is undergoing system ligia more than one of the above
types of instability can be present. The primaryppse of classifying power system
stability phenomenon is to aid in its analysis &@f&eent techniques are employed to
ferret out the underlying causes of the symptoma egfrticular disturbance. A brief
overview of the above classifications is providedin

Rotor Angle Stability

Rotor angle stability is commonly analyzed in thectic utility industry through the
use of time-domain simulations. Rotor angle instigboccurs when there is a loss of
synchronism at one or more synchronous generators.

Frequency Stability

The system is considered frequency stable whertafia generation output matches
system load and loss demand. Frequency instabdignmonly analyzed through the
use of time-domain simulations, may occur as altredgua significant loss of load or
generation within a given system.

Voltage Stability

Voltage instability, the focus of this section, generally characterized by loss of a
stable operating point as well as by the deteiimnadf voltage levels in and around the
electrical center of the region undergoing voltaglapse. Voltage collapse, a form of
voltage instability, commonly occurs as a result refctive power deficiency.
Unmitigated rotor angle instability can also resulvoltage instability.

Voltage stability is commonly analyzed by employitvgo techniques, namely time-
domain (dynamic) simulation and steady-state armlyBepending on the stability
phenomenon or phenomena under investigation, obetbrof these techniques may be
applied. For example, if steady-state analysis alsvéhat voltages at the buses at or
near induction motor loads drop by more than 10%eir pre-disturbance value, time-
domain (dynamic) analysis should be undertakenssess the potential for motor
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stalling (steady-state analysis will not directlglg this information). This may involve
extending the model to incorporate aggregate indoichotor models at lower voltage
buses as necessary.

1

P. Kundur, J. Paserba, V. Ajjarapu, G. Anderson, Bose, C. Canizares, N.
Hatziargyriou, D. Hill, A. Stankovic, C. Taylor, ™. Custem, V. Vittal, “Definition
and Classification of Power System StabilityZEE Transactions on Power Systems
vol. 19, no. 2, pp. 1387 — 1401, May 2004

11.1.2 Voltage Stability and the Timeframes of Interest

This section provides an overview of the variomseframes of interest when studying
voltage stability. Power system equipment such rassformer automatic load tap
changers (LTC), Static VAr compensators and autmmawitched capacitor banks
behave with certain time-constants that need tedresidered when studying voltage
stability. The following timeframes are of interegten studying voltage stability:

* Short-term

» Mid-term

* Long-term

The subsections that follow provide a general aeenof the power system equipment
and the typical timeframes that they may operate in

Short-Term Timeframe

Short-term timeframe involves the time taken betwi® onset of a system disturbance
to just prior to the activation of the automatic@.TRotor angle instability and voltage
instability can occur within this timeframe. Thellfoving fast acting, automatically
controlled power system equipment may be consideredassessing system
performance within this timeframe:

» Synchronous Condensers

» Automatic switched shunt capacitors

* Induction motor dynamics

» Static VAr Compensators

* Flexible AC Transmission System (FACTS) devices

* Excitation system dynamics

* Voltage-dependent loads

The extent to which each of the above componergdsito be examined depends upon
the size of the disturbance being considered welatd the stiffness of the power
system.
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Mid-Term Timeframe

Mid-term timeframe refers to the time from the drnsiethe automatic LTC operation to
just prior to the engagement of over-excitationitéms (OEL). During this time,
frequency and voltage stability may be of interest.

Long-Term Timeframe

Long-term timeframe refers to the time after OElLsyage and includes manual
operator-initiated action. During this timeframendier-term dynamics come into play
such as governor action and load-voltage and/od-foEguency characteristics in
addition to operator-initiated manual system aaestts.

11.1.3 Determination of Critical Bus or Busses

A key element of voltage stability studies is thetedmination of a critical bus or a
cluster of critical busses. These busses can teemdnitored as they will invariably
form the electrical centroid of a voltage collapse.

In a radial transmission system consisting of aegatior serving several loads along a
transmission line, the critical or weak bus is gahg located electrically and
physically furthest away from the generatdn a networked or meshed transmission
system, finding the weakest bus or a cluster ofkimesses is not as intuitive. Industry
experience has demonstrated that the weakest kaet of busses are generally located
in locations with reactive power deficiencies.

According to the WECC publication “Voltage StaliliCriteria, under voltage Load
Shedding Strategy, and Reactive Power Reserve bromgt Methodology” (1998), the
critical bus exhibits one or more of the followingaracteristics under the worst single
or multiple contingency:

* has the highest voltage collapse point on the MiQe
* has the lowest reactive power margin

* has the greatest reactive power deficiency

* has the highest percentage change in voltage

The publication also confirms one of the well-knoeharacteristics of the power-flow
Jacobian at the ‘nose’ (also known as the saddie-tifurcation) point - the weakest
bus will tend to have the highesid/ 6V) component3i.e., highly sensitive reactive
power consumption). The WECC document “Under vatagoad Shedding

Guidelines”, published in 1999 provides an exanfpteselecting the critical bus(es).

11.1.3.1 Static versus Dynamic Analysis
The two most common methods employed within thectete utility industry for

analyzing power system stability are static andadyic analysis. These are briefly
discussed next.
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0.0. Obadina, G.J. Berg, “Identifying electricallyeak and strong segments of a
power system from a voltage stability viewpointEB Proceedings, Vol. 137, Pt. C,
3No. 3, May 1990

For further explanation, please refer to: Kunduy,“Power System Stability and
Control”, McGraw-Hill Inc., 1994 — or - “Voltage &bility Assessment: Concepts,
Practices and Tools,” IEEE Catalog Number SP101R8§ust, 2002.

Static Analysis

Static analysis (also referred to as load-flow deady-state analysis) reveals
equilibrium points of a system under study. The poWow equations employed in
static analysis assume constant system frequencgther words, generation output
equals load demand plus losses. Voltage stabititdies are frequently undertaken
through the use of static analysis. A common uséhisf is the development of P-V
curves as shown in Figure 11.1.

The graph is obtained in power-flow simulation bpmitoring a voltage at a bus of
interest and varying the power in small incremeumtsil power-flow divergence is
encountered. Each equilibrium point shown represeat steady-state operating
condition. In other words, each point may be com®d as representing a system that
has been in a stable operating point for over ¥x.hbhis means that the generation
real-power dispatch and all voltage support equignh@ave been established such that
the system meets the required reliability critddaeach operating point on the graph
up to and including the operating limit point ingied on the graph. Beyond the
operating limit, further increase in power may tesua breach of one or more of the
reliability criteria. A series of curves can be ¢woed, each one as shown in Figure 1,
with each curve depicting one or more transmissigtages.

COperanngz Linmt

Bus Voliage
-
L3
-

Power (MW

Figure 11.1: Typical Power Versus Voltage Curves

Given that each operating point on the P-V curveragents a unique steady-state
operating condition, a pessimistic but realisticngmtion dispatch is normally
employed as load is increased.
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Dynamic Analysis

Dynamic analysis (also referred to as time-domaialysis) is commonly employed in
the study of power system stability to reveal systeajectory after a disturbance. In
contrast to static analysis in which equilibria rgei of a P-V curve are not time-
dependent, dynamic analysis method reveals thesiémin and/or the longer-term
stability of a power system under study.

11.1.3 Study Methodology

Voltage stability analysis is generally conducted dmploying two methodologies,
namely static and dynamic analysis. Static analysigals loss of system equilibrium
and is a snapshot in time (i.e., not time depend@&ymnamic analysis, also referred to
as time-domain analysis, reveals the system tajectimmediately following a
disturbance. Both these methods should be usedcomgplementary manner thereby
providing an overall assessment of the voltagelgtabf the area under consideration.

This section outlines the methodology for assesainqmarticular area’s or a particular
transfer path’s conformity with planning standamsing P-V and V-Q analysis. P-V

analysis of a particular area or of a particulansfer path reveals the static stability
margin of that area or of that path while V-Q asa@yyields the reactive power margin
at a particular bus in the power system under cemnation.

11.2 Performing PV/QV Analyses through PSS/ E

The PV/QV analyses that are described in this @rage designed for studies of slow
voltage stability, which could be analyzed as adyestate problem. They are load flow
based analyses used to assess voltage variatitmgaetive and reactive power change.
Two methods are used to determine the loading dinmtposed by voltage stability
under the steady-state conditions.

The PV/QV analyses do not provide solutions to sjgegroblem but function as tools
that can be directed by the user to perform analysethe solution of problems
associated with the steady-state voltage stalififyower systems.

11.3 Basic Engineering Guide to PV and QV Curves Agications
11.3.1 Objective

The objective of a PV and QV curves is to deterntimeability of a power system to

maintain voltage stability at all the buses in #ystem under normal and abnormal

steady state operating conditions. They are uskiugxample:

* To show the voltage collapse point of the busdbeénpower system network

e To study the maximum transfer of power between $usfore voltage collapse
point

« To size the reactive power compensation devicesingd] at relevant buses to
prevent voltage collapse

 To study the influence of generator, loads and treacpower compensation
devices on the network
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The PV and QV curves are obtained through a sefié€ load flow solutions. The PV

curve is a representation of voltage change assaltref increased power transfer
between two systems, and the QV curve is a reptats@m of reactive power demand
by a bus or buses as voltage level changes.

