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ABSTRACT

It is an important and difficult challenge to protect modern iotanected power
system from blackouts. Applying advanced power system protecwmitjues and
increasing power system stability are ways to improverdtability and security of
power systems. Phasor-domain software packages such as Poteen Sywaulator for
Engineers (PSS/E) can be used to study large power systencarmat be used for
transient analysis. In order to observe both power system stalnitittransient behavior
of the system during disturbances, modeling has to be done in thediman. This
work focuses on modeling of power systems and various control systertise i
Alternative Transients Program (ATP).

ATP is a time-domain power system modeling software in whiicthe power
system components can be modeled in detail. Models are implematiteaitention to
component representation and parameters. The synchronous machinensiodetithe
saturation characteristics and control interface. TransientygsieaControl System is
used to model the excitation control system, power system s&b#dnd the turbine
governor system of the synchronous machine. Several base casaingfe machine
system are modeled and benchmarked against PSS/E. A twystesa & modeled and
inter-area and intra-area oscillations are observed. The ®mosgstem is reduced to a
two machine system using reduced dynamic equivalencing. Theabrdgnd the reduced
systems are benchmarked against PSS/E. This work also inthalesmulation of
single-pole tripping using one of the base case models. Advantageegtd-pole
tripping and comparison of system behavior against three-pole trippingidiedst

Results indicate that the built-in control system models in PSS#E be
effectively reproduced in ATP. The benchmarked models corraontiylate the power
system dynamics. The successful implementation of a dyndyniedluced system in
ATP shows promise for studying a small sub-system of a Eysfem without losing the
dynamic behaviors. Other aspects such as relaying camvestigated using the
benchmarked models. It is expected that this work will provide gusdamenodeling
different control systems for the synchronous machine and in espireg dynamic
equivalents of large power systems.

Ramanathan Arunachalam, June 8, 2006
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CHAPTER 1
INTRODUCTION

The huge increase in the demand for electricity in recentysang with the
deregulation of power industry has put lot of pressure on power sypgterators. The
cost and economical impact of blackouts are also increasing and it has lmeandatory
for utilities to supply reliable power to all the customers. Abgust 14, 2003 blackout
of the eastern interconnection is a wake-up call to powermsysperators. In order to
avoid such blackouts more emphasis should be given on power system protection.
Reliability of the power system can be improved by corresitiyulating various power
system events and their impacts on the whole interconnected grid.

Observing power swings using real-time recorders can helpamming the
mistakes and plan for future. But it is important to predict sydtehaviors and take
precautionary actions to avoid blackouts. In order to make reliablecpoadi about
system behaviors, we must continually develop and apply modern modeithg a
simulation tools to be used for power system studies. The AliegnBtansients Program
(ATP) is one such tool used to model various power system compomehfsegorm
time-domain transient simulations. ATP can also be used for stabilidies. This
additional feature of ATP can be tested by comparing the maaelsresults with a
phasor-domain simulation tool designed to perform stability anal@sis. such tool is
Power System Simulator for Engineers (PSS/E).

ATP, a time-domain simulation package, can be used to study both p®tensy
transients and power system stability. Some of the features of ATP are:

* Time step can range from very low (less than 0.1 ps) fori¢mans
simulations to very high (1 ms) for stability studies.

* TACS, an s-block control system, is used to represent power system
controls.

» Trapezoidal integration method is used for the simulations.

* Length of simulations can vary from a few milliseconds to & fe
seconds, to observe high-frequency oscillations and power swings
respectively.

» Graphical User Interface (GUI) is used for entering input data.

» ATP can be used to model 1000’s of buses.



PSS/E, a phasor-domain simulation package, can be used only fofldaad

short-circuit, and stability studies. Some features of PSS/E are:

» PSS/E performs phasor-domain network analysis and is not capable of

transient simulations.
* In PSS/E, machine and control dynamics are simulated in timeidom
Smallest possible time step size is 8.333 ms.
* All IEEE standard control systems for synchronous machinevaitable
as built-in blocks.
* Modified Euler’'s integration method is used for the simulations.
* Length of the simulation is always higher than hundreds of milliseconds.
* Input data files are used to enter data.
* Maximum number of buses that can be modeled in PSS/E is 150,000.

Load shedding, system separation and islanding, advances in tripping and

reclosing techniques, and out-of-step protection are some wagab need special
attention in order to keep the grid intact at times when it is taxed to its limit

One of the objectives of this research is to model a powernsyisteATP for
stability studies and benchmark the system against PSSi&.udtial practice to model
the source as an ideal voltage source in ATP, but this comesheitost of losing the
generator dynamics. This research work involves detailed mgdef synchronous
machine and its control interfaces. Saturation characterstisgnchronous machine
models are observed by conducting open-circuit tests. Another appraximagd while
modeling power systems in ATP is to represent large powegrnsyas Thevenin short-
circuit equivalent or infinite bus. The results of such reduced systems mayrebabke
as the dynamics of rotating machines are neglected. Solving this problemdsergiog
large power systems as their dynamic equivalents and helping figsearchers in
modeling large power systems is another objective of this research work.

Different single machine cases are modeled and used for egubglanced and
unbalanced faults. Single-pole tripping and reclosing stragegyodeled and compared
with traditional three-pole tripping and reclosing strategy wé-area system is modeled
in ATP and then replaced by a dynamically reduced systen®/ER®hich can handle
large power system models but limited only for stability studies in phasor-dpimased

to obtain the dynamic equivalents. The two-area system withfaahines is reduced to



a two-machine system. The reduced system is then benchmarkest dlgaioriginal

system and the PSS/E models.

Representing synchronous machines with control interfaces andmuyna

equivalents in ATP is a real challenge and will be a tafesin power system protection

and stability studies. Benchmarked cases of single machitersyand two-area system

will help future works on advanced protection techniques and wide areaonranit

Figure 1.1 shows the two-area system under study. Future workalmel modeling

Mid-continent Area Power Pool (MAPP) systems both in ATP andEP&Ssd comparing

the results against the June 1998 event [13].
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Figure 1.1: System under study

In summary, the specific objectives are:

Modeling of synchronous machine and its control interfaces in ATP to observe
generator dynamics.

Representing excitation control system, power system stabilizer and speed
governing system using TACS.

Conducting open-circuit tests to study the saturation characteristics odgpene
Modeling several single-machine cases in ATP to study rotor angle angevolta
stability.

Studying power system unbalance and single-pole tripping and reclosieggtra
using the single-machine cases.

Model a two-area system to study small signal stability of power system
Dynamically reduce the two-area system and model the reduced system for
stability and transient studies.

Compare or “benchmark” all the cases with PSS/E to test the ability otATP
perform stability studies.



In this thesis, Chapter 2 presents the pre-existing work on pgatens modeling
and stability studies, an introduction to ATP and its graphical intenface ATPdraw,
single pole tripping and reclosing techniques, implementation modatevarious
components and control systems in ATP, representation of dynamic leqtsvia ATP
and an introduction to PSS/E.

Chapter 3 describes synchronous machine modeling along with ritsolco
interfaces. Details of excitation control system, power syst&abilizer and turbine
governor system are included. It also includes the details ofrtisgien line models,
transformer models and load models used to represent the systems under study.

Chapter 4 outlines the modeling of a single machine system. Impiatioe of
different base cases for the study of balanced and unbalandedigadiscussed. The
system implementation is covered with details of parameters at the cam feve.

Chapter 5 describes the modeling of the two-area system under $iladieling
of reduced system and observing power swings for different psystem disturbances
are also discussed.

Chapter 6 explains the simulation and results obtained by applyitysdaults
in the system. It also includes benchmarking of all the cases against PSS/E.

Chapter 7 provides conclusions and recommendation for future research.



CHAPTER 2
BACKGROUND INFORMATION AND EXISTING WORK

This chapter provides information about preexisting work in power rayste
protection, discusses the dynamic equivalencing of large powemnss;spower system
stability, and the details of the basic tools used for sinmatThe discussion includes
the details of control system models and its modeling tool Tran&redysis of Control
System (TACS).

2.1 LITERATURE SEARCH

Modeling of a highly interconnected power system is very impoitarder to
investigate and avoid cascading faults and blackouts. Differend tfppower system
faults, instabilities and advanced power system operation and protemtioriques can
be studied only if there is a reliable model.

The final report of August, 2003 blackout [20] and its technical aisa]¥5] give
the complete details and causes of that major blackout. Thegtaresting sources of
information for the motivation of this research. Size and cost @irrbkackouts make it
mandatory for the power system operators to improve the relatilthe modern power
systems. Implementation of new protection schemes and modificatidhs existing
control technologies are the only way to prevent the power systackobits. It is
important to investigate cause and effects, before implemenmtinghanges. Modeling
power system on real-time basis and simulating different opgratindition is the only
way to do this. Modeling power systems in different types of sitiwnl tools and
benchmarking them against each other is one of the major taskeuvanpng the
blackouts. The disturbance in northern Mid-continent Area Power PooPMlAand
northwestern Ontario region during June 1998 is one such event which cardderuse
benchmarking power system models. The final report on this distelja3] discusses
the power swings and the different instabilities, which can be c@u sy modeling and
simulating similar events. The voltage, rotor angle and frequeaggforms during this
event at various buses can be used in the process of comparison and benchmarking.

Modeling dynamic and transient behavior of synchronous machinesagatask.
Kundur [9] talks about the details of synchronous machine modeling] sigahl



stability and transient stability, representation of trandomssines, transformers and
loads. The relation between the dg0 parameters and the phase co-ordinates, flux linkage
self and mutual inductances of the rotor and stator windings, and mexhenpiat
equations and swing equations discussed in [9] give clear understafdipgchronous
machine parameters. This information will give strong backgrokmolwledge in
representing the synchronous machine parameters in software tdbbs.excitation
system models, power system stabilizers, and speed governitgmsysd their
interaction with synchronous machines described in [5], [6], [T][§8 and [12] help in
representing the control system models. Details of the const#msyblocks, different
standards used for hydro and steam units, typical time constaaits, vglues,
recommendations in the usage of different control systems, aectsefif the control
system parameters on power system stability discussed in the abovenerknéferences
help in gaining in-depth knowledge required to model these control systems.

The Alternate Transients Program (ATP) is the main sinmuratbol used in this
research work. [3], [11] and [14] explain the theory, rules in modeliagous
components and expanded capability of this tool in power systemsstuelaver system
stability as discussed in [9] and [10] helps with understanding fiferedit types of
power system stability and their importance while simulatirgdenn interconnected
power systems.

Out-of-step protection, system islanding, single-pole tripping anidsiag, and
load shedding are the main areas of interest. Bhargava [Hsatergalyos [4] discuss
the transient analysis of single-pole tripping and reclosintegies in transmission lines
which can be simulated and analyzed in a large power system. ntddea and
difficulties in implementing single-pole tripping and reclosingcomparison with the
traditional three-pole tripping strategy can be understood fronyietuthe 1998 MAPP
system disturbance [13]. A reduced dynamic equivalent is wgppritant when doing
detailed local modeling. This helps in reducing the size of tstersywith the advantage
of preserving the dynamics of the system which has to be redtiepdthi [16], Wang
[21] and Yang [22] develop methods for dynamic equivalencing of latgeconnected

power system.



2.2 POWER SYSTEM DYNAMICS AND STABILITY

Major blackouts since 1920 have made it clear that power systéabilitg is an
important problem that must be dealt with to have secure operation ef gyatems.
Transient angle instability has been the dominant stability prolidatmowadays voltage
instability, frequency instability, and inter-area oscillationvehalso become major
stability problems. A clear understanding of different typesistabilities and how they
are inter-related is essential for satisfactory modelingavfer systems. A systematic
basis for classifying power system stability is discdsseKundur [10]. Power system
stability is similar to stability of any other dynamicstsgm and hence the mathematical
theory of stability of dynamic systems will help in understagdihe power system
stability.

“Power system stability is the ability of an electric powesteyn, for a

given initial operating condition, to regain a state of operating

equilibrium after being subjected to a physical disturbance, with most

system variables boundexb that practically the entire system remains

intact. [10]”

Stability is a condition of equilibrium between opposing forces. Depgruh the
network topology, system operating condition and the nature of disturbance, difegsent s
of opposing forces may experience imbalance in their equilibriguitieg in different
forms of instability. In order to identify the causes of instgbdnd develop corrective
measures, it is necessary to classify power system stabilrigure 2.1 gives the
classification of power system stabilities. However, forvemisituation, any one form
of instability may not occur in its pure form. The instabiitare inter-related and there
is always possibility of one form of instability resulting in another form.

Even though the classification of power system stability is fectefe framework
for dealing with specific problems, the overall stability of ystem should be given
importance. Solutions to one type of instability should not be at thetasother form
of instability. A system is said to be secure when itablstnot only during the above
discussed power system instabilities but also during other contingesagh as
equipment failure. Reliability is the overall objective for the poaystem design. The



system will be reliable when it is secure. Stability asialys thus an integral component

of system security and reliability assessment.
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Figure 2.1: Classification of power system stabiljt [10]

The synchronous machine is of central importance in stability stuiemost
instabilities are directly related to rotating machines. Tymelgwonous machine model
discussed in Kundur [9] gives clear idea about the mathematiatibrel and dynamics
of the machine.

Synchronous machines consist of two essential elements: the dieldthe
armature. The field winding carries direct current and prodaacesgnetic field which
induces alternating voltages in the armature windings. Thetaenaindings usually
operate at a voltage that is considerably higher than that oktdeahd thus they require
more space for insulation. They are also subjected to high maosieents and induced
forces and must have adequate mechanical strength. When chaldnged three-phase
currents, the armature will produce a magnetic field in the pirgating at synchronous
speed. The air-gap flux 4B) is the difference of field flux (Be.p) and armature flux
(Barm). There are two basic rotor structures used, depending on thiegdapeed.

Hydraulic turbines operate at low speeds and the rotors havenlardgeer of poles which



are salient or projected. Steam and gas turbines operate apbigis and the rotors are
round (or cylindrical) with two or four poles. Figure 2.2 shows thtoistand rotor
circuits of a synchronous machine.
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Figure 2.2: Stator and rotor circuits of a synchrorous machine [9]

The following notations are used in writing the equations for stambokr rotor

circuits.
€ &, & = instantaneous stator phase to neutral voltages
ia Iby Ic = instantaneous stator currents in phases a, b, ¢
ed = field voltage
ifd, Tkds kg = field and amortisseur circuit current
R, R, Rqq = rotor circuit resistances
laa lbby lcc = self-inductances of stator windings
lab Ibey lca = mutual inductances between stator windings
lafar lakar lakg = mutual inductances between stator and rotor windings
It lkkd, lkkg = self-inductances of rotor circuits
Ra = armature resistance per phase

= differential operatad/dt
(2.1) and (2.2) are voltage equation and flux linkages of stator wiraingnd

similar expression apply to voltage equations and flux linkagesiofr stindingsb’ and

c.



_dy, o
e _F Ri, (2.1)
+1 ] (2.2)

wa - _laala _Iablb - Iaclc + Iafdlfd + Iakdlkd akd kq

Similarly, (2.3) through (2.8) give the rotor voltage equations and flux linkages.

€y = PW + Ryl (2.3)
0= Pty * Ryl (2.4)
0= pwkq + Rinkq (25)
L . : . 2n, . 2n
Wia = Lialta + Liglka ~ Langlia COSO + IbCOS@_?) +l COS@"'?)] (2.6)
: , , , 2n, . 2n
Wia = Laal g * Lialia ~ Lakalia COSO + IbCOS@_?) *l COS@"'?)] (2.7)
Vs = L + Lakq[iasin6?+ibsin(6—2—;) + icsin(6+2—;)] 2.8)

(2.9) and (2.10) give the instantaneous three-phase power output of th¢Pstator
and the air-gap torque {T The air-gap torque is obtained by dividing the power

transferred across the air-gap by the rotor speed in mechanical radiagsopel. s

R = eaia +ebib +ecic (29)
3, . N\ w
Te :E(wdlq _wad) ; (210)

wmech

When there is an unbalance in torques acting on the rotor, there wilhdéietorque
causing acceleration or deceleration. The combined inertia afetierator and prime

mover is accelerated by the unbalance in the applied torques. i&the)equation of

motion.
J dgtm =T,=T,-T, (2.11)

where

J = combined moment of inertia of generator and turbine,’kg.m

® = angular velocity of the rotor, mech. rad/s

t =time, s

Ta = accelerating torque in N.m

Tm = mechanical torque in N.m

Te = electromagnetic torque in N.m

10



(2.11) can be normalized in terms of per unit inertia constant khedeés the
kinetic energy in watt-seconds at rated speed divided by théask. Usingoom to
denote rated angular velocity in mechanical radians per secondettti@ iconstant is
given by (2.12).

H :EJ_agm (2.12)
ZVAbase

It is often desirable to include a component of damping torque cnotiated for
in the calculation of dseparately. This is accomplished by adding a term proportimnal t
speed deviation in the equation of motion and the equation in terms of nglersa

yielding the form of the swing equation given in (2.13).

rop Ko do
@, dt?

2.13
T (2.19)

2.3 ATP AND TACS MODELING

ATP, the royalty-free version of Electromagnetic Transieragram (EMTP), is
the most widely used power system transient simulation prograi® along with its
Transient Analysis of Control System (TACS) is a sophiatdool available not only
for transient studies but also for detailed representation of thermaterconnected
power systems and related controls. This feature of ATP casdakfor this research in
modeling power systems with detailed representation of the synchranaakine
models. [3] and [11] discuss the “rules” in modeling power syst@mponents and the
theory behind it. ATPdraw, the graphical user interface of AT#& powerful and user-
friendly tool for building models and running transient simulations. A feajor
components used to represent the power system under study areediscudbe

following sections.

2.3.1 Synchronous Machine Models

The machine model used for the simulations is SM59, which is a reyruls
machine with 8 TACS control interface points. The input paramatetgheir units for

SM59 are listed in Appendix A.2. A total of 21 machine parametistedlin Appendix

11



A) can be accessed via the eight TACS node. Of this 21 machiamgtars, two are
inputs to the machine and the remainder are outputs from the machiadield voltage
input and the mechanical power input are controlled using the excisystem and the
speed governor system respectively. The outputs from the machirerghaost often
used for control applications are field winding current, voltage appidieltt winding,
electromagnetic torque of the machine, rotor angle, angular velacity shaft torque.
TACS outputs from the machine should be coupled to the control system bkogsa
TACS coupler.

The moment of inertia and self-damping coefficients of the macbame be
specified either in English units or in metric units. The tooestants to the machine can
be based on open circuit or short circuit measurements. SM59 alsbehismture of
representing multiple machines connected to a single generatas lbusingle equivalent
machine. When a single machine is used to represent thdeparalchines, a
proportionality factor should be used to split the real and reaptiveer among the
machines during initialization. Phasor angle specified in the pgmameters will be the
angle of phas&’ armature voltage and phabé and‘c’ voltages will lag and lead phase
‘a’ voltage by 120° respectively. Figure 2.3 shows the synchronous machineGuddel

with eight TACS control interface points.

Figure 2.3: SM 59 synchronous machine model

2.3.2 Transmission Line Models

Transmission lines can be represented as lumped parameter rdoutdidt
parameter. There are two types of lumped parameter trarmmiis® models available:
RLC Pi equivalent and RL coupled line models. In distributed parartratesmission

line model, transposed (Clarke) and un-transposed (KCLee) aredhmdudels available

12



in representing the transmission lines. Different models carsdx for different number
of phases. Lumped parameter RLC Pi equivalent transmission lind mitllsequence
data is used when positive and zero sequence of the transmission nieasaid be
represented. The transformer data given as input are just thevyathass and converted
into matrix (3 by 3) for computational purposes by ATP [3].

The JMarti transmission line is an advanced frequency-depend@simission
line model. The line/cable module of ATPDRAW creates the mibgelsing the LINE
CONSTANTS [3] supporting routine. LINE CONSTANTS requirest tthee physical
details of transmission line design be provided. The line datuite flexible to
accommodate different kinds of lines based on their physical dimer&ersonductor
diameter, line length, phase spacing, tower height, and otherddi&e earth resistivity

and the presence of skin effect [2].

2.3.3 Transformer Models

Ideal transformers in ATPDRAW just transform the voltagdeut any loses are
saturation. Both single-phase and three-phase ideal transfoameemvailable. The
transformer impedance should be represented as RL series impesheceideal
transformers are used. ldeal transformers are modelegpbasl# source [3] internally in
ATP and hence both primary and secondary windings are grounded.

SATTRAFO is a three-phase saturable transformer with mostmoom
configurations. It can be used as a three or two winding transfamdecan have all the
phase shifts with auto, zigzag, delta and wye connection possgiliifthe transformer
can be core type or shell type. SATTRAFO can be represasta® legged core type or
3/5 legged shell type transformer. Each winding of the transfdmaseto be represented
by the rated voltage, resistance and inductance of the winding. satueation
characteristic of the transformer is represented with thedfaturrent/flux characteristic
curve. SATTRAFO model includes the saturation characteristitise transformer and
can have all type of connections. BCTRAN and HYBRID modetsnaore advanced

models.
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2.3.4 Load Models

Representing loads in power system modeling and stability stisdiegoortant
because an increase or a decrease in the load directly a@ffectstor angle and voltage
stability of the system. Loads can be represented as nbpstaer, constant current and
constant impedance loads depending on real-time parameters ofdee Mach of the
domestic loads and some industrial load consist heating and ligrgpegially in winter,
and in load models these were considered as constant impedancésgiire 2.4 and
Figure 2.5 show the load characteristics of three different modéh ATPdraw, a
constant impedance load can be represented with the help of pasibébrs, inductors
and capacitors. The value of the passive components correspondsréaltipewer,
reactive power and the power factor of the load. A constant cuweadt dan be

represented by a current source in ATPdraw.

A

PorQ

Constant power

Constant
current

Constant
impedance

Nominal

Voltage IV

Figure 2.4: Characteristics of load models, powergainst voltage

The current source is connected to the power system in suak that it draws a
constant current from the source(s) of the power system. Pphesentation of constant
power load is possible, but difficult in ATPdraw. The constant powoast models have
to be built with the help of the parallel passive components whose powsumption is
controlled with the help of TACS functions. For this research, aohsturrent and/or

constant impedance load models are used. Since the benchmarking@ivéresystems

14



are done against PSS/E, the type of the load models are del@gedding on the

requirements by PSS/E in representing the power system loads.

A

Constant power

Constant current

Constant
impedance

Nominal Y
Voltage

Figure 2.5: Characteristics of load models, currentigainst voltage

2.3.5 Transfer Functions and Initial Conditions

The general transfer function model available in TACS is usegptesent the time
delays, PI controllers and PID controllers present in the poystera stabilizers, speed
governors and excitation system models. The general transféiofumeodel is in s-
domain and can have a maximum of five input signals, two limitsxifman and

minimum) and an output signal, as shown in Figure 2.6.

2

G(s)

Figure 2.6: General transfer function and initial condition block

The signals can be selected as a positive input, a negative inpubotpat. The

transfer function can have a maximum of seven poles and seven beroiher words,

15



the maximum order of the transfer function is seven. A gain camdbgded in the
transfer function block to represent the gain of the systens. nkcessary to specify the
initial conditions for each of the transfer functions because TAG&ions are included
into ATP simulations only at time t=0. Otherwise the defaulial condition for all
TACS functions is zero. The zero initial value increasesstiding time and often
results in over damped oscillations. In order to make the syste and reduce the
settling time, it is very important to specify the steadyestconditions (the conditions
before time t = 0 s) as initial conditions. The initial conditiares given to the outputs of
the transfer functions using INIT function of TACS. The valuesibial conditions are
found from steady-state analysis results and by simulating opgndontrol systems.
The values calculated for the initial conditions are thus used tiatenthe time step
calculations. Input parameters of TACS functions are given in Appendix A.3.

2.4 SYNCHRONOUS MACHINE CONTROLS
Though different models used in ATPDRAW to represent the powernsyate

discussed, it is very important to discuss the representation ofireyioeis machine
model. Modeling the synchronous generator and its control systemeiof the major
objectives of this research. Complete modeling of a synchronoukimaaimcludes
excitation control, power system stabilizer and speed governoensystAlmost all
utilities in the United States use the IEEE standard consddiled TACS is an effective
tool to model these control systems. In this section, the detaile aftandard control

systems are discussed.

2.4.1 Excitation System Models

When the behavior of synchronous machine is to be simulated accuratsly
essential that the excitation systems are modeled with isuffidetails. IEEE standards
[6] describe in detail the recommended practice on the excitayistem models for
power system stability studies. Figure 2.7 represents theidoattblocks of the
excitation system.

The excitation control elements include both excitation regulatwgstabilizing
functions. The terminal voltage transducer represents the convestetausbtain DC

input for the exciter from the AC terminal voltage of the machifikee suffixes UEL and

16



OEL represent the over excitation and under excitation limitgshef synchronous

machine.

VUEL

Ve TERMINAL VOLTAGE
TRANSDUCER AND LOAD
COMPENSATOR

VoEL

%

Vr
EXCITATION CONTROL e SYNCHRONOUS
EXCITER
ELEMENTS = MACHINE AND
POWER SYSTEM

VREF

POWER SYSTEM STABILIZER

AND SUPPLEMENTARY Vsi
DISCONTINUOUS

EXCITATION CONTROLS

Vs

Figure 2.7: Functional block diagram of excitationcontrol system

There are three distinctive types of excitation systemslandare identified on
the basis of the excitation power source as Type DC, Type ACyelST. A Type DC
excitation system utilizes a DC generator as sourcexatagion. Type AC excitation
systems utilizes an alternator and a stationary or rotatictifiers to produce the direct
current needed for the synchronous machine field. And a Type Siatixc system
utilizes transformers or auxiliary generator windings and frexti for the source of
excitation.

Type AC and ST excitation systems allow only positive curidemt fo the field
of the machine, although some systems allow negative current flaivthatvoltage
decays to zero. When the synchronous machine induces the flow ofv@egatent
special provisions should be made to allow the current in thesedfpesiters. Figure
2.8 shows the simplified IEEE ST1A excitation control system [6].