11.3.2 PV Analysis (PV Curves) Applications

PV curves are parametric study involving a serie&© load flows that monitor the
changes in one set of load flow variables with eespo another in a systematic fashion.
This approach is a powerful method for determiniramsfer limits which account for
voltage and reactive flow effects. As power trans$eincreased, voltage decreases at
some buses on or near the transfer path. The éracepacity where voltage reaches the
low voltage criterion is the low voltage transfienik.

Transfer can continue to increase until the sotuigentifies a condition of voltage
collapse; this is the voltage collapse transfeitlim

The plot of the relationship between voltage at tbeeiving end, VR, and the load
power, PR, as the power transfer is increased duecteased loading, gives the PV
curves similar in characteristic to the curve shamvkigure 11.2.

PV curves are typically used for the "knee curvalgsis”. It is as named because of its
distinctive shape at the point of voltage collapsethe power transfer increases, as
shown in Figure 11.2.

Depending on the transfer path, different buse< Hdifferent knee point. The buses
closer to the transfer path will normally exhibitn@re discernible knee point.

\Voltage

Low Voltage Limit ~Voltage Collapse Point

Low Voltage :
Transfer Limit : . Voltage Collapse
- 4—— Transfer Limit

Incremental
Transfer

Figure 11.2: PV Curves Voltage and Incremental PoweTransfer Characteristics
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Voltage instability occurs at the "knee point" b&tPV curve where the voltage drops
rapidly with an increase in the transfer power flowoad flow solution will not
converge beyond this limit, indicating voltage atstity. Operation at or near the
stability limit is impractical and a satisfactorperating condition must be ensured to
prevent voltage collapse.

In PSS/E, the PV curves are generated by seletingsubsystems where the power
transfer between the subsystems is incrementedi@ifiaed step size for a series of AC
load flow calculations while the bus voltages, gat@ outputs and the branch flows of
the system are monitored.

When the bus voltages are plotted as a functioth@fincremental power transfer the
PV curves are obtained. One of the subsystemsisttidy must be defined as the study
(source) system and another as the opposing (systgm. The power flows from the
study subsystem to the opposing subsystem.

11.4 QV Analysis (QV Curves) Applications

In the PV curve analysis, the effect of active polew on voltage instability is
demonstrated.

However, it is observed that the power factor @f lited has a significant impact on the
overall equations. This is to be expected sincevtiage drop in the line is a function

of both active and reactive power transfer. Hetive,QV curves may also be used to
assess voltage stability of the system.

QV curves are used to determine the reactive pavection required at a bus in order
to vary the bus voltage to the required value. Ginee is obtained through a series of
AC load flow calculations. Starting with the exigji reactive loading at a bus, the
voltage at the bus can be computed for a seriggwer flows as the reactive load is
increased in steps, until the power flow experiencenvergence difficulties as the
system approaches the voltage collapse point.

Figure 11.3 is a typical of the QV curves that vii# generated for a system that is
stable at moderate loading and unstable at higlaelirigs.

Extremely Heavy Loading
-
Very Heavy Loading "—/
\HH‘___ /
\'\___ ___,_,./'/

—— S

Heavy Loading

~

Light Loading

Figure 11.3: QV Curves for a Range of System Loadq
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The bottom of the QV curve, where the change oftrea power, Q, with respect to
voltage, V (or derivative dQ/dV) is equal to zerepresents the voltage stability limit.
Since all reactive power compensator devices astgded to operate satisfactorily
when an increase in Q is accompanied by an incri@a8e the operation on the right
side of the QV curve is stable, whereas the opmrain the left side is unstable. Also,
voltage on the left side may be so low that thegmtive devices may be activated.

The bottom of the QV curves, in addition to ideyitify the stability limit, defines the
minimum reactive power requirement for the stalgeration. Hence, the QV curve can
be used to examine the type and size of compensa@ded to provide voltage
stability. This can be performed by superimposing QV characteristic curves of the
compensator devices on that of the system. Foanestthe capacitor characteristic can
be drawn over the system's QV curves as showrnguré&ill.4.

40

()
E /
w30 /
5 Capacitor Bank L
& Characteristic
5,

g 20 P
&
E h‘"‘-xh“- --’if_,_d-ﬂ"!-‘-
T 10 - -

o System Characteristic

—
0=
0.0 i 8 R} 1.0 YVaoltage

Figure 11.4: QV Curves and Characteristics of a Cagcitor Bank Required at
Stable&ating Point

Figure 11.5 shows the QV curves for a range of cémabanks with different rating
superimposed on the system's QV curves under e@iffdoading conditions. From the
plot we can determine that capacitor rating of BO@ar is required to maintain 1 pu
voltage at loading of 1300 MW, 450 Mvar at 1500 MWH so on. For the case of very
high loading at 1900 MW, even though the capaditank rating of 950 Mvar can
maintain a voltage of 1 pu, point B is not a stalperating point. If there is a drop in
voltage from point B to B', the ability of the cajgar to supply reactive power is
decreased more than the drop in requirement ofsystem. This will result in
continuous drop in voltage. Alternatively, if theltage is increased above point B, the
capacitor will supply more reactive power than therease in requirement of the
system. This will result in continuous rise in \agje.

Hence, the criterion for stable operating point wheing a reactive power compensator
is as follow:

System (dQ/dV) > Compensator (dQcomp/dV)
Where:

(dQ/dV) is the change of the system's reactive ppo@ewith respect to voltage, V.
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(dQcomp/dV) is the change of the compensator'stikgapower output, Qcomp, with
respect to voltage, V.

For the case of light loading at 1300 MW with cafmacrating of 300 Mvar, point A is

a stable operating point. If the voltage is incegbBom point A to A', the capacitor will
supply less reactive power than the increase itesys demand, hence reducing the
voltage to 1 pu. Alternatively, if the voltage iealeased from point A towards the
bottom of the QV curve, the capacitor will supplyoma reactive power than the
system's demand, hence returning the voltage to 1 p

1500 MW

Allowable
1400 ranoe
P,=1900 MW ™ |~ +——0950 Mvar
1200} -
1000 1700 MW o
800 ’
P

B

Q.in Mvar

_ 600
:4/'
400 -
200-—- A
04 0.6 0.8 095101056 1.2
V., in pu
~ Capacitor System
Characteristics Characteristics

Figure 11.5: Compensator Operations and Size on Mtage Stability using QV Curves

In PSS/E, the QV curves are generated by artificiaitroducing a synchronous

condenser, with high reactive power limits, at & Ibo make this a PV bus. As the
scheduled voltage set point (bus voltage) of thebBY is varied in steps for a series of
AC load flow calculations, the reactive power outpom the condenser is monitored.
When the reactive power is plotted as a functiorthef bus voltage QV curves are
obtained.

QV curves are commonly used to identify voltagebisityg issues and reactive power
margin for specific locations in the power systemder various loading and
contingency conditions. The QV curves are also @sed method to size shunt reactive
compensation at any particular bus to maintainéeired scheduled voltage.

The shape of the QV curves can also be used tondee the load characteristic, and
study the effect of load tap changer (LTC) transfer on the system. It is observed that
the QV curves are slightly shaped like an 'S'. $k&hape characteristics are due to the
load type in the system and the action of the Lia@@gformer as illustrated in Figure
11.6.
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Figure 11.6: QV Curves for Different Load Type with Consideration of LTC

11.5 Voltage Stability Analysis using MATLAB SimulatiofVoltage Stability Toolbox
(VST)} on Standard Sample IEEE Test System:

11.5.1 Voltage Stability Toolbox (VST)

Voltage Stability Toolbox (VST) has been developed investigate stability and

bifurcation issues in power systems. The VST irgtag the symbolic and numeric
computations with a graphical menu-driven interfdmesed on MATLAB and its

Extended Symbolic Toolbox. It implements symbolenputations to build exact load
flow equations and Jacobian matrices includifg -2order derivatives, required to
implement numerical computations such as NewtorhBap (NR) and Newton-

Raphson-Seydel (NRS) for bifurcation analysis. mbeerical calculations of solutions
for power system equations are performed and chedroia a graphical user interface
(GUI). The GUI makes the complex theoretical baokgds readily accessible to
power system engineers who use them to solve peagiioblems. It has proved to be a
useful tool for education and research in the afepower system stability analysis.
Even a user not well versed in the mathematics ifofrdation analysis can easily
experiment with standard test systems or constmetof his/her own. An experienced
user can exploit MATLAB’s open architecture to irplent and experiment with

alternative computational algorithms. Fig 11.7 sk@aschematic of the VST.
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. Location

Fig 11.7: The schematic of VST

The following analysis can be performed with theTy&s can be seen in Fig 11.8:

» Load flow analysis

* Time domain simulations
 Static bifurcation analysis

* Dynamic bifurcation analysis
» Singularity analysis

» Eigenvalue analysis
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1.Input Data Processing

a) Import standard IEEE load flow data file
b) Edit data file
c) Create and/or save data file

v —»
2.Model Building & Code Compiling

a) Generate system governing equations

b) Symbolically construct, simplify, and
optimize Jacobian and second
derivative matrices

c) Convert symbolic code into compilable
C or Fortran source code

d) Compile source code into executables

v ! >

3.Load Flow Calculation

a) Standard Newton-Raphson method
b) Newton-Raphson-Seydel method

2
4. Voltage Stability Analysis

a) Find static & dynamic bifurcation points
b) Identify algebraic singularity of the model
¢) Check bifurcation type

d) Plot the loci of the eigenvalues

e) Provide sensitivity information

f) Provide remedial action information

g) Vary searching direction

+ |Yoltage Stability Toolbox

Fle Edit Tools

Window Help Model Analwsiz Edit Help

WOLTAGE STABILITY TOOLBOX

Center for Electric Power Engineering
Drexel University

A Center for Excellence

s B3

v

5.Dynamic Simulation

a) Solve differential-algebraic equations
b) Check voltage stability phenomena

Fig 11.8: Flowchart of VST

Fig 11.9: The VST main window

11.5.2 Analysis Pull-Down Menu

This section describes the options available orAiaysis pull-down menu, as shown

in Fig 11.10.