Vref

F max

E; 1

1+sT, Ka

Vs E

F min

Figure 2.8: Simplified IEEE ST1A excitation system
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2.4.2 Power System Stabilizers

Power system stabilizers are used to enhance damping of pos&msy
oscillations through excitation control. Power, shaft speed, and térfréqaency are
the commonly used inputs for the power system stabilizers. Hindliztr models
described in [6] are consistent with the excitation models wittenrange of frequency
response. Stabilizer parameters should be consistent with theotypgput signal
specified in the stabilizer model in order to provide similar dampirayacteristics. For
pumping units, the stabilizers will be used with the synchronous magpeérating either
in the generating or in pumping modes. But different paramatensquired for the two
modes. Different types of power system stabilizers ardadaiand block diagrams of
all of them are discussed in [12]. The output of power system iztabilis control
voltage (\), which is given to the summation block in the excitation system Intode
increase the damping of power system oscillations. A simgld@ver system stabilizer,
which is used to provide improved stability, is given in Figure 2.9.

Aa, « sT,, 1+ sT, /
o e 7 1+sT, 1+ sT, [ " Vs

Figure 2.9: Simplified Power System Stabilizer

2.4.3 Speed Governor System
The speed governor controls the angular velocity of the synchronousnedshi

controlling the mechanical power input. Two major types of turbines us power
system are steam and hydro turbines. There are different gpeechors for these two
types of turbines. Wind turbines are increasingly present and they haperatseontrol
system to control the mechanical power output from the turbine.

Excitation system models and power system stabilizers andvitairole in the

power system stability were discussed in the previous sections. Speetbgeystem is
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equally important as it influences power system stability ¢weat extent. Figure 2.10

shows a typical turbine control system.

+
UNIT
TURBINE
— GggﬁFg&R CONTROL TURBINE SPEED
Frequency/ ACTUATOR
Speed _

Figure 2.10: Typical governing system

The steam turbine control systems as described in [7] includepied, load,
pressure and valve controls. The purpose of the steam turbine contralostrol the
speed of the high speed rotor by controlling the mechanical power iButng power
swings and power system faults, it is very important to mairtteénpower system
frequency and the synchronism of rotating machine. Pressurepaad sf the steam
should be controlled so that the power system oscillations are damipfegten and the

system returns to stability.

. 1 1 1+sT +
O EN N e )
Reference VAR(L)\J_ R 1 + ST3 1+ S-I_3 PMECH

Vmin ’

Dr

Aa
Speed

Figure 2.11: IEEE TGOV1 governor

The hydroelectric turbine governing systems as described iadB$ similar to the
steam turbine control systems. But the parameters used fooelgeiric are very
different from those used for a steam turbine governor. The rotad spk the
synchronous machine coupled to a hydroelectric turbine is very sldwe synchronous
machine in a pumping station will act both as a generator aadvastor and hence the
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turbine control system for such a machine is more sophisticatedegniles separate
parameters for generator versus motor. Figure 2.11 shows IEEE T@&BOIYA is one

type of steam turbine governors.

2.5 INTRODUCTION TO PSS/E

Another major objective of this research is to benchmark the powstansynodels
against PSS/E. PSS/E is a software tool used for transmigkioning. It is an
integrated, interactive program for simulating, analyzing and agtignipower system
performance and it has advanced and proven methods in many techrasahahading
power flow, optimal power flow, balanced or unbalanced fault arsalygynamic
simulation, extended-term dynamic simulation, open access and prigngfet limit
analysis, and network reduction. The fault analysis program isifuégrated with the
power flow program and the system model includes exact treath&ansformer phase
shifts and the actual voltage profile. There is a specialfeatcluded in the program
for performing independent pole switching which can be usedhéamnalysis of single-
pole tripping and reclosing strategies. The power flow progsaapowerful planning
tool to optimize the transmission system. Steady-state amadysarried out using the
power flow program and it is necessary to carry out the paxeranalysis before fault
analysis and dynamic simulations. Long-term effects in thguincy deviation caused
by the primer mover response and voltage changes caused by théver@gaipments
can be studied. Variable time-step integration technique is usB&8iE to minimize
the time taken for long-term simulations.

PSS/E can handle very large data base which can include tHe detavery large
interconnected power system. For example, 108 of thousands of budes Ntdt
continent Area Power Pool (MAPP) system can be studied by gaiwegr flow, fault
and dynamic analyses. Also dynamic reduction of such a large ggatem is possible
in PSS/E which is described in Section 2.6.

ATP, which is used for detailed modeling of power system equipmerds a
transient analysis, can utilize the reduced system from Pf&®/Ehe power system
stability studies of a largely interconnected power systermclBearking ATP against
PSS/E will be an important milestone in the reliable computer ingdeof
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interconnected power systems. Work similar to this is being dor@irigh [19] in a

parallel project using PSS/E.

2.6 DYNAMIC REDUCTION OF POWER SYSTEM

When stability studies are made in a very large inter-coadgmwer system, it is
neither possible nor necessary to model the whole system.cohm@on practice is to
represent the system outside the area of interest as a rexysoeah. If the dynamics of
rotating machines are to be preserved for stability studies, tmemic reduction is the
best way to represent the system. As described by WangftiQyYang [20], dynamic
equivalencing is a three-step process, in which a large sysianbe reduced into a
smaller system retaining the dynamics of the former.urgi@.12 represents the general
power system and the external area is the system thab ha&sreduced into a dynamic
equivalent.

The internal area of interest can be modeled in ATP in detdiltlze remaining
external area can be represented by its dynamic equivaldetitifying the coherent
generators, aggregating them, and reducing the network are thestipsein dynamic
equivalencing.

INTERNAL EXTERNAL
AREA AREA

L

Detailed
Model for
Local Area of
Interest

Figure 2.12: Division of complex power network

2.6.1 Coherency Identification

Some of the generators in a large interconnected power systentoteswing
together after a power system disturbance. The capabilityS&/E in performing

dynamic simulations can be used to simulate a large intercegnpotver system and
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these coherent generators can be identified. Two generagoceltz@rent if the angular
difference between them remains constant within a certairatme over a time period

following a power system perturbation.

Vi) Liao-am
Vi (1)

= const (2.14)
Assuming the voltage magnitudes are constant, (2.14) can be furtiifisd
into (2.15).
o, (t) — 9, (t) = const (2.15)

In order to identify group of coherent generators, different tgpdaults can be

applied to the system and the rotor angles of the all synchronous generatorgedobs

2.6.2 Generator Aggregation

After the coherent groups of generators are identified, the derseia a group
have to be aggregated into a single generator. All the generatolimbtisegroup can be
replaced by a single equivalent bus whose voltage is the aveoiigge of all the
generators buses. (2.16) and (2.17) give the mathematical repteseof the voltage

and the phase angle of the equivalent bus.

Vt = kzln (216)
2.6
g =3 2.17)
n

The connections between the equivalent bus and the other terminaldbases

represented via an ideal transformer, whose ratio is given by (2.18).

a, =k (2.18)
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Where \{ and \f are the complex voltages of the budésand‘t’ respectively.
The mechanical and electrical powers of the equivalent geneaet the sum of the
mechanical and electrical powers of the generators in the sahe¥ent group. The
angular frequencies of the coherent generators are almost alearict assumed to be
same. The inertia and damping constants of the equivalent gerageatbe sum of those
of the generators in the group and the equivalent transient readtarfoand by

paralleling all transient reactances.

2.6.3 Static Network Reduction

In order to reduce the size and complexity of the power systeng, gbthe load
buses have to be deleted. This is done by network reduction. Gassigin method
is applied on the admittance matrix and the loads are elimindteel.node equation of

the power system is given by (2.19).
e el
I E YER YEE VE

Where the subscripts R and E represent the nodes to be retathetnainated
respectively. The reduced equation is given by (2.20), whareefresents the
distribution matrix which passes the node currents from the relted buses to the

retained buses andkYepresents the reduced admittance matrix.

lq =YVg + Kl (2.20)

2.7 ADVANCES IN POWER SYSTEM PROTECTION

Single-pole tripping and auto reclosing is an advanced strateggwer system
protection. This has been made practicable with the adventscdréiFvacuum circuit
breakers whose poles may be separately tripped and closed. Asharorég5% of the
power system faults are single line to ground fault, trippinglaghede poles during such
a fault is not necessary and also is one of the major problemm®raspower flow is

interrupted than necessary.
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Bhargava [2] discusses the transient analysis of single-obénty and reclosing
strategies. Advanced studies of power system transients udiRgwere done to
accurately estimate the influence of the secondary arc aodergovoltage during single-
pole tripping and reclosing. The effects of different type ofisfiamer models on
secondary arc are carefully studied. Reclosing can be dififctiie line trips while
heavily loaded. The voltage angle across the open breaker poleasignexceed the
maximum synchronism check angle, blocking automatic three-pgolesing. Results
from Bhargava [2] indicate that single-pole tripping can be safely performed.

An important means of preventing a total cascading blackout isotadpr fast
detection of stability problems and to develop methods of tempouivilging power
system into separate islands by means of disconnecting traimemiss lines.
Subsequent resynchronization allows restoring normal operating conditions.

When an interconnected power system has become separated imis, ishee
islands may have an excess of load, overloading the generating Tinisswill decrease
the system frequency and can damage the turbines. To avoid thisnpralvider
frequency load shedding is widely used [9]. But, this traditional $tedding method is
too slow in some cases. Hence, an advanced load shedding technafuas adaptive
methods considering the rate of frequency change should be used. té&mataziunder-
voltage load shedding can also be used to prevent voltage instability and volkagsec

Wide Area Monitoring (WAM) is a method of real-time monitoriofy system
dynamics over large geographic areas. Transmission capanitye increased by online
monitoring of the system safety, stability limits and capaddit Phasor measurement
units (PMUSs) are required to monitor the state variables and thehda to be shared
over the wide area. Data transfer is done by Ethernet or avee network and means
should be provided to enable data security. System wide installedr pheasurement
units send their measured data to a central computer, where snagsti@sdynamic
system behavior are made available online. This new qualitystéra information
opens up a wide range of new applications to assess and activelaimaystem'’s
stability in case of voltage, angle or frequency instabilityermal overload, and
oscillations Wide Area Monitoring is a new technology under development and lot of

research is going on this field [21].
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CHAPTER 3
POWER SYSTEM MODELING USING ATP

This chapter explains the modeling implementation for various povstersy
components using ATP. Calculations involved in determining various penanfer the
models are presented with appropriate examples. The synchrondusenaodel and
its control systems, open circuit characteristics of the gémrertransformer and

transmission line models and the representation of load are presentedlin detai

3.1 SYNCHRONOUS MACHINE MODELING

Modeling of the synchronous machine is a key to this work given that power
system dynamics is one of the main objectives. The list of ipptameters for the
synchronous machine model (SM TYPE 59) is given in Appendix A.2. Otheruihia
conversion for (J), all other parameters can be directly entéitad.usual practice to use
the inertia constant (H) for the synchronous machine modeling). The ohlfield
current which will produce the rated 1.0 per unit armature voltage oairtigap line is
entered for AGLINE. This is an indirect specification of thetual inductance between

the field and the armature of the machine.

3.1.1 Moment of Inertia

Number of poles of the synchronous machine is specified. Number of poles (p) of
the machines is not given in Kundur [9] and hence assumed to be 2 tloe allachine
models. Since electrical rotor angle is of interest, it isneaessary to have accurate
number of poles. Inertia constant (H) is converted into moment ofair{@jtbased on a
2-pole machine. (3.1) through (3.3) give the relation between J, Hgpgefrey (f) and
the system base (MVA).

J(27RPM /60)° * 107

-1 _ (3.1)
2 MVA-rating
2
H = 54g+10° S (RPM)”_ (3.2)
MVA-rating
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RPM =120* f / p (3.3)

As an example, for the 2220-MVA, 20-kV, 60-Hz, 2@a@ynchronous machine
used for the simulations with inertia constant (@&f)3.5, the moment of inertia is
calculated as

35* 2220

= =0.1094* 10°kg — m? 3.4
5.48*107° * 360C° J (34)

The moment of inertia can be entered either in BhgWFR) units (Ib.ff) or in
the metric units (kg-f). Metric units are used for this work.

3.1.2 Output Variables

The synchronous machine model outputs the phasentsy amortisseur circuit
currents, field voltage, mechanical force, velocitytor angle, and torque. The field
voltage and the rotor angle have to be modifiedetbthe actual values. From ATP rule
book [11] and EMTP theory book [3], the field voléaig given by (3.5).

d,
dt

Vi =-Ri ==

5B.

Hence, the field voltage output is always negadind the output in the PLOTXY
(the plot program used by ATP) must be negatectdhg actual field voltage.

Rotor angle is used to observe, compare and bemkhvaaious power system
models and operating conditions. The relation betwthe rotor angle given as the

output by ATP and the electrical ang®)(is given by the following relation.
5.=Ps5 -90-a 3.6)
e 2 ] "

- 9§ isthe angle indicated as ANGL1 in the outputdiléATP

- pis the number of poles

- ais the angle of the phase A voltage at time tas @pecified in the input
parameters.

An offset of — (90+a) is added to the angle output (ANG1) to get thermakrotor
angle 6;) and if the number of poles is not 2, then ANGInidtiplied by a factor of p/2.
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3.2 SATURATION OF SYNCHRONOUS MACHINE

TYPE-59 model in ATPDraw GUI is an unsaturated nr@ehmodel and changes
have to be made manually in the ATP data file tuide the saturation characteristics.
The following figure shows the open circuit chaeaistic curve of the saturated SM 59
model along with the air-gap line. SM 59 machine alagses a “two-slope” method to
describe the saturation characteristic of the nmechiThe first slope is the slope of the air
gap line which is determined using AD1 and S1. TFkeond slope determines the
saturation region of the curve and it uses theestigiermined using AD2 and S2. Hence
it is important to use appropriate values of S1 88do make the SM 59 model similar to

a real synchronous machine.

Air gap line

AD2 fo o — Curve of terminal voltage

as a function of field
current at rated speed and
no load

<)

AD1

S1 s2

Phasor terminal voltage magnitude |V{| p.u.

v

Field current, i

Figure 3.1: Open circuit characteristics

A negative sign in the value of AGLINE act as gflathe machine is saturable.
The changes are made in the first two lines unaemheading “Parameter fitting” in the
ATP data file. Table 3-1 and Table 3-2 show thetfiwo data cards of TYPE 59
machine model. The d-axis saturation charactesisire entered in the first line of the
data card. The value of field currents which peper unit terminal voltage given in

the columns AD1 and AD2 are entered in the colu@fisand S2 respectively. The
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typical values for AD1 and AD2 are 1.0 and 1.2 pait. If the g-axis saturation is
unknown then a negative value is entered in the @Glolumn and in this case the
saturation in g-axis is same as the d-axis. If dhexis saturation characteristics are
known, then a positive value is entered in the AGIdlumn. The value of field currents
which produce per unit terminal voltage given ie tolumns AQ1 and AQ2 are entered

in the columns S1Q and S2Q respectively.

Table 3-1: SM 59 data card 1

Col. 1-2/3-4|5|7- |11-20 21-30 31-40| 41-|51-60 61-| 71-
6 | 10 50 70 | 80
Data N | K K| NP | SMOUT| SMOUT | R R AGLIN S1 | 82
U M | E P Q MVA KV E
M |A X
A |C |C
C
Table 3-2: SM 59 data card 1a
Col. 1-10 11-20 21-30 31-40 41- 51-60 61-| 71-
50 70 | 80
Data AD1 AD2 AQ1 AQ2| AGLQ S1) S2
Q |Q

The data cards for the unsaturated and saturatdd RR/A, 20 kV, 2 pole
machines under study is given in Figure 3.2 andiféi@.3 respectively. The two per
unit terminal voltages for which the field curreare specified are 1.0 and 1.2 per unit.
PARAMETER FITTIMNG 3.

11 1 2 1. 1.
BLAMK

2220, 24. 258.5

Figure 3.2: SM data cards 1 and 1a for the unsatated machine under study

FARAMETER FITTING 3.
11 1 2 1 1.

: 2220,
1.0 1.2

1.0

20
1.2

-258.9
258.9

258.9
258.9

3452.8
3452.8

Figure 3.3: SM data cards 1 and 1a for the saturatemachine under study

3.2.1 Open Circuit Tests

Open circuit tests were carried out for the 2220-M\28-kV machines with and

without saturation characteristics. The synchremmachine TYPE 59 was modeled with
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phase terminals loaded with a very high resistgh0eviQ) and the open circuit no-load
terminal voltage was observed for different fielntages. The field current is varied by
varying the dc field voltage input of the SM 59 mbdsging the TACS node. To test the
curve-fitting methods, two open-circuit tests wemaulated using two different pairs of
S1 and S2 values. The first test is carried outgushe field current values which
produce 1.0 and 1.2 per unit terminal voltage dmdsiecond test is carried out using the
field current values which produce 0.8 and 1.2ymet. Figure 3.4 shows the open circuit
characteristics of the SM 59 machine with two défdrsaturation data. The tabulation

of the readings obtained for all the simulations given in Appendix A(Tables A.1

through A.3).

1.6
t
1.4 /7
——S5(1.0)
1.2 and
= S(1.2)
e 17 —=—5(0.8)
o and
£ S(1.2)
£0.8 1 —— Airgap
E line
£0.6 1
(]
|_
04
0.2
0 +
0 2000 4000 6000 8000 10000 12000
Feld voltage (V)

Figure 3.4: OCC of SM 59

The open circuit representation of the first tekick uses 1.0 and 1.2 for AD1

and AD?2 respectively is used for this work.
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3.3 EXCITATION CONTROL SYSTEM, SPEED GOVERNOR AND POWER
SYSTEM STABILIZER

The field voltage and the mechanical power inputh® machine are the two
variables which are available for control input VIBACS nodes of the SM 59
synchronous machine model. Excitation system, dsggverning system, and power
system stabilizers are the three different corgystem used to control the synchronous
machine. It is general practice to use a poweesystabilizer with an excitation control
system or a speed governor with an excitation ocbsistem. All these control systems
are modeled for different simulations in this resbavork. It is necessary to specify the
initial condition at each level of the control ®st as there is a time-step delay between
the main ATP electrical circuit model and TACS aohblocks. The values specified in
the initial condition blocks are taken as the vabdfi¢he respective levels before time t =
0. In the ATPDraw GUI, TACS nodes with positivgins are shown in red color (with a
value of 1) and the nodes with negative inputsshmvn in blue color (with a value of 2).

IEEE STI1A, a static excitation control system,he type of control system used
for controlling the field voltage input. This cook system needs two inputs: per unit
terminal voltage (B and error signal (Y from the stabilizer. The per-unit terminal
voltage is calculated using the root mean squdres\a the instantaneous phase voltages
divided by the base voltage. The error signal ftbmstabilizer is non-zero only during
system disturbances. For this work, this erronaligs obtained from the power system
stabilizer output. Figure 3.5 shows the TACS miogebf IEEE ST1 excitation control
system corresponding to Figure 2.5.

Et

K G(s)

TACS
INIT

Figure 3.5: IEEE ST1A excitation system model
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The numerical value of Mvill be used by the ATP logic for scaling the field
voltage value | of the machine. This scaling is not simply a fiplication factor”,
some history terms are involved. If the machinewpeeter [ has to be scaled using V

then relations (3.7) and (3.8) will be applied.

Eeo O =Erp () = Exp(0) *V; (0) (3.7)
. . Vf (i - 2) .
EFD (|) = EFD (| _1) * m fOI’,I >3 (38)

If the logic of the scaling factor has to be modesnd temporarily bypass the
associated dynamics, then the TACS value is setity. If this TACS node is not used
for control, then the ATP logic will simply holdéHield voltage of the machine constant,
at the value obtained by the steady-state solution.

EEST1 is the type of power system stabilizer used Bigure 3.6 shows the

TACS modeling. The block diagram of this powertsgs stabilizer is given in Figure

2.6.
K
Speed (W) Vs
)
B
l—

Figure 3.6: EEST1 Power System Stabilizer model

The speed of the rotor is the input which is thenverted into its per-unit value.
The change in the speed with respect to rated sfpegds given as the input to the
control system block. The output of the stabiliimethe error signal (3, which is given
to the summation block in the excitation controsteyn to increase the stability of the
machine.

TGOV1 is the type of speed governor used in colmigokthe mechanical power
output of the steam turbines. Speed governors imeipcreasing the stability of the
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power system and are responsible for rotor anglalgy in the absence of power system
stabilizers. The input to this turbine speed gowersystem is the rotor speed and it is
controlled with respect to the rated speed, The output of the governor is the
mechanical power and this is given as one of th€J Anputs to the SM 59 synchronous
machine model. The block diagram is shown in eac#.4.3 (Figure 2.7) and the TACS

modeling of TGOV1, turbine governor system, is give Figure 3.7.

Figure 3.7: TGOV1 speed governor model

3.4 TRANSFORMER MODELING

Since the main objective of this work is to obseitwe dynamics of synchronous
generator, a simple transformer model without aayursition is sufficient. More
sophisticated saturable transformer models can d®# un future when effects of
transformer saturation have to be taken into adcoun

Ideal three-phase transformers shall be used. AawDprovides Wye-Wye
connected idea three-phase transformer models. reTiseno delta-connected ideal
transformer available but three single-phase toansfrs can be connected to represent
needed winding connections. Wye-Delta transformedels used in the simulations are
modeled in such a way that the high voltage is ydmaye connected and leading the
delta side by 30°.

The primary-to-secondary winding ratio is giventlas input parameter ‘n’. The
ideal single phase transformer is modeled inteyradl Type 14 voltage source. If the
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transformer is ungrounded then there will be vatafjamplitude 1E-20 V, phase angle
of 0 and a frequency of 0 Hz. In order to avoiugsiarity of the augmentation matrix,
resistors of very low value (1)) are connected between the windings. The polarity
marks are provided in the models and care shoulthlken so that right polarities are
used. Figure 3.8 shows the connections for a tpinase wye-delta transformer with 30°

phase shift

Figure 3.8: Three-phase transformer connections

3.5 TRANSMISSION LINE MODELING

Depending on needs, there are several differensiméssion line models available
in ATP. Single-phase inductances with numericahpiag are used to represent the
reactance of the transmission line for initial siations where only a series inductance is
needed. They are replaced by three-phase lump€&dpRequivalent with sequence data
transmission line models for all other simulations.

The following are the advantages of the lumped RiL@quivalent three phase
with sequence data transmission line model (LINER.I3

e lItis very simple.

* Phase resistances and reactances are enteredlydivattout any
calculations.

» The transmission line is modeled as pi equivaler®R$S/E and hence it is
easy to benchmark the models.

* The length of the transmission line can be varied.
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» Positive and zero sequence data handling capabéips in studying both
balanced and unbalanced faults.

» Absence of zero sequence data can be easily haasliéga zero sequence
data will be accounted only during unbalanced feaitditions.

* Inductance can be specified either in mH/m or im@nh.

» Capacitance can be specified eithegtiim oruMho/m.

<

o={""Cr=e

T T

Figure 3.9: Lumped RLC pi equivalent transmissionine

3.6 REPRESENTATION OF LOAD

Another important issue in modeling power systesnthe representation of loads.
There are two types of load, static and dynamid.lé@this research only static loads are
modeled and they are modeled as constant impediacks. Different ways of
representing load are discussed in Section 2.3myléSphase resistors, inductors and
capacitors are connected in parallel as shown bétorvepresent the real and reactive

power.

1

1

Figure 3.10: Constant impedance load model
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The concurrent research using PSS/E [19] usesfloadsimulation to establish
initial conditions. The voltage magnitude and piase angle at each load bus are found.
The magnitude of the voltage at the load bus aeddhl and reactive loads during steady
state are used to find the value of the resistogsictors and capacitors.

If P and Q are real and reactive powers in MW and Ntaspectively and |V| is
the magnitude of the line to line voltage in kVe thalues of the resistors and inductors

are determined using (3.9) and (3.10)

2

R:“L'Q (3.9)
2

xL:“g Q (3.10)

If capacitor banks are used to supply reactive poween the value of the

capacitors can be calculated using reactive poumgpled (Q) in the following relation.

IV I°
Qc

X, =10 (3.11)

The passive components are connected in parallietrenload model is shown in
Figure. 3.10.

3.7 CIRCUIT BREAKERS

Circuit breakers are represented by ideal thresglwitches. Since the switches
can perform only two operations (opening and clpsat specified times), additional
switches are connected in parallel to model thdosewy of circuit breakers. The
switches open at current zero and they can be model open at specified current

margin ().
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CHAPTER 4
MODELING OF SINGLE-MACHINE CASES

In this chapter, several base cases are model&dRnin ordered to observe power
system stability in time domain. Behavior of thestem during unbalanced faults is
studied. The base cases include comparison of ifmividual generator against one
aggregated generator, power system stabilizer sigapeed governor, and single-pole

tripping during single line to ground fault agaitistee-pole tripping.

4.1 SINGLE MACHINE SYSTEM

A single machine system connected to an infinite B modeled in order to
observe the stability of the synchronous machiAepower plant with four generators
running in parallel is used for this study. Thechiae parameters, network reactances,
excitation system parameters and the pre-faulesysionditions are taken from Kundur
[9]. The four generators at the plant are represkeby an equivalent generator. The
transformer is represented by the transformer apaetand it is connected to the infinite
bus through parallel circuit transmission lines.thAee-phase-to-ground fault is applied
at the end of the transmission line (circuit 2)re transformer side. The voltage and
rotor angle stability of the synchronous machine @rserved during and after the fault.
The single-machine system is shown in Figure 4dlthe network reactances are in per
unit on 2220 MVA base.

HT
LT M
Trans 05 %
4 x555 F
MVA ( Q ) »
j015 S
093
P '
Q—» N E,

Figure 4.1: Single machine system under study
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4.1.1 Generator Parameters

Four 555 MVA, 24 kV generators are represented asganvalent 2220-MVA,

24-kV synchronous machine.