Load Flow

It implements the Newton-Raphson algorithm for pofi@v studies.

Simulation

It implements the time-domain simulation for ditfatial-algebraic classical power

system model.

Static Bifurcation

It implements a two-stage algorithm consisting bé tNewton-Raphson (NR) and
Newton-Raphson-Seydel (NRS) methods to computeethelibria up to the saddle

node bifurcation point.
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Dynamic Bifurcation Analysis

Zoom around nose point: It implements a two-stage algorithm (NRRS) to
compute the system equilibria and their correspag@ifurcations, including Hopf and
singularity induced bifurcations, and characterittes stability features of the system
equilibria along the nose curve.

Zoom lower part: It implements a three-stage algorithm (NRRS- NR) to compute
the system equilibria and their corresponding [o#tions, including Hopf and
singularity induced bifurcations, and characterittes stability features of the system
equilibria along the nose curve.

Eigen value of system matrix
It plots the Eigen values of the system matriX &f [ASYJX.

Sensitivity around the saddle node bifurcation

It plots the absolute values of the componentshaf tight and left eigenvectors
corresponding to the zero Eigen value of the ldew Dacobian matrix evaluated at the
saddle node bifurcation point.

Singular Point Analysis
It implements the NR and NRS algorithms startingratipper equilibrium point of the

nose curve at a fixed parameter to compute thaigngoints of the DAE model as
shown in Fig 11.11.

+ ¥oltage Stability Toolbox :

File Edit Tools ‘Window Help Model | Analysis Edit  Hel
Load Flow b
Simulation

=10] x|

Skatic Bifurcation

Drynamic Bifurcation Analysis Zoom around nose point

Eigenwalue of system matrix Zoorn Lower Park
Cente  Sensitivity around saddle node bifurcation

Singular Paint Analysis 3

A Center for Excellence

Fig 11.10: The Analysis pull-down menu
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# Yoltage Stability Toolbox =10] x|
File Edit Tools ‘Window Help Model | analysis Edit Help

Laad Flow 3

Simnulation

Static Bifurcation
w0 Dwnannic Bifurcation Analysis 3
Eigenwvalue of svstem matrix
Sensitiviky around saddle node bifurcation
Singular Point An MR and MRS

A Center for Excellence

Fig 11.11: The Singular Point Analysis menu item
Software and System Requirements

To be able to use the Voltage Stability Toolboxe oeeds to have the following:

» Matlab Version 5 (available from The MathWorks)
» Matlab Extended Symbolic Toolbox (available frore tiathWorks)
* Windows 95 Windows, NT Workstation 4.0 or UNIX

» Voltage Stability Toolbox files that are availalaleour homepage:
http://power.ece.drexel.edu/
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11.5.3 Results of Sample IEEE Test System (14 — Bus

Bifurcation Surface:|[EEE14
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Eifurcation Surace:|[EEE14
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Bifurcation Surface: |IEEE14
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Bifurcation Surdace: |EEET4

HhRden ! ! ! ! !
0.8495
0.8494
0.8494
0.5493

= ; E j ]

S 08493 : : : :
0.8492
0.8492
08491
s : ; ; : ;

5 5 4 3 3 1 0
Q14 L Ag®

IEEE 14 — Bus System Data:
14
1 1Busl HV3 23240 -0.1690 00RO 0.0000 1.0600 0.0000
2 2Bus2 HV2 0.830 0.2970 0000 0.0000 1.0450 -0.0869
3 3Bus3 HV2 -0.9420 0.0440 00RO 0.0000 1.0100 -0.2220
4 6Bus6 LvV2 -0.1120 0.0470 0GDO 0.0000 1.0700 -0.2482
5 8Bus8 TV2 0.0000 0.1740 0000 0.0000 1.0900 -0.2332
6 4Bus4 HV1 -04780 0.0390 00RO 0.0000 1.0190 -0.1803
7 5Bus5 HV1 -0.0760 -0.0160 0GDO 0.0000 1.0200 -0.1532
8 7Bus7 zZV1 0.0000 0.0000 0000 0.0000 1.0620 -0.2334
9 9Bus9 LV1 -0.2950 -0.1660 OGRO 0.1900 1.0560 -0.2608
10 10Bus10 LV1 -0.0900 -0.0580 00® 0.0000 1.0510-0.2635
11 11Bus1l LV1 -0.0350 -0.0180 00® 0.0000 1.0570-0.2581
12 12Bus12 LV1 -0.0610 -0.0160 00@ 0.0000 1.0550 -0.2630
13 13Bus13 LV1 -0.1350 -0.0580 00® 0.0000 1.0500 -0.2646
14 14Bus14 LV1 -0.1490 -0.0500 00@ 0.0000 1.0360 -0.2800
-999
20
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91
41
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w N O

-999

0.019380
0.054030
0.046990
0.058110
0.056950
0.067010
0.013350
0.000000
0.000000
0.000000
0.094980
0.122910
0.066150
0.000000
0.000000
0.031810
0.127110
0.082050
0.220920
0.170930

0.059170
0.223040
0.197970
0.176320
0.173880
0.171030
0.042110
0.209120
0.556180
0.252020
0.198900
0.255810
0.130270
0.176150
0.110010
0.084500
0.270380
0.192070
0.199880
0.348020

O O O O O O O OO O 0O 0O 0o 0o o o o o o o

0.0000.00@0 0.0000
0.0000.00@0 0.0000
0.0000.0000 0.0000
0.0000.0000 0.0000
0.0000.00@0 0.0000
0.0000.00@0 0.0000
0.0000.0000 0.0000
0.0000.0000 0.0000
0.0000.00@0 0.0000
0.0000.00@0 0.0000
0.0000 00@O 0.0000
0.0000.00@0 0.0000
0.0000.00@0 0.0000
0.0000.00@0 0.0000
0.0000.0000 0.0000
0.0000.00@0 0.0000
0.0000.00@0 0.0000
0.0000.0000 0.0000
0.0000.0000 0.0000
0.0000.0000 0.0000
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11.6

Observations and Recommendations:

*

In the sample illustration here, appropriate MATLABOI Box modules are
applied to obtain PV and QV curves for Voltagalfdity Analysis.

RecommendationProcedure indicated in the above Sections 2, 3 4arfftom
PSS/E Manual) can be applied using PSS/E softwapdules for Voltage
Stability Analysis of CEB System.
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Chapter 12

WIND PENETRATION: STUDY OF FREQUENCY AND VOLTAGE
CONTROL ASPECTS

12.1 Introduction

Wind power generation is increasing throughout therld where sufficient wind
velocity exists. NREL study estimates consideratied potential in Sri Lanka. CEB
has set up a 3 MW wind power plant integrated toghd. There are several requests
being received by the CEB for interconnection.

The frequency and voltage controlaspects of future power system scenarios from
2012 onwards with wind power generation are studied the results and analysis are
presented in this chapter.

Simulation has been carried out by CEB enginegirsguPSS/E.
12.2 Operational Issues with Wind Power Plants

Wind power is intermittent as the wind velocity caary depending on the season. So
the power balance in the power system gets distiuahd frequency fluctuates.

At off-peak loads wind power plant may replace foydr thermal power plant. If wind
power plant gets tripped frequency may fall anddiency control becomes a problem.

Some wind turbine generators are of induction type these draw reactive power from
the grid. Modern wind turbine generators with powikectronics-based controls do not
have this problem as reactive power can be coatioll

The inertia of the wind turbine generator with irtee connection to grid does not get
reflected on the power system inertia. Thus frequeontrol can be affected.

There are different wind turbine generating systamnescurrently installed as shown in
the Table with the distinctive features of each.