The time constants bhased on short-circuit

measurements. The generator parameters on 2220d8@are given below.

Table 4-1: Generator parameters on 2220 MVA base

Ra X, Xq Xq X X X" Xq"
(pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu)
0.003 0.15 1.81 1.76 0.3 0.65 0.26 0.25
Tgo Tgo T 40" T Xo Xecan Inertia

(s) (s) (s) (s) (pu) (pu) | H () J (MkgnT)

8 1 0.03 0.07 0.15 0.15 3.5 0.109404

The parameters given above are unsaturated vaheeghe effect of saturation is

represented by assuming that d-axis and g-axis $ievtar saturation characteristics.

Table 4-2: Saturation Characteristics

Saturation | Terminal Voltage Field Current
E: (pu) (pu) (A)
S(1.0) 1.0 0.03 258.9
S(1.2) 1.2 0.4 3452.8

During the pre-fault condition the voltage magdéuat the generator terminal is
1.0 p.u. and the phase angle of phase A is 28.34fe excitation system is modeled
using IEEE type ST1A excitation control system &®ST1 power system stabilizer.
Modeling of these control systems is explained inti8e 3.3. The terminal voltage in
per unit is calculated using TACS by finding theotranean square value of the
instantaneous voltage at the generator terminale dngular velocity of the machine is
obtained as TACS output from the SM 59 machine maddl the scaling factor of the
field voltage (V) is given as TACS input to control the excitatiointhe machine. The
initial conditions are specified at each stagehaf tontrol system based on the steady-
state operating conditions. The excitation sygpamameters used for Automatic Voltage
Regulator (AVR) and the Power System StabilizelSP&e given in Table 4-3.

Table 4-3: Excitation System parameters

Tw T T,
1.4150.154s| 0.033s

Ka
200

TR
0.015s1

Vs min
0.2

Vs min
-0.2

KsTag
9.5

EF min
-6.4

EF max

7.0
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4.1.2 Network Parameters

The two transmission lines are modeled as thresephemped RLC Pi equivalent
transmission line model and the reactances arefigget actual values. The actual

reactances of the network are calculated from tee impedance (4.1) and per unit
values.

2
24 =0.25940

Z .= 4,
base 222( :()

Table 4-4: Network Parameters

Reactances Per unit value Actual Value@)

Transformer j0.15 0.03892
Transmission line 1 j0.50 0.12973
Transmission line 2 j0.93 0.24129

Power system dynamics of the single-machine systamected to infinite bus is
investigated for three different cases.
i. Constant field voltage or manual control

ii. Field voltage control with Automatic Voltage Regola(AVR)
iii. Field voltage control with AVR and Power Systemiiizer (PSS)

==

1 I
T T

jo.5
RMS

449

2220-MVA .
Rarcm% j0.93 Rarc"%
=< [><] _ 3= [><1 I
T T Il 1 LT =1 @"
j0.15 Tline
1E6 1E6= 1E6 1E6

Figure 4.2: Single machine system with excitationontrols (Case 5a)

Figure 4.2 shows the single-machine model with BOfIR and PSS (Case 5a) for
the field voltage control. The control system lloare compressed into a macro group
and only the compressed groups (GRP) are showigund=4.2.
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4.1.3 Different Cases of Single-machine System

Four different types of faults, i.e., three-phasegtound fault, single-line-to-
ground fault, line-to-line fault, and double-line-ground fault are applied in the
transformer side of the transmission line (cir@)it The fault is applied at timet=5.0 s
and the duration of fault is 0.07 s. At time t 5 s, two switches representing the
circuit breakers at the ends of the transmissioa trip the line and clear the fault from
the system. The fault is removed from the systet&.08 s and reclosing is performed
at time t = 5.1s to bring back the tripped transiis line into service. For modeling
purposes, the reclosing is performed by two aduicwitches placed in parallel with

the switches representing the breakers.

Figure 4.3: Circuit breakers with compensation fornumerical oscillations

The trapezoidal integration method used by ATP msayetimes result in
numerical oscillations while closing or opening ®lves in a circuit which has inductors.
As the models used have their transmission linpsesented by inductive reactances,
numerical oscillations are inevitable during thasiations. Numerical damping resistors
are used in parallel with the inductors to avoidsth oscillations. However, short lived
numerical oscillations are still seen for few cygclnce the switches are opened. These
oscillations did not affect the peak of first swirfgequency and settling time of the
terminal voltage. But resistors of very high vam MQ range) are added in shunt with
the switches to help controlling the peak of thesenerical oscillations. When the
switch opens, a resistor of range 0.8}5representing arc resistances) is connected in

parallel for half-a-cycle duration. This helpedelminating the numerical oscillations.
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Figure 4.3 shows the ATP modeling of transmissim® land circuit breakers with
resistors to mitigate numerical oscillations.
All the simulations are repeated for the modelthvand without excitation

controls. Table 4-5 summarizes different test gase

Table 4-5: Different cases of single machine system

Fault Clearance Type of fault Fault time Type of control
Single-line to Ground | Removed before ConstanigE
0.07s Double-line to Ground | first reclosing With AVR
0.1s Line to line Removed after | with AVR and
Three-phase to Ground first reclosing PSS

The single machine used for the simulations is guivalent for four machine
system operating in a power plant. Hence in otd@bserve the dynamics of individual
generating units and benchmark the equivalent gagtgegenerator, the four machines are
modeled individually.

The four machines are assumed to be identical amdaplt voltage magnitude
and phase angles are same as that of the equivaktiine. The machine base is
changed to 555 MVA and the machine parameters enbidse are given in Table 4-6.

Figure 4.4 shows the four-machine system model&dria.

Table 4-6: Machine parameters on 555 MVA base

R. XL X4 Xq X4’ X4 Xq" Xq"
(pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu)
0.0012 0.6 7.24 7.04 1.2 2.6 1 1
-I-doI T qol T do“ T qo“ X 0 Xcan Inertla
(s) (s) (s) (s) (pu) (pu) | H(9) I (Mkgnr)
8 1 0.03 0.07 0.6 0.6 3.5 0.027351

It is general practice to use speed governor (G@Vgontrol the mechanical
power input of the synchronous machine. The autiomaltage regulator (AVR)
controls the terminal voltage of the machine toreset value and in the process the
damping of the oscillations is reduced. The powgstem stabilizer increases the
damping ratio of the system decreasing the settiimg of the oscillations. Speed
governors control the angular velocity of the synclous machine and help in improving

the stability much slower than PSS.
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Figure 4.4: Four Machine System (Case 5i)

As both the power system stabilizer and the spesdrgor help in improving the
damping and reduce the settling time of the system PSS is removed in order to see
how the governor alone responds. Power systertiaigms are also observed with both
PSS and GOV. The parameters used for the govédesicribed in Section 3.3) are

given in Table 4-7 and implemented ATP model i®giin Figure 4.5.

41



Table 4-7: Speed Governor Parameters

R Tl Vmax Vmin T2 T3 Dt

0.05 0.5 1 0.3 1 1 0
j0.5
RMS
2220-MVA
AVR Q @ s<

Figure 4.5: Control using Speed Governor System (Ga 5h)

4.2 POWER SYSTEM UNBALANCE

As majority of the power system faults are singhe-fto-ground faults, it is very
important to study power system unbalance. A 100G, 20-kV generator connected
to infinite bus is modeled in order to study thevpo system unbalance and single-pole
tripping and reclosing.

Figure 4.6 shows the single machine system undelystith positive and zero

sequence network parameters specified on 1000-M\d28rkV base.

H1 H2
) L VYTV CCT
| i —
A Y X, = 06,X, =18 hntA 2
1= Ao = U oo X, =X,=01 ¢
F
X, = 06X, =18

Figure 4.6: Single-machine system with sequence dat
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4.2.1 Generator Data
This 1000-MVA 20-kV generator is modeled in ATP wAlVR and PSS. The

zero sequence reactance of the synchronous maishimeuded in the modeling of SM
59. The generator parameters given below are wmagatl values and the effect of

saturation is included by assuming both d-axisguadis have same characteristics.

Table 4-8: Generator data on 1000 MVA base

Ra XL X4 Xq Xd' X4 Xq" Xq'
(pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu)
0.0003 0.6 1.81 1.76 0.3 0.65 0.2b 0.25

Tdo Tgo Tdo" Tao Xo Ro Inertia
(s) (s) (s) (s) (pu) (pu) | H(3) I (MkgnT)
8 1 0.03 0.07 0.04 0.00% 3.5 0.04928

Table 4-9: Saturation characteristics of 1000 MVA rachine

Saturation | Terminal Voltage Field Current
E: (pu) (pu) (A)
S(1.0) 1.0 0.03 139.9
S(1.2) 1.2 0.4 | 186552

The pre-fault terminal voltage magnitude is 1.0 y@t and phase angle is 28.34°.
The infinite bus is kept at a magnitude of 0.90p&t unit and phase angle of 0°. The
excitation control parameters for this system aedame as that of the single machine
system discussed in Section 4.7. Figure 4.7 sliogvsingle machine system modeled in
ATP.

1 pY
T T

0.6

Rarcll 06 Rarcll XFRM

ﬁ "
O
T T

0.1

m
(2]

Figure 4.7: Single machine system in ATP (Case 2a)
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4.2.2 Transformer Data

There are two transformers in the system, one @mgémerator side and the other
on the infinite bus side. The delta-grounded wgedformer on the generator side steps
up the voltage from 20 kV to 345 kV. Three singlease transformers with turns ratio of
0.05797:1 are used to model the three-phase tramsfo Delta and wye connections of a
three-phase transformer with a 30° phase shifdeseussed in Section 3.4. The step-
down transformer on the infinite bus side is graohdvye-delta and it steps down the
345-kV transmission voltage to 110-kV. Three staghase transformers with turns ratio
of 3.1363:1 are used to model the three-phaseftianer.

The positive sequence and the zero sequence reastare represented as actual
reactances referred to the low-voltage sides ofrtresformer. Table 4-10 gives the base

impedance, per unit and actual values of the toansdr reactances.

Table 4-10: Transformer data

Transformer Reactance Base Actual
(pu) impedance Q) | reactance Q)
T1 Positive sequence 0.15 20 04 0.06
Zero sequence 0.15 20 0.06
100C
T2 Positive sequence 0.10 1107 121 1.21
345kV-110kV 1000 <
Zero sequence 0.10 1100 121 1.21
100

4.2.3 Network Data

The two 345-kV transmission lines are identical amay their inductive
reactances are considered for modeling purposhks.p@r unit values of the transmission
line reactances both for positive and zero sequanegjiven in Figure 4.5. The actual
reactances in Ohms are used for modeling in AThRgutimped RLC pi-equivalent

transmission line model.

2
Z o= 20 04Q 4.2)
100(¢
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Table 4-11: Network Parameters with Sequence Data

Reactances Per unit value|  Actual ValueQ})
Transmission Positive sequence j0.6 0.24
line 1 Zero sequence j1.8 0.72
Transmissior Positive sequence j0.6 0.24
line 2 Zero sequence j1.8 0.72

The fault is applied at the end of the transmiséio® 2 near the bus H1. Circuit
breakers on both ends of the transmission linesnasdeled using three-phase time
controlled switches and additional switches arenegated in parallel to perform reclosing
during faults. Different types of faults as diseed in Section 4.1 are applied and
generator dynamics are observed. Rotor angle alidge stability of the synchronous
machine during unbalance fault conditions are stidiThe model implemented can be
used for future work on relaying aspects and stglyhe mho characteristics during line

faults.

4.2.4 Single Pole Tripping

A comparison between a three-pole trip and a sipgle trip for a single-line to
ground fault can be helpful in understanding thgagt of voltage regulation during
power system transients. The difference in angbesss the circuit breaker poles before
reclosing the breaker is a very important constrainile bringing a system back into

operation. Figure 4.8 shows the basic schematitteesingle-pole tripping scenario.

’,4/ 1

Transformer Phase A open Transformer

Figure 4.8: Basic diagram of single-pole tripping
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For a single-line-to-ground fault at H1, all thrpleases are tripped to clear the
fault. After the dead time, the phases are reclos€dder similar conditions of fault
occurrence, a single-pole trip and reclose is #raployed to check for the differences in
the two tripping and reclosing strategies.

To analyze the feasibility of single-pole trippiagd reclosing at the two ends of
the transmission line, different single-line-to-gnal fault scenarios are studied. Each
switching scenario had a unique system configunatigh particular system conditions.
This was based on having faults at different laretialong the line, different excitation
control systems for the machine, different faultadions, and different transmission line
models. Attention was focused on the transientMolisges, sustained bus over-voltages
the power flow, and the rotor angle oscillations.

In this study, circuit breaker representation mified to that of an ideal three-
phase time controlled switch. The traveling wastegeng the reclosing will cause very
large over-voltages near the open-circuited linenc& lumped RLC Pi equivalent
transmission line models are used for simulatidims, problem is could not be studied.
In single-pole tripping, power is transferred thgbuthe two phases which are not
opened. The difference in power transferred toitfi@ite bus during the single-pole
tripping and three-pole tripping is compared. Tiigerence in the power flow for the
two different strategies will affect the accelemgtiand decelerating torques of the
generator and hence the system stability. Rotgleaswings and power swings during

the faults in both the cases are investigated.