Variable speed wind turbines with doubly fed indoctgenerator (DFIG) are widely

being used. Most of the modern wind power plantaghset up in the recent times are
with power electronics based controls. In thesdesys active and reactive power
outputs can be controlled.
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wind

wind

wind
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SCIG

Bank

Table 12.1 Wind Turbines Configurations

By-pass
-

i L Soft-starter
train ¢4 pacito rT

drive
train

transformer |
Frrd

grid

Fixed-speed directly-grid
connected wind turbine

AC
AC

Power
Converter

transformer

gridfstand
alone

Variable-speed wind turbine with
squirrel-cage induction generator

DFIG

transformer

Lid
TIT

AC
AC

Power
Converter

grid

Variable-speed wind turbine with
doubly-fed induction generator

operates at constant speed
(1-2 % speed variation)

both passive and active stall
are used

requires a stiff grid in order
to enable stable operation

implies an more expensive
mechanical construction in
order to absorb high
mechanical stress

exhibits periodic power
pulsations in addition to the
stochastic power pulsations
caused by the wind

very robust and cheap
solution

operates at variable speed

a bi-directional power
converter can assure the full
control of active and
reactive power

power converter designed
to carry full load

preferred for low and
medium power applications
both stand-alone and grid-
connected

operates in a wide speed
range

a bi-directional power
converter in the rotor circuit
can assure the full control
of active and reactive
power

power converter rating is
around 25% of the total
generator power

preferred for low and
medium power applications
both stand-alone and grid-
connected
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« operates at variable speed

+ a bi-directional power
SG converter can assure the full
transformer control of active and

wg} AC A #»—@ reactive power

+ power converter designed

T

Power rid/stand
Converter ? alorne to handle the full generated
power
Variable-speed direct-driven . the gearbox is eliminated

synchronous generator _
+ large and relatively heavy

generator

12.3 Wind penetration study using PSS/E

Main objective

Simulation has been carried out to study

« the effect of wind generation on CEB power systgaration
» the safe proportion of generation that can beguaiimd generation

Wind generator model

The wind turbine generator model considered is tiaGE 1.5 MW as provided in
PSS/E. The wind turbine stability model simulapesformance of a wind turbine
employing a doubly fed induction generator (DFIG)mthe active control by a power
converter connected to the rotor terminals. Thigymical of modern wind turbine
generators being manufactured by major comparkesGE, Gamesa, Vestas etc.

The wind turbine generator scheme with controshiswn in Fig 12.1.

3¢ AC Windings > %

‘Wind Turbine

A P Coliector System
=\ stator CAAAL fe.g. 345KV bus)

b YYD
Fi ™ e,
fmt'.:\r Field Converter
Prol-)r f
rotar
P

o P
fmnv
net

Fig 12.1 Wind turbine generator model with controler
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12.4 Isolated Wind power system: Fault Ride througtCapability

To study the effect of wind generation a sampléesysas shown in Fig. around a wind
power plant at Puttalam is considered. A three @liaslt is simulated on 132 KV line

at t= 2 sec. and the fault is cleared at t= 2.1&bmlds. At 2.62 seconds line is
reconnected.

It would be of interest to see how the isolated @osystem with wind model behaves
with regard to transients in frequency, voltage pader outputs.

4804 1810 1815
NARAKKA PUTTLAM NEWCHILAW
%27

23R 400 W 400

500 W 50.0 50.0 -
G W Z, 19.2 19.0 W "90

08k W 03 § 0.3

413, . 20.0 &£0.0
o™
19.2 19.0 19.0
1.000 1.000 0.946
24.0 132.0 124.9

Fig 12.2 Isolated power system with wind power plarat Narakka

The variation in frequency of the isolated powesteyn is shown in Fig 12.3 below. It
is observed that frequency returns to the normialevguickly without oscillations.

The effect of three phase fault on frequency iggmécant.

Similar is the case with voltage as shown in FiglRlowever there are few oscillations
in the active and reactive powers as seen in Fi§.1Phese oscillations are only
transient and die down quickly.
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Fig 12.4 Voltage variation following 3-phase fault
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Fig 12.5 Variations in Active and reactive power tpuits following 3-phase fault

12.5 Effect of Wind Power Plant Trip on FREQUENCY and VOLTAGES

The planned power system for 2016 with thermal maxn night peak (TMNP) is
considered for studying the effects of wind turbing on frequency and voltage.

Forecasted peak load for the year 2016 is 3726.7 &Md/the base load for year 2016 is
1490.7 MW (assuming 40% of peak load).

For the purpose of simulation 20% of base loadisered as the wind generation at
a single point.

A portion of the CEB power system with 285 MW (IMW x 90 units) wind
generation connected to Putalam is shown in the6Figt the point of common
coupling the voltage is 33 kV.
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Fig 12.6 Portion of power system with 285 MW Wind gnerator

Wind power plant trip: Frequency variation

The variation in power system frequency when the 8V wind power plant suddenly
trips is shown in Fig 12.7. The frequency falls2td% in about 25 second i.e. to 48.8
Hz which is more than the load shedding frequemit.|

With all governors in action and with Victoria hydmachines participating in
frequency control, the simulation result is showrFig 12.8. Frequency falls to 0.5%
below 50 Hz and gets settled at 0.4% below rateguiency.

USAID SARI/ENERGY 282



POWER FLOW ANALYSIS 2016 TMNP

0002
0004
0008
0008

om
02
004
006
0018

002

0022

-0 024

_‘_‘-.-_-_-_‘_‘_'_"-——--n

8 10 12 14 16 18
Time {seconds)

20 . 24

F.

28

i

Fig 12.7 Frequency variation for 285 MW wind powerplant trip (2016 case) WITHOUT governors

Frequency Plot- With all Governors (Victoria at 1.6% and other governors at 5% droop)
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Fig 12.8 Frequency variation for 285 MW wind powermplant trip (2016 case) WITH governors
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Wind power plant trip: Voltage variation

For the trip of 285 MW wind power plant on the 20déak load case, the variations in
voltages are shown in Fig 12.9. The voltages abuarPuttalam buses fall and settle down
quickly after few oscillations. The simulation résshows that voltage control is not a
serious problem for trip of 10% wind generatiom tri

It is interesting to see that WITH governors in ttohthe voltage variations improve as
shown in Fig 12.10.
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Fig 12.9 Voltage variation for 285 MW wind power pént trip (2016 case) WITHOUT governors
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Voltage Plots — With all Governors (Victoria at 1.6% and other governors at 5% droop)
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Fig 12.10 Voltage variation for 285 MW wind power fant trip (2016 case) WITH governors

12.6 Effect of Three Phase Fault on 2016 case withind power: Voltage variations

For the 2016 case power system with 285 MW wind grow fault is simulated on the
132 kV transmission line and the voltage variati@re studied. These cases are
repeated WITH and WITHOUT governors for thermal maxm night peak load and
base laod as shown in Fig 12.11 to Fig 12.14. Tdreatrons in voltages are less than

1%.
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Fault: Three phase short circuit at Puttlam — New-Chilaw 132kV transmission line-

unsuccessful re-closing is assumed

Night peak loading condition - With all Governors
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Fig 12.11 Voltage variation for fault on 132 KV lire (2016 case) WITH governors

Night peak loading condition — Without Governors
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Base loading condition - With all Governors
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12.7 Study of the Effects of Different Wind Penetraon Levels

For the CEB 2016 power system off-peak cases hage btudied, as the wind power at
low load level can destabilize the system. Frequermd voltage variations have been
simulated for various wind penetration levels: 3%% and 20%.

5% wind penetration: Wind generator trip

A portion of the CEB power system with wind geninatat Puttalam is shown in Fig
12.15. About 50 MW (5% of off-peak load) is the @igeneration.
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Fig 12.15 CEB power system around Puttalam with @igeneration

The frequency variation WITH and WITHOUT governassshown in Fig 12.16 and
Fig 12.17. The effect on frequency is insignificant

The voltage variations at various buses are showrig 12.18. At the Puttalam 33 KV
bus there is a rise in voltage of about 2% butthitage settles down quickly.
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5% wind penetration: Coal Unit trip

The effect of tripping a large power generatingt @b Puttalam of 115 MW capacity
when the wind penetration level is 5% on 2016 o#fd case is simulated to see whether
frequency and voltage variations are within periblsslimits or not. There is no
significant effect.
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Puttlam Coal Power Plant Tripping — 114MW
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Fig 12.19 Coal unit trip: 5% wind penetration: Frequency variation

—_—
—

.4 ERIIT] LTI b, DOOO A 5084
[

[N

S.0000 1. DDOD

(SECAnOsI

1.0000
TIHME

101
RELHE 1
bR D

TLOEOG EE
.
TTHHFEE

yno d1ay J1UN EE]IYNg\DNINAE *ODE3S5dNTT 13 3 beudnbRlRy fd *371d

f:
1 i
1 i
1 H
i
- 8 =
al &8 4
KK

TUE. SEP 15 2009

CITGIEOOCIERERIEITD  AAMAAAAINGL 2102/51547BNE MOT4 BaNDa L 1]

13:51

Fig 12.20 Coal unit trip: 5% wind penetration:

Voltage variation

USAID SARI/ENERGY

291



10% wind penetration: Wind generator trip and Coal Unit trip

The penetration level is increased to 10% of oHikpad. And the simulation using
PSS/E is carried out for

- 100 MW wind generator trip
- coal unit trip

Fig 12.21 shows the frequency variation followingrig of wind generator with a
capacity of 100 MW (10%) on a lightly loaded systéthe peak frequency fall is only
about 0.5%.

Similarly when the coal unit of 115 MW trips (wit0% wind penetration level), the
frequency variation is not significant as showrrig 12.22.
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Voltage variation with 10% wind penetration

When wind generator of 100 MW capacity trips thisr@a small variation at Puttalam
and other buses which get restored very soon agrshmoFig 12.23.

Similarly for the trip of coal unit of 114 MW witpenetration level of 10%, the effect
on bus voltages nearby is very less as shown il Ei24.
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20% wind penetration: Wind generator trip

It has been observed that at off-peak 2016 loadseffects of 5% and 10% wind
penetration on frequency and voltage for trips ofdrgenerator or for the trip of a large
generating unit like 115 MW coal unit are negligibl

When wind generator trips, the frequency falls @b% below the rated frequency with
all turbines in free governor mode and finally fueqcy settles at 0.5% below rated
frequency as shown in Fig 12.25.

There is a transient voltage variation of about&%uses near wind connected bus (Fig
12.26).

When the governors are not in auto, the frequealty by 7.5%, as shown in Fig 12.27,
which is considerable. Load shedding has to beteddo.
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12.8 Analysis of Wind Penetration
Summary of Simulation Studies

Wind penetration studies are being carried outuginoout the world on various aspects
of power system operation. The emphasis in thidyshas been on the frequency and
voltage variations. The simulation studies carrad on CEB 2016 power system
showed that system can withstand wind penetradeel$ in excess of 10%. Simulation
has been carried out by CEB engineers using théEP8i# Wind turbine model of GE
1.5 MW built in.

Costs of wind penetration

In USA and Europe the power systems are very larngederegulated. With frequency
and voltage regulations being considered as ancibarvice several complications
arise.

The costs due to wind penetration are divided twim categories:

* incremental reserve requirements and
* imbalance costs.

The incremental reserve category accounted foredienated cost of increasing the
level of operating reserves necessary to maintgstes reliability with a relatively
large penetration of wind capacity. The imbalanost category was intended to capture
the difference in operating costs that may occwabse of additional unit start-ups, a
higher rate of incurring bid-ask spread penalt@spperating a unit at a less efficient
point on the heat-rate or power curve.

To assess the incremental reserve requirementwihe generation is treated as a
negative load. This approach recognizes that eadiidual resource does not need to
be balanced as long as the overall system is ambal

Mitigation Measures

To address the intermittency of wind and increagewind capacity that can be added
to the system there are some mitigations measeiag bonsidered:

» power electronics and line compensation to corgooler factor and improve power
quality;

« ultra capacitors to absorb short-term fluctuations

» resistors and power electronics to provide lowagdt ride-through (LVRT)
capability and allow large wind plants to continoygerating after momentary line
faults

Operating reserve and load following capabilities
Studies carried out on Ireland power system sugdesitat with 16 to 27% wind

penetration level, operating reserve is to be amed by 10 to 12% and load following
capability is to be increased by 30%.
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Due to CQ restrictions on conventional power plants, manpdvpower plants are
being planned in Germany. The load following cajiighbivas suggested to be increased
by 200% for 20% wind penetration level.

In Denmark presently about 21% of energy consunsedupplied by wind turbines
alone. Penetrations of wind power into local ghdse at times gone up to 60% in good
windy season.

In Tamil Nadu, 33% wind power exists on installesiver basis. With 50% PLF in
high wind season, penetration level of 18% on aragye is there.

In general, many countries are gearing up to aehwand penetration level of 20%.
12.9 Recommendation on wind penetration level for EB power system

i.  Based on the simulation studies of the CEB powstesy and the experiences of
various countries with wind power, it is recommehdeat CEB may safely allow
wind generation up to 10% of off-peak load. Thegfrency and voltage stability
can be maintained with this level.

ii. Presently the operating reserves are providedréguency regulation in Victoria
and other hydro power stations. The operating veseaire to be increased for safe
control capabilities.

iii. Various studies are to be carried out for individoases of wind connection
requests like

» power flow and contingency studies
» fault analysis

» transfer limit analysis

* dynamic analysis and

* harmonic analysis

iv.  If the wind farms are connected at connected aflihKV/ 33 KV levels impacts
on power quality (harmonics, flicker etc.) at tloedl distribution system level
have to be assessed.

v. With wind generation in excess of 10% being plannaavision of storage
facilities like advanced batteries and fly wheedwédnto be considered for future
power system.

vi.  Voltage level of grid connection in India: Tamil dlahas large concentration of
wind power plants. A sketch is enclosed showingloleal grid connection of 386
MW of in the Muppandal area (in the year 2000) wittD KV ring main. This
scheme might be helpful for planning engineers BBC
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Chapter 13

REQUIREMENTS OF SOFTWARE AND CONSULTANCY SERVICES

The PTI Power System Simulator (PSS/E) is a packdgerograms for studies of power
system transmission network and generation perfocman both steady-state and dynamic
conditions. PSS/E handles power flow, fault analy&alanced and unbalanced), network
equivalent construction, and dynamic simulation.

Ceylon Electricity Board has licensed Power Syssamulator for Engineering (PSS/E) from
Siemens. PSS/E is used by several utilities woridewlt is considered to be a robust
program for analysis of power system network wetiesal thousands of buses.

The load flow analysis and dynamic simulation & tivo components that have been used
for the frequency and voltage control aspects wdysteported in this report. The simulation
has been carried out by the CEB engineers undatlitbetion of GECE consultants.

13.1 Additional Software Requirements
1)  PSS/MUST from Siemens

Considering the future growth of the Sri Lanka possstem with plans for addition of

coal based thermal power plants, wind power platts, and the deregulation the
software expansion , it is preferable to procine program Power System Simulator
for Managing and Utilizing System Transmission (AB3ST) supplied by Siemens.

It is used to calculate electric transmission ti@ngapabilities and the impact of
transactions and generation dispatch. It helps #naging the effect of power
transactions and dispatch changes. The capalolitydve power from one part of the
transmission grid to another is a key commerciatl aachnical concern in the
restructured electric utility environment. Engireatetermine transmission transfer
capability by simulating network conditions withuggment outages during changing
network conditions. Many uncertainties remain ire tphrocess, most importantly,
Source/sink transactions different than those asdum the initial (base) calculation,
Generation dispatch patterns different from thasimed in the initial calculation.

PSS/MUST is considered to be efficient in calcalgtitransaction impacts on
transmission areas, interfaces, monitored elememtsflow gates and generation
redispatch factors for relieving overloads. Incrataétransfer capability (FCITC) and
its variations with respect to network changes)deations, and generation dispatch are
also efficiently calculated.

PSS/MUT complements Siemens PTI's Power System I8torufor Engineering
(PSS/E) and uses advanced data handling and andiysctions with the most
advanced linear.
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i)  PSS/TPLAN from Siemens

Another program in the PSS suite that will be uksébn Transmission planning is
TPLAN. It can be used for testing deterministidakility as in the (n-1) criterion, and
others of this type such as (n-2), (n-1-1), etcSHBLAN provides for detailed
modeling of remedial action schemes, effective ftifieation of voltage collapse
conditions, and automatic handling of re-dispatoti @ad shedding requirements.

Keeping the future growth of Sri Lanka power systéims recommended that CEB
may acquire PSS/MUST and PSS/TPLAN.

i)  Wind interconnection study module

CEB will be receiving several proposals for intemection of wind power plants.

There are various manufacturers of modern windirtesband their controllers like GE,

Vestas, Suzlon, Gamesa etc. The control configuratiand wind generator

configurations are different depending on the mactuirer. Siemens is reported to be
updating the modules in the model library of PSStHs recommended that CEB

procure the additional modules required for winioonnection study.

iv) Transient analysis Software

Power System Transients can be classified as:

. Ultra Fast Transient: Lightning, switching surges, etc. that can leadshort
circuits and insulation break down.

. Medium Fast Transient Short circuits that can cause loss of synchrdiuna

. Slow Transient Electromechanical phenomena that results in 2€edllations to
several per minutes and loss of synchronization.

PSS/E can be used for medium and slow transiedtestuBut for ultra fast transient
studies another software is required. Various safte like EMTP available
commercially are being studied. Final recommendatidll be given in the Final
Simulation report.

13.2 Software for system control and operational support

i) PSS/E is a powerful program for transmission plagnBut for operation and
control, load flow analysis with powerful visuals available in PowerWorld
simulator. Often operating engineers have to takiekgdecisions. PowerWorld
Simulator is beneficial for this purpose. It isoseanended that CEB may procure
PowerWorld Simulator software which is also nottg@xpensive.

i)  There are going to be many coal based/ oil basedhtl power plants. Present
diesel generator sets are not used much for ‘despaiurpose. So it is
recommended that CEB may acquire Economic Despatiftivare which takes
care of constraints also. ETAP, Cyme and other eendupply the economic
dispatch softwares.
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Chapter 14

TRAINING OF CEB ENGINEERS

Presently there are only two engineers trained $8/P. on limited aspects of power system
planning. It is necessary to have 10 to 12 traierdineers trained on various aspects of
power system studies using PSS/E and other welwkmyograms.