46



CHAPTER 5
DYNAMIC REDUCTION AND POWER SWINGS

In this chapter, a two-area system with four getoetauses and two load buses is
modeled to observe inter-area and intra-area asoils during power system
disturbances. Rotor angle stability, power swigsl voltage stability of the four-
machine system are investigated. The four-macéyseem is dynamically reduced to a
two-machine system by identifying and aggregatihg toherent generators. The

reduced system is benchmarked against the origyséém.

5.1 SYSTEM UNDER STUDY

The system consists of two similar areas connduyesl week tie lines. Each area
consists of two generating units, each having mgadf 900 MVA and 20 kV. The
system parameters are taken from Kundur [9]. Geaes G1, G2, G3 and G4 are
connected to buses 1, 2, 3 and 4 respectivelyar@lG2 operate in Area 1 and G3 and
G4 operate in Area 2. The transmission voltage3® kV and step-up transformers are
used at each generator terminal to transform 2@ok®30 kV. Loads of 972.15 MVA at
0.9946 lagging power factor and 1769.82 MVA at 0898gging power factor are
connected to buses 7 and 9 respectively. Reaptwer of 200 MVAr and 350 MVAr
are injected with help of capacitor banks to thadlduses 7 and 9 respectively. The
system is modeled in such a way that there is aepélaw of 400 MW from Area 1 to
Area 2 under steady state conditions.

8 9
110 km 110Km

3
11
10km 25Km i )
110Km 110Km o
L7 Jﬁ c7 Lo co
2 = =

400 MW ——»

1 5 6 7

G1
: : : E 25Km

10

5
=
3

e

IS

G2 G4

AREA 1 AREA 2

Figure 5.1: A simple two-area system
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5.1.1 Generator Data

All the generators are identical and Table 5-1 githee generator parameters on
900 MVA and 20 kV base.

Table 5-1: Generator data for the two-area system

Ra XL X4 Xq Xd' Xq' Xd" Xq"
(pu) (pu) (pu) (pu) | (pu) (pu) (pu) (PyY)
0.00025 0.2 1.8 1.7 0.3 0.55 0.25 025

Inertia
Tao Tgo Tao" T g Gl & G2 G3& G4
(s) (s) (s) (8) | H(s) J(Mkghn | H(s)| J (Mkgn)
8 0.4 0.03 0.05 6.5 0.08237| 6.1750.078251
The generator parameters given in Table 5-1 areutisaturated values. From

these, ATP determines the effect of saturationckvig considered to be same in both d-
axis and g-axis of the synchronous machine. Tlheevaf field currents that produce 1.0
per unit and 1.2 per unit terminal voltage on tixeckronous machine are given in Table
5-2 and are used for modeling open-circuit charetie in the ATP synchronous
machine model.

Table 5-2: Saturation characteristics of the two-aga system

Saturation | Terminal Voltage Field Current
E: (pu) (pu) (A)
S(1.0) 1.0 0.03 125.9
S(1.2) 1.2 0.4 1678.97

Area 1 exports 400 MW of power to area 2 and theeg®ing units are loaded as

given in Table 5-3, during the steady state opegattonditions.

The load flow

simulation is done in PSS/E for the two-area systédime load flow results from [19] are

used as initial steady state values for the gemelatses while modeling in ATP. Table

5-4, gives the power flow solution of the systendemsteady state condition.

Table 5-3: Initial generator loading

Generator | Real Power| Reactive Power Bus voltage Bus voltage
P (MW) Q (MVAr) magnitude (p.u.) | phase angle (°)
Gl 700 185 1.03 20.2
G2 700 235 1.01 10.5
G3 719 176 1.03 -6.8
G4 700 202 1.01 -17.0
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Table 5-4: Steady state power flow

From | To | Real Power| Reactive Power Bus voltage Bus voltage
bus | bus P (MW) Q (MVAr) magnitude (p.u.) | phase angle (°)
1 5 700 185 1.0051 19.40
5 6 700 104 1.0000 42.73
2 6 700 235 1.0447 9.06
6 7 1388 133 1.0000 32.64
7 L7 904 -93.4 0.9850 24.61
7 8 464 27.4 0.9850 24.61
8 9 452 -65.4 0.9760 11.43
9 L8 1727 -244 0.9900 -1.46
10 9 1305 78.9 1.0075 6.53
4 10 700 202 1.0480 -16.95
11 10 614 48 1.0000 16.54
3 11 614 109 1.0000 -6.80

5.1.2 Transformer and Transmission Line Data

Step-up transformers connected to each generatanadeled as ideal wye-wye
three phase transformer with turns-ratio of 0.0&9%nd the off-nominal ratio is taken
as 1.0. Transformer reactances are representdtkifow voltage side and its actual
value calculated from per unit value is used fodelmg. The transformer impedance is
as 0 +j0.15 per unit on 900 MVA and 20/230 kV base.

2
Zlbase = ﬂ = 0444@ (51)
90C
Z... = 0.4444* [015= j0.0666 T2 (5.2)

Nominal voltage of the transmission system is 280 Khree-phase lumped RLC
pi-equivalent transmission line model is used fardeling the transmission lines. The
line lengths are identified in Figure 5.1. Thegmaeters of the line in per unit on 100
MVA and 230 kV base is given in (5.3) through (5.6).

R =0.0001 pu/km (5.3)
X. = 0.001 pu/km (5.4)
Bc = 0.00175 pu/km (5.5)

230°

base — —c =529 65
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The transmission line parameters calculated frosebper unit and length of the
lines are given Table 5-5. In ATP, the actual ealyer kilometer length of the
transmission line are used as input parameterropéd RLC pi equivalent transmission

line models and length of the line segments isedafor different transmission lines.

Table 5-5: Transmission line data for the two-areaystem

Transmission R XL Bc
line (Q) (Q) | (uMho)
5-6 1.3225 13.225| 0.13232
6-7 0.529 5.29 | 0.3308[L
7-8 5.819| 58.19 0.03007
8-9 5.819| 58.19 0.03007
9-10 0.529| 5.29| 0.33081
10-11 1.3225 13.225| 0.13232

5.1.3 Representation of Load

Load is modeled as described in Section 3.6. Atepls used to separate the
phases at the three-phase ATP nodes represensngdmd bus 9. Loads are modeled as
constant impedance load using a single-phase oesist inductor connected in parallel
to represent real and reactive load respectivelyeémh phase. In this system, there is
some reactive power injections represented by glesiphase capacitor connected in
parallel with the load impedance. Since the Icatdalanced, identical RLC values are
used for all three phases. All the three companare connected to ground. Using load
bus voltage magnitudes obtained from the load fkowulations (Table 5-4) and actual
loads of the system, the loads are represented’in ALoad impedances for each of the
load buses are calculated from (3.9), (3.10) antil{3 Table 5-6 gives the actual loads
and load impedances at each load bus.

Table 5-6: Constant impedance load data

Bus Real Power Reactive Power Reactive Power Supplied
PL(MW) | RL(Q) | Qu(MVAN) | X, (Q) | Qc(MVAr) |Bc(uMho)

7 967 51.15 100 494.66 200 4043.16

9 1767 29.28 100 517.42 350 6764.25

50



5.2 POWER SYSTEM DISTURBANCES

The two-area system discussed in the last sectorsubjected to various
disturbances and inter- and intra-area oscillatianes studied. Different power system
faults are applied at lines 6-7 and 10-9 and atidhd buses 7 and 9. Rotor angle and
terminal voltage of the machines in each area amspared to observe the intra-area
oscillations. Inter-area oscillations are obserggdcomparing the machines in different
areas. Power swings during system disturbancelzgerved in the tie lines connecting

Area 1 and Area 2. Results are shown in Chapter 6.

Figure 5.2: Two-area system modeled in ATP (Case Ba

A three-phase-to-ground fault is applied in lin& §€ase 3a) near bus 6 at time
t = 5.0 s and circuit breakers trip the line outsefvice at time t = 5.07 s. The line is
brought back to service by reclosing the switchteinge t = 5.1 s. Generators G1 and
G2, which are close to the fault and removed tpfatim the system for 0.07 s, will have
transient over voltages while reclosing and voltagd rotor angle swings. Generators
G3 and G4 which have to supply both the loads {679 also have voltage and rotor
angle swings. The power flow from Area 1 to Areal®ing this fault condition is
greatly affected and the power flow is observeglaging a three-phase time controlled
switch between Area 1 and Area 2. This switcHased before time t = 0 s and remains

closed and is used only to observe the power fletwéen the areas. A similar three-

51



phase to ground fault is applied in line 10-9 (C&bg near bus 9 and power system

oscillations are observed.

5.2.1 Intra-area Oscillations

In large power systems, small-signal stability peofis may be either local or
global in nature. Local problems may be associatgld rotor angle oscillations of a
single generator against the rest of the poweesystGenerator G1 swinging against rest
of the system is a local generator mode oscillatiod it is similar to the single machine
infinite bus system discussed in Chapter 4. Lpcablems may also be associated with
oscillations between the rotors of a few generatdose to each other. Oscillations
between G1 and G2 in area 1 and between G3 and Gdea 2 are called intra-area
oscillations. For the fault in the line 6-7, ineea oscillations are observed for
generators G1 and G2. The intra-area oscillatietwéen machine G3 and G4 is
negligible for the fault in line 6-7. But for aut in line 11-9, intra-area oscillations are
more pronounced in Area 2 and negligible in AreadResults are presented and discussed

in Chapter 6.

5.2.2 Inter-area Oscillations

Global small-signal stability problems are causedirieractions among large
groups of generators and have widespread effeldtey involve oscillations of a group
of generators in one area swinging against a gadgenerators in another area. These
inter-area oscillations can be seen in the two-aystéem under study. The rotor angles
and terminal voltages of all generators in the esystare observed for different fault
conditions. For all the cases, it is found thategators in Area 1 swing together and
generators in Area 2 swing together. Though tierimachine oscillations are present,
they are negligible. Inter-area oscillations cenrbhigh frequency modes in which sub-
groups of generators swing against each other amd ftequency mode in which
generators in one part of the system swing ag#iesbther part. The system under study
is small and hence the high frequency mode intes-ascillations cannot be studied. But
the generators in area 1 (G1 and G2) swing agdirsgenerators in area 2 (G3 and G4).
This makes the system very suitable to observeldhe frequency mode inter-area

oscillations. For different faults applied to tlsgstem, frequency of the inter-area
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oscillations is observed to be less than 1 Hz. ysisl of Essentially Spontaneous
Oscillations in Power System (AESOP) algorithm Muatlified Arnoldi Method (MAM)

can be used to analyze the power system oscillatigncomputing the Eigen values of
the system [9]. MATLAB is one of the software pag&a which can be used to find the

eigen-values.

5.3 DYNAMIC EQUIVALENCING

It is difficult to model in entirety a very largesthiled power system in ATP. The
traditionally way of dealing with large power sysi® in ATP is to construct a detailed
model of the small local area of interest and regnéthe remaining system as Thevenin
multi-port equivalent. When the system is représgras short circuit equivalent, the
dynamic behaviors of the rotating masses in theesyare lost. The dynamic behavior
of the system will not be lost if the large powgstem is reduced and represented as
dynamic equivalent (Section 2.6). The conceptyfasinic equivalencing is tested and
the reduced system is modeled in ATP for the tvemaystem under discussion. The
four-machine system is reduced to a two-machineesy@nd benchmarked against the
original system. This is one important milestome gower system modeling, as

advancements will help in study of very large possstems in ATP.

5.3.1 Coherent Generators

Coherent generators can be identified by investigahe rotor angles of all the
generators in a system during a power system Oetiee. Generators are said to be
coherent if the difference between their rotor asgire constant under all conditions of
power system. For different power system distuckanthe rotor angles of the machines
are observed. In this two-area system as shovagure 5.3, generators G1 and G2 are
swinging together and generators G3 and G4 aregsvgrtogether for a three-phase-to-
ground fault in line 6-7 at the bus 6 end (Case 3d¢nce it is determined empirically

that generators G1 and G2 are coherent and gereBoand G4 are coherent.
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Figure 5.3: Rotor angles (in degree) for a fault irarea 1(Case 3a)

5.3.2 Generator Aggregation

According to [21] and [22], once the coherent gatwes are identified, the next
step is to aggregate the generators. In this ségh group of coherent generators is
replaced by one equivalent aggregate generatore tdtfminal voltage magnitude and
phase angle of the equivalent generator will be akierage of those of coherent
generators. The d-axis and g-axis reactancesoédhivalent generator are obtained by
paralleling the reactances of the coherent gensratooherent generators G1 and G2 are
replaced by an equivalent generator @@ coherent generators G3 and G4 are replaced
by an equivalent generator G34. Since the gemgrabltage and transformation ratio of
all the generators in this two-area system arestme, there is no need of additional
transformers. Generator aggregation is discuss&ection 2.6.2.