14.1 Preparatory Course

Prior to the training on PSS/E, a general apprieciatourse covering the analysis of the
power system and its controls is necessary. Wighctimsultation of CEB engineers a
10-day training program on “Power system analysd @peration” is proposed as given
in Table.

PROPOSED TRAINING PROGRAM FOR CEB ON “POWER SYSTEM ANALYSIS
AND OPERATION”

Day Forenoon Session Afternoon Session
Introduction to Power system
1 power system Representation Basic power | Power Flow Analysis
and its using one line flow equations -1
components diagram
2 Power Flow Analysis - 2 Power Flow Analysis - 3
: . Optimal Power Transfer
3 Contingency Analysis Power Flow Capability Limits
[_)ynam_lc Synchronous Synchr(_)nous Generator Capability
4 Simulation . Machine
o Machine Models - 1 curve
Principles Models - 2
Excitation Modeling of Modeling of Modeling of
System and . Power System ST
5 Automatic Voltage - transmission lines and
Controller Regulators (AVR) stabilizer transformers
Models 9 (PSS)
Modeling of Modeling of . .
Hydro turbine | Modeling of Steam Gas turbine Mod_ellng of Dle_sel
: . i ) engine governing
6 and its turbine governing and its control
. System
governing System system
system
Modeling of
wind turbine _ Tuning of Tuning of AVR
7 generator and| Load Modeling governor
: parameters
its control parameters
System

USAID SARI/ENERGY

302



Day Forenoon Session Afternoon Session
Dynamic Stability analysis Transient Static VAR
8 ynam y anaisis Stability Compensator and its
(Small - signal Stability analysis) ; .
analysis Modeling
. . Voltage : .
Reactive Power Voltage Stability > Automatic Generation
9 . Stability
Management analysis - 1 . Control (AGC) - 1
analysis - 2
Automatic Impact of Energy Management
10 Generation HVDC System wind System and its
modeling . R
Control - 2 Generation | application programg

14.2 PSS/E Training

Siemens — PTI conducts training with various moslaealing with PSS/E basics like:
power flow modeling, creating one-line diagramswBoflow solution and reports.

The topics like Contingency and transfer limit asals, Balanced switching, Fault
analysis, Network reduction and PV and QV analgbesild also be included.

Hands-on experience on IPLAN programming and Pythoguage will also be useful.

Another course ‘Introduction to Dynamic Simulatiosing PSS/E’ offered by Siemens
will be very useful, as the present study on freqyeand voltage control aspects used
dynamic simulation module of PSS/E extensively. Tinaining should include
modeling aspects of governors, AVRs using PSS/Bgalith the modeling aspects of
generators, transformers etc.

14.3 Long Term Training

Various Power System training modules that candesidered for long term training
are listed in the Appendix 3 based on the expeei@icGECE consultants.
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Chapter 15
CONCLUSIONS AND RECOMMENDATIONS

The ‘frequency control’ and ‘voltage control’ asfeof the power system of Sri Lanka for
various scenarios of 2008, 2012, 2016 and 2020 th@en studied using PSS/E (Power
System Simulator for Engineering) program with #ssistance of Ceylon Electricity Board
(CEB). The data for the study has been provideGBR.

The load flow analysis is the starting point foe thynamic simulation study using PSS/E.
The data for the dynamic simulation includes theadBr prime movers, generators,
transmission lines, substation devices and variocostrol systems like governors and
automatic voltage regulators (AVR). Most of theadased for the steady state and dynamic
simulation has already been incorporated in the/P$&gram by CEB and verified by the
JICA study team as part of Master Plan study. WAlerdata is not there suitable values have
been considered.

The following conclusions can be drawn from thewdation study.
15.1 Frequency Control

The frequency of the Sri Lanka power system is galye maintained within the
permissible limits of 50 Hz + 1%.

In theprimary regulationthe governors of all the prime movers- hydro tnelsi, diesel
engines and steam and gas turbines respond. Thie hytdbine governors at Victoria
are made to respond faster and pick up more shahedoad change by reducing the
permanent droop to 1.6% whereas all other goveriarnge 5% droop. But the
frequency for load changes cannot return backémtirmal value unless an Automatic
Load Frequency control (LFC) scheme is provided.

15.2 Automatic Generation Control
It is recommended that an Automatic Generationrobstystem be provided with the
following functions:

. Load frequency control (LFC)

. Economic Dispatch (ED) and
. Interchange Scheduling (1S)

CEB is already planning to upgrade the System @b@tenter with advanced SCADA/
EMS. CEB should include the application programs A& C and necessary field
devices to manipulate the governor load set pantematically for generating units
participating in frequency regulation.

There is already a plan to upgrade to Energy Mamagé System (EMS) at the System
Control Center. The ALFC runs as an applicationgpmon along with economic
dispatch (ED) and interchange scheduling (I1S). QiBsently do not have many
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thermal units with boilers and steam turbines. ®hen the power generation system
expands with proposed coal based units this EDtimmtecomes a necessity.

15.3 Droop (Permanent droop) setting

The permanent droop is set uniformly at 5% in CEBeagating stations except those
used for secondary frequency regulation. Same Jalueflected in the dynamic data
used for simulation. In other countries also itisformly set at 4% or 5% to facilitate

sharing of power in proportion to the capacitieser®e is no need to deviate from this
philosophy.

15.4 Tuning of governor parameters

The hydro governor adjustable parameters are teampdroop and recovery time in the
case of temporary droop type governor and PID gainthe case of PID governor.
From the simulation study, it has been observed tthe values provided for various
hydro machines in the PSS/E data yield stable respdBut whether the same values
are in the field are to be checked. Some of tha lile¢ water inertia constant values are
to be checked from the hydro power equipment mantwuifars or the hydraulic network
designers. In one case (Laxpana) it is found theeminertia constant provided by the
Toshiba documentation is different than the valwgviged in the PSS/E dynamic data.
It can be reasonably presumed that the rotor aexnstant values provided as part of
generator data are correct.

In the report guidelines for tuning of the govermmarameters are given as per the
established norms and published literature.

15.5 Voltage Control

e Dynamic Simulation:

The voltage control aspects of the CEB power systambeen studied considering
the total CEB power system data. Disturbancestlikee phase faults have been
simulated on typical 220 kV and 132 kV lines and #ariations in voltages, power
flows, and rotor angles at various buses have beghed by using PSS/E.

All cases of rotor angle deviations exhibit stalslessponses for the studies
performed. Though some transient oscillations &seoved, system stability is not
endangered.

 AVR:

The effects of automatic voltage regulator (AVR)Ygmeters like amplifier gain,
stabilization loop gain etc., have been studiedtlon selected generator models
using MATLAB - Simulink program. The effects of pameter changes in AVR
have been studied. The existing practice of Vet&pntrol has been reviewed
through discussions with the policy making engiseef CEB and also by
simulation study.
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* VAR Scheduling :

The following studies are performed to analyzeisisee of VAR Scheduling:

After observing the Base Case Voltage Control Elgm@etatus, the following
options are considered for the study: ChangingRAS&t points; Tap change
control; AVR Set - points and Tap Positions; Sthad Shunt Controls; and with all
controls.

Study of reactive power management is conductell witentation towards VAR
Scheduling for the combined operation of Gener&dR and Grid Transformer
Tap-control (GTTC) and the suitability of presentagiice adopted has been
checked and study to find adequacy of presentegjyator future system is found
satisfactory, using PSS/E software with the assigtaf trained staff of CEB.

« SVC:

Even though SVC is existing on the base-case CEBeBy it is found not
effectively operational. Simulation studies arefpened to obtain the effect of
SVC at specific identified buses on Power FlowE&B Systems corresponding to
the Years 2012, 2016 and 2020 and the resultsrasemed by displaying on the
partial network. Improvement of reactive power fom the neighbouring sections
and voltages at buses nearer to the location of &éMbserved. It is recommended
to identify the effective locations for installingVCs for improving the system
dynamic stability, using the procedure suggested.he

+ Effectiveness of PSS :

Improvement in the damping of electromechanicaillasions can be obtained by
using PSS. It is found from the study reported hiea¢ the proper location of PSS is
important for it to be effective in damping the illations. Based on the proven
philosophy suitable approaches are suggested éaselection of effective locations
for installing Power System Stabilizer.

Suggestion:CEB Power System Network-equivalent correspondmghe mesh-
connected system (say, 220 KV and 132 KV busesddhkto account the effect of
all radial feeders incident at the appropriate bys®sent in the meshed-network)
may be obtained using PSS/E software module. UiegLinearized Dynamic
Simulation module of PSS/E software, power systAaim[B] and [C] matrices may
be obtained for the desired CEB System. Then, fhy@dach suggested here may be
applied to identify effective locations for instay PSS, by ranking the
effectiveness of PSS locations for improving thengdeng of selected modes of
oscillations.

* Voltage Stability :

The methodology for maintaining voltage stabilitgshbeen suggested based on
research experience and published literature.
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Appropriate MATLAB Tool Box modules may be appli¢al obtain PV and QV
curves for Voltage Stability Analysis.