V,+V, _103+101

V,, = = 102pu. 5.7
= . p 5.7)
+
v, =YatVe 1034101 0,0, 5.8)
2 2
+ o
g, =5 292 _202+105 _, . (5.9)
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+ -68- .
@4:%294: 6z]7:—u9 (5.10)

The equivalent machine will be on the same bas®dfV and 900-MVA. The
new generator parameters are given in Table 547e time constants remain the same.
The inertia constants of the equivalent machindshgi sum of the inertia constants of

the aggregated coherent machines.

Table 5-7: Generator parameters of the reduced sysin

Ra X, X4 Xq Xd' Xq' X" Xq"
(pu) (pu) (pu) (pu) | (pu) (pu) (pu) (pu)
0.0005 0.4 3.6 3.4 0.6 1.1 0.5 0|5
Inertia
Tdo’ T qoI T d0" T q0" Gleq Gzeq
(s) (s) (s) () | H(s) J(Mkgh | H(s)| J(Mkgn)
8 0.4 0.03 0.05 13 0.16474 12.350.156502

The real and reactive power supplied by the egentamachine is sum of the
power supplied by the coherent machines. Therdenwilbe any change in the saturation
characteristics of the equivalent machines as émemtors are identical. The excitation
control system of the equivalent generators is r@oldby exactly as that of the original
generators. Table 5-8 gives the initial generbtading. Power flow is simulated using
PSSI/E to find the bus voltages and phase anglies.pdwer flow solution is used for the
initial steady-state conditions of the machineshi@ reduced system. The power flow
results are given in Table A-4.

Table 5-8: Initial generator loading of the reducedsystem

Generator | Real Power| Reactive Power Bus voltage Bus voltage
P (MW) Q (MVAr) magnitude (p.u.) | phase angle (°)
Gl 1400 420 1.02 15.35
G2q 1419 378 1.02 -11.9

5.3.3 Network Reduction

The last and final step in the process of dynamdtuction is network reduction.
The transmission line and transformer impedancéiseararea to be reduced are changed.
For a very large system, insignificant generatows laad buses can be removed from the
system. Once the nodes are eliminated the redsystdm admittance matrix is found
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and the new network parameters from the admittanatix are used for the reduced
system.

In this two-area system, there are no insignifidaatl or generator buses. The
transmission line between buses 6 and 10 is retaimgout any change. Buses 2, 4, 5
and 11 are removed. Equivalent impedance of tipedance between buses 1 & 5, 2 &
6 and 1 & 6 is represented in the reduced systemuelea bus 1 & bus 6. Similarly,
equivalent impedance between buses 3 & 11, 11 &ridD4 & 10 is represented in the
reduced system between buses 3 & 11.

The equivalent impedance of the reduced systembeafound by reducing the
admittance matrix of the system. But this cannetdone manually for a very large
system. PSS/E can efficiently handle very largaesys and network reduction can be
easily done. Power system is divided into a seydfem and several areas which need to
be reduced. If the boundary buses and the buséddlve to be retained are specified,
PSS/E software package will determine the reduetdark parameters. More details

are provided in [19].

et
1.1 310
O]

Figure 5.4: Dynamically reduced system

The network parameters of the reduced system amngn Table 5-9. A load

flow results from PSS/E [19] are used to find tbad bus voltages. Power flow results
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are given in Table A-4. Constant impedance loddte reduced system are calculated

from actual loads and load bus voltages. Impedansed to represent the loads in buses
7 and 9 are given in Table A-5.

Table 5-9: Network parameters of the reduced system

Transmission R XL Bc
line (Q) (Q) | (uMho)
1-6 1.3225 13.225| 0.13232
6-7 0.529| 5.29| 0.33081
7-8 5.819| 58.19] 0.03007
8-9 5.819| 58.19| 0.03007
9-10 0.529| 5.29| 0.33081
2-10 1.3225 13.225| 0.13232

The reduced system with new parameters, as showigure 5.4, is modeled in
ATP. A three-phase-to-ground fault is appliediime|6-7 near bus 6 at time, t = 5.0 s.
The line is tripped out of service at time, t =5%9and reclosed at time, t = 5.1 s. Rotor
angles and terminal voltages of the machines areitoted and compared with the
original system. The power swing observed in thwgr transferred from Area 1 to Area
2 should remain the same for both the original raldiced system. Figure 5.5 shows the
rotor angles in Area 1 of the reduced and the maigsystem for a three-phase line fault

(Cases 3a and 4a). Complete results includinghyearking against PSS/E are given in
Chapter 6.
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Figure 5.5: Rotor angles of machines in Area 1 (Cas 3a and 4a)
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CHAPTER 6
SIMULATIONS AND RESULTS

This chapter presents the simulation results fibeidint power system models during
various system disturbances. Power systems modelddP are benchmarked against
PSS/E and dynamic equivalent models are compaBedchmarking against PSS/E [19]
will determine ATP’s suitability for use not only predicting transient over voltages and

currents, but also to be used in stability modeling

6.1 SINGLE MACHINE INFINITE BUS CASES

The single-machine cases implemented in Chaptee 41sed to simulate stability
studies. The effects of excitation control systefaslt location, fault type, generator
saturation and armature resistance in synchroncashime dynamics are studied by
applying faults of different types and locationghe different system models. For most
of the cases, benchmarking against PSS/E is dorgetfoee-phase-to-ground fault in one
of the two transmission lines connecting the gewoert® the infinite bus. All the faults
were initiated at 5.0 s. According to [9], the ahion of the fault for the study is 0.07 s
and the tripped line is brought back into servitterad.03 s by reclosing the switches.
All of the internal variables of the synchronouscimae are observed during the
disturbances, and the rotor angle and terminakgeltare both used to benchmark the
results. Rotor angled) is used for observing and benchmarking rotor ersgability.
Instantaneous voltage output of the synchronoushmaanodel is converted into its per
unit value using TACS, and plotted for benchmarkany voltage stability analysis.
Different cases, used for the simulations are sunzedin Table 6.1

Table 6-1: Three-phase line fault in one of the trasmission lines at generator end

2220-MVA, machine | 1000-MVA, machine | Description

Case ba Case la With AVR and PSS

Case 5b Case 1b With constant EFD

Case 5c Case 1c With AVR

Case 5d Case 1d With AVR, GOV and PSS
Case 5e Case le With AVR, PSS and saturation
Case 5f Case 1f With armature resistance

Case 5g N/A Four individual machine

Case 5h Case 1h With AVR and GOV
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6.1.1 Generator Dynamics With and Without Excitation Control Systems

The single-machine system described in Sectioms4u2ed for observing stability
for different types of excitation control. A solidree-phase-to-ground fault is applied to
one of the two transmission lines, and rotor anghes terminal voltages are observed for
the synchronous machine modeled in three diffenays as summarized below.

(i) With constant field voltage, (Case 1b)
(i)  With Automatic Voltage Regulator (AVR), (Case Iuja
(i) With AVR and Power System Stabilizer (PS&}ase 1a)

—_

aa

30

0 2 4 E g [5] 10
CASEAl pld: s1:ANG 1 :
factors: | 1 Time ()
oifsels: =90
CASE pld: $1:ANG 1
e —— Wil AVR & PSS

. . —_—— — I

CASEAIZ.pld: s1:4NG 1
factars: S Constant Efd
offsels: =20

Figure 6.1: Rotor angle for different types of exdation control (Cases 1a, 1b, &1c)

Figures 6.1 and 6.2 show the rotor angles and medmioltages for the three
different cases. From Figure 6.1, it is clearlgrs¢hat with constant field voltage, the
system is transiently stable; however, the levelarhping is low. The rotor angle settles
to the final value after a long time (more than) because of poor damping. With a fast
acting AVR and high excitation limits, the firsttoo angle swing is reduced; however,
the subsequent swings are negatively damped. Véiens is not stable and loses
synchronism. With the PSS along with AVR, the raagle oscillations are very well

damped, without compromising first-swing stabilityFirst-swing stability is largely
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determined by the peak value of the first oscidlati Various sensitivity analyses, such as
increased fault duration and moving fault locataoser to the generators to get higher
fault currents, are simulated to show system inlgaland loss of synchronism. Figure
B.1 shows the comparison of field voltages for Galse 1b and 1c.
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Figure 6.2: Terminal voltage for different excitation controls (Cases 1a, 1b, & 1c)

Voltage stability is strongly correlated to rotange stability for these three
models. With constant field voltage, observing teeminal voltage shows that the
machine does not lose synchronism, but takes more to settle. Using an AVR
without a PSS, the system becomes unstable whitlbealearly seen from the under-
damped oscillation shown in Figure 6.2. Using bartbAVR and a PSS, peak of the first
swing is reduced and the settling time is decreafzfore the peak of first swing there
is an initial peak in the voltage, presumably duée switching transients.

Figure 4.3 shows the instantaneous and per unihinaf voltage of the
synchronous machine with AVR and PSS, for a thiegse line fault of duration 0.07 s

without any numerical oscillations.
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Figure 6.3: Instantaneous and per unit terimmal voltage (Case 1a)

6.1.2 Effects of Generator Saturation and Armature Resistance
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Figure 6.4: Machine models with and without saturaion (Cases le & 1a)
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In SM 59 generator model, d-axis and g-axis satumatiharacteristics were
included by making changes to the ATP input dd&ausing a text editor. All the fault
types discussed in Section 4.1.3 were simulated sfgstems with saturated and
unsaturated machine model. The saturation chaistatedetermined by the two-slope
method was discussed in Section 3.2, where the cipauit results clearly show that the
machine model will operate in saturation regiothd voltage is higher than 1.2 per unit.
For the cases in this research, the terminal velfgmachine is always within 1.2 per
unit. The effect of saturation is minimal and iaages the d- and g- axes reactances of
the machine and hence the internal rotor angldhefmachine. Rotor angle during a
three-phase line fault (Case 1e) for models withaithout saturation is shown in Figure
6.4.

Peak of the first swing for machine model with safion is more than that of
machine model without saturation. In steady sttte, rotor angle is 2.19° less for
saturated machine model. This is due to the diffee in g-axis reactancesgfXor the
saturated and unsaturated machine mode|ss ¥elated to the internal rotor angle of the
machine by (6.1).

X4l cosg =R, sing

J, =tan™( .
E, +R,I, cosp+ X,|, sing

(6.1)

The settling time of the rotor angles of both mae models are the same, but the
frequency of saturated model is more than thathef ainsaturated machine model
approximately by 0.5%.

Armature resistance of the machine is neglectedllirihe simulations mainly
because of the fact that machine models in PSS{Ehatr capable of having armature
resistances. In order to observe and study tleetsfiof armature resistance in machine
dynamics, several cases with armature resistangean®uded are simulated and results
are compared. Figure 6.5 shows the rotor anglesdases with and without Rafter a
three-phase line fault (Case 1f). Armature rest#ancreases the damping and reduces
the peak of the oscillations of the rotor angleld®— 1.6 %. Figure B.2 shows the rotor

angles for a LG fault (Case 2b) of machine modeilk and without armature resistance.
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6.1.3 Speed Governor for Input Power Control
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The speed governor controls the mechanical povpert ito synchronous machine
by controlling the change in rotor speed. The govemodel (IEEE TGOV discussed in
Section 3.3), helps to somewhat improve power sys®bility. When the mechanical
power input to the machine is controlled by speedegnor, the settling time decreases.
The governor can provide additional damping tortteehine model with AVR and PSS,
damping peak values of oscillations by an additi@h&2% for a three-phase line fault
(Case 1d) as shown in Figure 6.6. Synchronous imaetith speed governor settles to
steady-state faster by 2.6% for the case undeusigan. Though governor improves
stability a little, due to non-availability of spBc speed governor system data for
synchronous machine under study, it was decidednd the governor and model
machines only with AVR and PSS for other casesoRanhgles of machines modeled
with four different excitation system model (Casks through 1d) are compared in
Appendix B (Figure B.3).

6.1.4 Single versus Multiple Machines

Another single machine system with 2220-MVA, 24-kduivalent generator,
(discussed in Section 4.1) representing four 555AMMachines connected to the
generator bus in a power plant is used for stgbgitidies. Different cases simulated
using the 1000-MVA, 20-kV machine are repeated wiik system and consistent results
are obtained. The effect of armature resistanemei@tor saturation, AVR, PSS,
governor and fault duration, on power system stghg found to be consistent with that
discussed in Sections 6.1.1 through 6.1.3. A setlee-phase fault is applied at the
generator bus and cleared after 0.07 s. Rotoreaagd voltage stability of the
synchronous machine are studied for different tygfdaults. Figure B.4 shows the rotor
angles for Case 5a, when the faulted line is tdppeth temporarily and permanently.