Suggestion: Procedure indicated in PSS/E Manual can be applgng PSS/E
software modules for Voltage Stability Analysis@EB System.

» CEB Power System for the Year — 2020 :

The simulation of the frequency control and voltagatrol aspects of expanded
power system up to the Year 2020 has been cartiedra analyzed. Similarly the
effect of wind penetration on the power system afi@n has been studied and
appropriate suggestions are indicated.

+ Data Validation :

The settings of automatic voltage regulators (AVRpvided with various
generators as in the PSS/E dynamic data have lesewed and these values do
not need to be changed. But it was noticed th&erdift types of AVRs are used in
the power stations and the mathematical model doeseflect these differences in
the AVR design. So it is recommended that the AMRI axcitation system
parameters provided at the power stations be chledke suitable tests and
measurements.

» Suggested Future Policy Recommendation :

Deregulation of the existing vertically integratstlucture may be considered as a
policy issue. The concept of Reactive Power asaagillary service’ with its own
compensation and charges may be examined. Thegoéikspis that CEB should
aim to procure reactive power in a way that resuolthe most efficient investments
in and dispatch of reactive power resources, inofydoth generation and non —
generation resources.

15.6 Wind penetration study

Detailed studies have been carried out on the gsiblé wind penetration levels based
on the frequency and voltage considerations. Thquiency drop for the trip of the
connected wind turbine is the main limitation. WRKFIG type wind turbine generators
with power electronics controls, voltage stabiigynot a big problem. Considering the
size of the CEB power system, it is recommendetiirad generation may be limited
to less than 10% of off-peak load. Though penematevels of more than 20% are
there in some power systems, the grid inertia ishmmore in those power systems than
in Sri Lanka. Also CEB has to gain experience anlind technologies before higher
penetration levels are allowed.

15.7 Dispatch with higher penetration of renewablsources
Though at the level of 10% to 15% of renewable gyén the grid there is no problem

of frequency control and voltage control, it isaggonended to increase the operating
reserve to meet any eventualities. For the powestegy beyond 2016, storage
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technologies using advance batteries and fly wheats be considered as they are
already being incorporated in western grids.

15.8 Software inadequacies

The PSS/E is a popular program among the utilitiesld- wide. For the studies
involving load flows etc., it is quite conveniefihe PSS/MUST and TPLAN programs
offered by Siemens will be quite valuable for tmraission planning and calculation of
electric transmission transfer capabilities andithpact of transactions and generator
dispatch. Hence it is recommended that CEB mayyreo®SS/MUST and TPLAN
also. TPLAN provides for an easy, friendly but coetensively-featured environment
for testing deterministic reliability as in the {)-criterion, and others of this type such
as (n-2) etc. PSS/TPLAN features easy configuratttetailed modeling of remedial
action schemes, effective identification of voltag#lapse conditions, and automatic
handling of re-dispatch and load shedding requireme

It is also suggested that CEB may procure Econ@egpatch calculation software and
PowerWorld Simulator software for the benefit ofsn Control and Operation
engineers in taking quick informed decisions.

Additional model library required for the study wérious types of wind turbines is
recommended as part of PSS/E license. This wilp e planners to analyze the
interconnection requests received from the windgrgulant operators thoroughly.

15.9 Training requirements

Presently there are only two engineers trained $8/P on limited aspects of power
system planning. It is necessary to have 10 tordidd engineers trained on various
aspects of power system studies using PSS/E ard will known programs. Prior to

the training on PSS/E a general appreciation cocwsering the theoretical aspects of
the power system analysis is necessary and a @bipas been given in the report.

It is also recommended to carry out tests at pastetions and other sites to ascertain
the control system parameters for tuning the saptanally. The PSS/E developers
PTI-Siemens may be contacted for such practicahtustudies.

15.10 Tuning of the governor and AVR parameters asite

The droop value reflects the relationship betweawgy and frequency. For old power

stations this value may not be the real value esdfationships change due to wear and
tear. It is better to do measurements at sites.tdih@g parameters as in the dynamic
data give stable response. Services of PSS/E geftlevelopers like Siemens may be
entrusted with this task.
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Appendix 1: Data used for the study

APPENDICES

BASE CASE STUDY — YEAR 2008 - THERMAL MAXIMUM NIGHT PEAK:

Generation Data

Bus No | Bus Name ID Code In Ser. Pout Pmax Pmin Qout Qmax
1100 LAX-1 132.00 1 -2 1 25.0 25.0 0 15.5 15.5
1100 LAX-1 132.00 2 -2 0 25.0 25.0 0 9.3 15.5
1110 N-LAX-1 132.00 1 -2 1 50.0 50.0 0 31.0 31.0
1110 N-LAX-1 132.00 2 -2 0 40.0 50.0 0 04 24.8
1120 WIMAL-1  132.00 1 -2 1 25.0 25.0 0 15.5 155
1120 WIMAL-1  132.00 2 -2 0 20.0 25.0 0 0.0 124
1130 POLPI-1  132.00 1 -2 1 37.5 37.5 0 23.2 23.2
1130 POLPI-1  132.00 2 -2 0 22.0 37.5 0 19.8 13.6
1140 CANYO-1  132.00 1 -2 1 30.0 30.0 0 0.0 18.6
1140 CANYO-1  132.00 2 -2 0 20.0 30.0 0 0.0 124
1170 SAMAN-1  132.00 1 2 1 60.0 60.0 0 37.2 37.2
1170 SAMAN-1  132.00 2 -2 0 40.0 60.0 0 24.8 24.8
1200 UKUWE-1  132.00 1 -2 1 19.0 19.0 0 11.8 11.8
1200 UKUWE-1  132.00 2 -2 0 19.0 19.0 0 3.1 11.8
1210 BOWAT-1  132.00 1 -2 1 25.0 40.0 0 15.5 15.5
1300 KELAN-1 132.00 1 -2 1 16.0 16.0 0 0.0 9.9
1300 KELAN-1  132.00 3 2 1 115.0 115.0 0 0.0 71.3
1310 SAPUG-1P 132.00 1 2 1 32.0 36.0 0 0.0 19.8
1310 SAPUG-1P 132.00 2 2 1 32.0 36.0 0 0.0 19.8
1310 SAPUG-1P 132.00 3 -2 1 72.0 72.0 0 0.0 44.6
1410 KUKULE-1 132.00 1 -2 1 35.0 35.0 0 0.0 21.7
1410 KUKULE-1 132.00 2 -2 1 35.0 35.0 0 0.0 21.7
1595 KHD -1  132.00 1 -2 1 51.0 51.0 0 0.0 31.6
1660 EMBIL-1 132.00 1 2 1 100.0 100.0 0 7.1 62.0
1810 PUTTA-1 132.00 1 -2 1 100.0 100.0 0 0.0 62.0
2220 KOTMA-2 220.00 1 2 1 45.0 67.0 0 18.5 27.9
2220 KOTMA-2 220.00 2 2 1 45.0 67.0 0 18.5 279
2220 KOTMA-2 220.00 3 2 1 45.0 67.0 0 18.5 27.9
2222 BARGE-2  220.00 1 -2 1 60.0 60.0 0 0.0 37.2
2230 VICTO-2 220.00 1 3 1 176.8 210.0 0 24.3 109.6
2240 RANDE-2  220.00 1 -2 1 35.0 60.0 0 21.7 21.7
2240 RANDE-2  220.00 2 -2 1 35.0 60.0 0 21.7 21.7
2300 KELAN-2 220.00 1 2 1 104.0 104.0 0 37.9 64.5
2300 KELAN-2  220.00 2 2 1 61.0 61.0 0 222 37.8
2300 KELAN-2  220.00 3 2 1 109.0 109.0 0 39.7 67.6
2300 KELAN-2  220.00 4 2 1 54.0 54.0 0 19.7 33.5
2305 KERAWALA_2 220.00 1 2 1 100.0 170.0 0 60.6 62.0
3120 WIMAL-3  33.000 1 -2 1 23 7.0 0 14 14
3200 UKUWE-3  33.000 1 2 1 2.6 7.7 0 0.0 1.6
3250 RANTE-3  33.000 1 -2 1 0.0 1.0 0 0.0 0.0
3301 KELAN-3A 33.000 1 -2 1 45.0 48.0 0 0.0 27.9
3302 KELAN-3B  33.000 1 2 1 30.0 32.0 0 2.2 18.6
3420 HORANA_3 33.000 1 2 1 24.0 24.4 0 5.7 14.9
3510 SITHA-33  33.000 1 -2 1 4.1 12.3 0 0.0 2.5
3520 NUWAR-3  33.000 1 -2 1 4.1 12.2 0 2.5 2.5
3530 THULH-3  33.000 1 -2 1 4.7 14.0 0 2.9 2.9
3590 SAPUG-3A  33.000 1 -2 1 22.5 22.5 0 0.0 13.9
3620 BADUL-3  33.000 1 -2 1 4.3 12.9 0 2.7 2.7
3630 BALAN-3  33.000 1 2 1 10.0 30.0 0 5.8 6.2
3640 DENIY-3  33.000 1 2 1 4.0 12.0 0 1.0 2.5
3670 MATARA-3  33.000 1 -2 1 20.0 24.0 0 12.4 12.4
3740 RATNAP-3  33.000 1 2 1 4.4 13.2 0 2.7 2.7
3770 KIRIB-3  33.000 1 -2 1 5.0 15.0 0 0.0 3.1
4251 RANTE-G1 12.500 1 2 1 18.0 27.0 0 8.6 11.2
4252 RANTE-G2 12.500 1 2 1 18.0 27.0 0 8.6 11.2
System Total 2138.3 573.8
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Load Data

Bus No. Bus Name P Q P+dP Q+qQ
3120 WIMAL-3  33.000 14.8 3.5 14.8 3.5
3121 WIMAL-3B 33.000 7.1 1.7 7.1 1.7
3150 AMPA-3  33.000 61.8 9.8 61.8 9.8
3160 INGIN-3  33.000 0 0 0 0
3200 UKUWE-3  33.000 37.2 14.8 37.2 14.8
3240 VAVUN-33  33.000 12.5 1.5 12.5 1.5
3250 RANTE-3  33.000 6.1 2.1 6.1 2.1
3301 KELAN-3A 33.000 18.5 10.3 18.5 10.3
3302 KELAN-3B 33.000 18.5 10.3 18.5 10.3
3400 HAMBA-33  33.000 14 1.6 14 1.6
3420 HORANA_3 33.000 334 16.1 334 16.1
3500 KOSGA-3  33.000 46.4 17.8 46.4 17.8
3510 SITHA-33  33.000 26 9.8 26 9.8
3520 NUWAR-3  33.000 34.6 15.3 34.6 15.3
3530 THULH-3  33.000 47.7 22.7 47.7 22.7
3540 ORUWA-3  33.000 0 0 0 0
3550 KOLON-3A 33.000 31.3 10.1 46.6 16.9
3551 KOLON-3B 33.000 39.9 23.4 55.2 30.2
3560 PANNI-3  33.000 38.5 20 38.5 20.0
3570 BIYAG-3 33.000 82.2 37.3 101.3 45.8
3580 KOTUG-3  33.000 108.3 62.2 123.6 69.0
3590 SAPUG-3A 33.000 71.3 43.9 90.4 52.4
3600 BOLAW-3  33.000 54.2 25.9 54.2 25.9
3620 BADUL-3  33.000 48.9 11.5 48.9 11.5
3630 BALAN-3  33.000 24.4 6.9 24.4 6.9
3640 DENIY-3 33.000 28.7 7.5 28.7 7.5
3650 GALLE-3  33.000 61.5 46.4 61.5 46.4
3660 EMBIL-3  33.000 24 10.2 24 10.2
3670 MATARA-3  33.000 54.8 19.6 54.8 19.6
3680 KURUN-3  33.000 47.7 14.9 47.7 14.9
3690 HABAR-3  33.000 52.2 14.2 52.2 14.2
3700 ANURA-3A 33.000 15.2 2.9 15.2 2.9
3701 ANURA-3B  33.000 9.7 1.8 9.7 1.8
3705 NEWANU-3 33.000 20.8 4.1 20.8 4.1
3710 TRINC-3  33.000 35.7 14.2 35.7 14.2
3740 RATNAP-3 33.000 26.6 11 26.6 11
3770 KIRIB-3  33.000 70.2 27.9 70.2 27.9
3780 VALACH_3 33.000 30.1 8 30.1 8
3790 RATMA-3A  33.000 54 27.8 54 27.8
3800 MATUG-3 33.000 54.7 26.4 54.7 26.4
3810 PUTTA-3 33.000 33.9 10.1 33.9 10.1
3820 ATURU-3  33.000 17.1 11 17.1 11
3830 VEYAN-33 33.000 46.4 22.4 61.7 29.2
3840 JPURA_3 33.000 51.2 30.5 51.2 30.5
3850 PANAD-3  33.000 55 30.1 55.0 30.1
3860 MADAM-3  33.000 48.8 24.9 48.8 24.9
3870 K-NIYA-3 33.000 18.2 10.3 27.8 14.5
3880 AMBALA  33.000 20.5 5.7 20.5 5.7
3890 DEHIW_3  33.000 32.6 17.5 51.7 26.0
3900 PANNAL  33.000 14.9 6.4 43.6 19.1
3910 ANIYA  33.000 20.5 9.1 51.1 22.6
4430 COL_I_11 11.000 11.9 6.2 11.9 6.2
4435 COL_A_11 11.000 17.6 8.9 17.6 8.9
4750 COL_E-11 11.000 30.8 22.4 30.8 224
4760 COL_F-11 11.000 27.1 15.2 27.1 15.2
System Total 1910.0 846.1 2097.2 929.0
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Appendix 2

Activities on ‘Voltage control study’

1.  Familiarization of CEB power system

2. Familiarization of PSS/E Software

3. Identifying study system of CEB and components: present and planned for 2020

4.  Review of data collected/ compiled by CEB on individual generators, AVRs,
transformers, PSS etc., and system-wide data

5. Assumption of values for missing data

6. Identification of PSS/E modules required for voltage control study

7. Simulation study of individual AVR, PSS (if any) control loops of generators

8. Recommendations on the tuning of AVR settings and Grid transformer Tap changers
(to be completed)

9.  Study of automatic voltage control strategies and VAR scheduling (to be completed)

10. Preparing modeling frame- work for voltage control study

11. Identifying PSS/E modules for simulation of voltage control of present system

12. Development of required modeling of components to incorporate in studies using
PSS/E

13.  Preliminary simulation using Matlab/ Simulink or any other suitable software for
individual generator control systems (where required)

14. Preliminary simulation using Matlab/ Simulink or any other suitable software for
power system voltage control on sample system

15. Preparation of interim simulation and analysis report

16. Simulation of power system voltage control using PSS/E with CEB assistance

17. Recommendations on voltage control strategies for the current system

18. Simulation of power system voltage control of 2020 system using PSS/E with CEB
assistance

19. Recommendations on voltage control strategies for the proposed system

20. Recommendations on the PSS to be introduced in Excitation systems of Generators

21. Review of software adequacies and suggestion for improvements/ enhancements

22. Preparation of final simulation report giving model details, recommendations on
current system and future system

23. Recommendations on the scope for additional studies desired to be performed in
future on CEB system
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10.
11.
12.
13.

14.

15.
16.
17.
18.

19.

20.

21.
22.
23.

Frequency Control Study Activities

Familiarization of CEB power system
Familiarization of PSS/E
Identifying study system and components: present and planned for 2020

Review of data collected/ compiled by CEB on individual turbine governors, system-
wide data

Assumption of missing data
Study of identifying modules required for frequency study

Study of individual governor control loops for hydro, thermal, combined cycle gas
turbine and diesel machine Frequency Control Study Activities

Recommendations on the tuning of governor settings

Study of automatic frequency control mechanism

Preparing modeling frame work for frequency control

Identifying PSS/E modules for simulation of load frequency control of present system
Development of required modeling components to incorporate in PSS/E

Preliminary simulation using Matlab/ Simulink for individual governing systems
(where required)

Preliminary simulation using Matlab/ Simulink for power system load frequency
control

Preparation of interim simulation and analysis report
Simulation of power system load frequency control using PSS/E with CEB assistance
Recommendations on frequency control strategies for the current system

Simulation of power system load frequency control of 2020 system using PSS/E with
CEB assistance

Study of the influence of non- centrally dispatched units on frequency regulation
using Matlab/ Simulink

Simulation of frequency control with non-centrally dispatched units with CEB
assistance

Recommendations on frequency control strategies for the proposed system
Review of software adequacies and suggestion for improvements/ enhancements

Preparation of final simulation report giving model details, recommendations on
current system and future system
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Appendix 3

Various Power System training modules that can be considered for long term training are
listed below based on the experience of GECE consultants.

A P R

[ I N I i e e e e e
—_— O O 0 N N LKt B WD = O

22.
23.
24.

25.

26
27
28

Basic modeling aspects of power system components and sub-systems
Synchronous machine representation
Generator capability curve
Automatic voltage regulator (AVR)
Grid transformer with tap change control (GTTC)
Static VAR compensator system (SVC)
Power system stabilizer (PSS)
Hydro turbine and its governing system
Steam turbine and its governing system
. Diesel engine governing system
. Gas turbine and its control system
. Wind turbine control system
. Load representation
. Transmission line representation
. Network representation
. Load frequency control system
. Reactive power control system
. Load Flow Analysis
. Contingency Analysis
. Transient stability analysis

. Dynamic stability analysis including eigenvalue analysis (small signal stability
analysis).

Voltage Stability Analysis.
Simulation using Matlab/ Simulink

Description of components included in Energy management system like, state
estimation(SE), security analysis (SA), Automatic Generation Control (AGC) which
includes load frequency control (LFC) and economic dispatch (ED) and Reactive
Power Management (RPM).

General control system analysis techniques and tuning methodologies.
. HVDC system studies
. Study of embedded generation

. Protection systems
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29.
30.
31.
32.
33.

Optimal Power Flow
Harmonics and Power Quality Studies
Switching Transient Studies

Smart Electric grids

Power System operation and electricity trading.
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