As the 2220-MVA machine is an equivalent for tharf655-MVA machines, the
system with four generators discussed in SectidrB4was used to simulate with the
same faults and compared with the equivalent maamiodel’'s results. Figure 6.7 shows
the rotor angles of the individual (Case 5g) andivaent machines. It is clearly seen
that the equivalent machine exactly representdaimeindividual machines connected to

same bus.
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6.1.5 Benchmarking Against PSS/E

Benchmarking the ATP power system models again§/P% one of the main
contributions of this research work. All the cas#scussed above are benchmarked
against PSS/E. A few are discussed in this sectigth the remaining benchmarked
results included in Appendix B (Figures B.5 througlY). Rotor angles of generator
with (Case 1d) and without (Case l1la) speed govealmrg with AVR and PSS for a
three-phase line fault are shown in Figures 6.8@8Adespectively. In PSS/E as the time
step size is large (8.333 ms), small changes iritie at which the faults are applied or
cleared affect the peak of the oscillations. Heihds necessary to carefully enter the
times while performing simulations in PSS/E.

For the system without speed governor, the frequehoscillation of PSS/E and
ATP are exactly same. However, PSS/E and ATP exlightly different behaviors in
control of field voltage. Although different saadj factors are used, the controller
topologies are identical. Thus, there are sonerniat differences in field voltage control
between the machines in these two simulation pakan all the simulations it is found
that the peaks of first swing for ATP models arealen than that of PSS/E models. And
in PSS/E the damping is more and hence the subsegqeaks are less for ATP

simulation.
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For the simulations with speed governor for inposvpr control, the frequency of
ATP is less than that of PSS/E as seen from Figu8e Although different scaling
factors are used for the control of mechanical powee controller topologies are
identical. There is a difference in the settlinga of ATP and PSS/E models, but this

difference in settling time is very less for simidas without governor.
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Figure 6.10 shows the terminal voltages in per tmita three-phase line fault.
The initial peak in ATP simulation is due to thartsient voltage during the switching
operations. When the switches are opened, thei¢mats produce a peak voltage of 1.1
per unit in case of ATP. This is missing in PS@& it is not capable of handling

transient behaviors of power systems.
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Figure 6.10: Terminal voltages of ATP and PSS/E (Ga l1a)

6.2 POWER SYSTEM UNBALANCE

In Section 6.1, power system stability during bakxhthree-phase line and bus
faults was discussed. It is also important to labkgenerator dynamics and stability
during unbalanced faults. Previous simulationsdyset positive sequence data. For
unbalanced fault studies, zero sequence and nega@igquence data are taken into
account. System behavior during line-ground (U@&g-line (LL) and line-line-ground
(LLG) fault conditions are compared with each otled with three-phase balanced
faults. As PSS/E requires modeling of line chaggoapacitors for unbalanced fault
studies, line charging capacitors are included hred-phase lumped pi-equivalent
transmission line models in ATP. One of the adeanpower system protection
strategies, single pole tripping and reclosingsngloyed for protection against LG faults
and compared with traditional three-pole trippingl aeclosing methods. Power flows,

rotor angle, and generator terminal voltages aseted and benchmarked for different
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power system unbalance. All the cases are ben&eshagainst PSS/E and results are
presented in Section 6.2.3. Table 6-2 summarlzeslifferent cases of faults studied in
the 1000-MVA system (discussed in Section 4.2).

Table 6-2: Fault in one of the transmission line agenerator end (with AVR and PSS)

CASES Description

Case 2a Three-phase line fault
Case 2b LG fault, 3-pole tripping
Case 2c LLG fault

Case 2d LL fault

Case 2e LG fault, 1-pole tripping

6.2.1 Generator Stability during Different Unbalance Conditions
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Figure 6.11: Rotor angles for different faults (Cass 2a, 2b, 2c and 3d)

Single-machine infinite bus system (Cases 2a thr@q) is subjected to different
types of power system faults. For all simulatitims fault is applied at 5.0 s and cleared
after 0.07 s. Reclosing is carried out 0.03 srdfte fault is cleared. Line-charging

capacitors are included in the system and so iBema increase in the steady-state rotor
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angle of the machine. Figure 6.11 shows the rangtes for all different types of power
system faults. The three-phase fault is the mestre power system fault and has the
highest peak in both rotor angle and voltage agmih. The line-ground fault has the
lowest peak oscillations followed by LL and LLG fmu It is clear from these
observations that the peak values of the oscitlatidepend on the reduction in power
transfer. Frequency of the oscillations is the esdam all types of faults. Settling time
increases with increase in the peak values andehe@cfaults have the fastest settling

time. Simulation results comparing terminal voéa@re shown in Figure B.8.

6.2.2 Three-pole Vs. Single-pole Tripping and Reclosing

For single-pole tripping and reclosing, the LG famdcurs at 5.0 s, is cleared at
5.07 s and reclosed at t = 5.1 s. The anticipageebfit is fromt = 5.07 s to 5.1 s due to
the presence of unfaulted phases in service.
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Figure 6.12: Single- and three-pole tripping and relosing (Cases 2b & 2e)
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Figure 6.13: Single and three-pole tripping and relosing (Cases 2b & 2e)

Switches in unfaulted phases are kept closed thiutgthe simulation. Rotor
angle and terminal voltages are observed for sipgle tripping and reclosing strategy.
As clearly seen from Figures 6.12 and 6.13, rotuylea and voltage stability can be
improved by single-pole tripping strategies. Tlealpof first swing decreases by 2.4%
for single-pole tripping and the frequency of dstibn increases by 0.28%. Settling
time of rotor angle for three-pole tripping is 3080s while that for single-pole tripping is
2.9112 s. Thus for the case discussed here, psystem returns to steady-state 0.89s
faster if the system is protected from LG faults dwygle-pole tripping and reclosing.
Waiting a longer time before reclosing will furthenprove performance. Figure B.9

shows the rotor angles for single-pole and thrde-frgpping (Cases 2b and 2e).

6.2.3 Benchmarking Against PSS/E

All four different fault types are benchmarked axgaiPSS/E. Due to the addition
of line charging capacitors the steady state ratwjle increases from 64.48° to 70.78°.
Figure 6.14 shows the rotor angles for a threeglfaslt and LLG fault. For the three-
phase fault the difference in peaks for ATP and/BESS 2% and for LLG fault, the
difference is 7%. Benchmarked results for LG faalse is given in Appendix B (Figure
B.10).
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Initial steady state values, settling time, peakfitdt swing and frequency of
oscillations for different cases in ATP and PSS/& @ompared. Settling time of rotor
angle and peak of first swing of terminal voltagee tabulated in Tables 6-3 and 6-4
respectively. Difference in the values are cal@davith respect to PSS/E and included
in the tables. All the other tables comparing BESS1d ATP are included in Appendix B
(Tables B-1 through B-6).

Table 6-3: 2% settling time of rotor angle (.0

Case no. CASES ATP (s)] PSS/E(S) % Difference
1b | WITH CONSTANT EFD N/A N/A N/A
1c| WITH AVR N/A N/A N/A
la| WITH AVR AND PSS 3.843 3.840 0.09 %
1d | WITH AVR, PSS & GOV 3.715 3.709 0.16 %
le| WITH SATURATION 3.843 3.843 0.01 %
1f | WITH RA 3.800 N/A N/A
2a| 3-PHASE FAULT 3.800 3.800 0.02 %
2b | LG FAULT 2.911 2.890 0.73%
2d | LL FAULT 2.965 N/A N/A
2c| LLG FAULT 3.843 3.843 0.01 %
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Table 6-4: Peak of first swing — rotor angle

Case No. CASES ATP (°)) PSS/E (°) % Difference
1b | WITH CONSTANT EFD 24.227 31.996 24.28 %
1c| WITH AVR 19.603 25.200 22.21 %
la| WITH AVR AND PSS 21.801 25.166 13.37 %
1d | WITH AVR, PSS & GOV 21.088 23.775 11.30 %
le| WITH SATURATION 24.547 24.998 1.80 %
1f | WITH RA 20.614 N/A N/A
2a| 3-PHASE FAULT 26.716 26.960 0.90 %
2b| LG FAULT 9.716 10.500 7.46 %
2d | LL FAULT 11.716 N/A N/A
2c| LLG FAULT 18.716 21.700 13.75 %

6.3 DYNAMIC EQUIVALENCING

Two-area system discussed in Section 5.1 (Cas#s@agh 3h) is modeled with
ATP and benchmarked against PSS/E. Different p@ystem disturbances are applied
in both areas to identify coherent generators. e@aft generators are aggregated using
the method discussed in Section 5.3. Network ofotiginal two-area system is reduced
and represented in the reduced system. PowemsyBsturbances applied to the original
system are applied to the reduced system and dueed system is benchmarked against
the original system. Then the dynamically redusgstem as implemented in ATP is
benchmarked against PSS/E. Different cases obtiginal and reduced systems are

summarized in Table 6-5.

Table 6-5: Different cases of the two-area system

Original system | Reduced systen Description

Case 3a Case 4a 3-phase fault in line 6-7, busl 6 en
Case 3b Case 4b 3-phase fault in line 10-9, busl9 e
Case 3c Case 4c LG fault in line 6-7, bus 6 end
Case 3d Case 4d LLG fault in line 6-7, bus 6 end
Case 3e Case 4e LL fault in line 6-7, bus 6 end
Case 3f Case 4f LG fault in line 10-9, bus 9 end
Case 39 Case 4g LLG fault in line 10-9, bus 9 end
Case 3h Case 4h LL fault in line 10-9, bus 9 end
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6.3.1 Power Flows in Two-area System

Area 1 supplies 400 MW of real power to Area 2. thhee-phase line fault is
applied to the line 6-7 at bus 6 end (Case 3ajs Jévere fault in Area 1 causes a power
swing in the two-area system. Transmission lings 8-8, 8-9, and 11-9 are retained
while dynamic reduction and hence power flow betwAeea 1 and Area 2 is observed
between buses 7 and 9 and used for benchmarkirge ifiStantaneous power flow
waveforms are saved as a MATLAB file and importedMATLAB. Average power
flow is calculated by writing a simple averagingogram. While averaging, the
calculations used all 200,001 points provided lyARP simulations, but only 995 were
plotted. The program is included in Appendix CHgure 6.15 shows the comparison of
average power and instantaneous power flow anddter swing during the three-phase
fault. The black area represents the over-plattshntaneous powers of all three phases.
The fault is applied at 5.0 s and cleared afte? 3.0 Frequency of the power swing is
0.56 Hz and this is the inter-area oscillation e two-area system connected by the
weak tie lines. A more detailed plot of averagev@ofor 4.9 s to 10 s is given in Figure
6.16.
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Figure 6.15: Power flow Area 1 to Area 2 (Case 3a)
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Figure 6.16: Average power flow between areas 1 ar®lafter disturbance (Case 3a)

6.3.2 Stability Studies in Two-area System

Different faults are applied in both areas of tgsteam and inter- and intra-area
oscillations are observed. The network parametedstransformers in the two areas are
symmetrical and hence it is easy to observe cobgreRotor angle of the synchronous
machine model is used as the key to identify theecency.

For the three-phase line fault applied to line &7us 6 end (Case 3a), rotor
angles of all the machines are observed (showrigar& 6.17). A similar three-phase
line fault is applied in line 10-9 at bus 9 end ¢€&b) and the rotor angles are plotted
(shown in Figure 6.18). The rotor angles are iasirggy because of the absence of
frequency controllers. They attain steady-stater dhe power system disturbance as the
system is stable. In an actual system, frequeanyrallers are present and there will not
be any increasing rotor angle characteristics &vident from the plots that machines G1
and G2 in area 1 are coherent. The intra-aredaism between generators G1 and G2
is very minimal and hence negligible. This is hessaG1 and G2 are similar generator
models with a very short (25 km) transmission lieéween them. Similarly G3 and G4
are coherent in area 2. Intra-area oscillatioAnea 2 is also minimal and negligible as
G3 and G4 are similar generator models with a strartsmission line between them.

Frequency of the oscillations is high for the gatans in the area with fault. As seen
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from Figure 6.17, frequency of rotor angles of Gitl &2 is more than that of G3 and
G4. Figure 6.18 shows rotor angles for fault ieaa2 and it is clear that frequency of
rotor angles of G3 and G4 is high. Several faallesapplied in both areas to confirm the
coherency of generators G1 and G2 and generatoen®&4. Simulation results for the
four different power system faults are given in Apgdix B (Figures B.11 through B.14).
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Figure 6.17: Rotor angles for a three-phase line tdt in line 6-7 (Case 3a)
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Figure 6.20: Terminal voltages for a fault in Areal (Case 3a)

Another important result in observing inter- anttararea oscillation is regarding
the peak of the oscillations. Peak of the firsingnis more for the generators operating
in the area where the fault is applied. Figurd® &nd 6.20 show the swing in terminal
voltages of the machines in one area when the iultthe other area. Terminal voltages

for three-pole and single-pole tripping are showirigure B.15. Also rotor angles of the
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machines in Area 1 and Area 2 are compared foerdifft disturbances in Appendix B
(Figures B.16 through B.18)

6.3.3 Benchmarking of Two-area System

For all different faults investigated, the wavefgrnare the main bases of
comparison for benchmarking ATP against PSS/Eureg6.21 and 6.22 show the rotor
angles of machines in area 1 and area 2 respactivel
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Figure 6.21: Rotor angles of machines in Area 1 (Ga 3a)

Benchmarked results for a three-phase fault irstrassion line 6-7 (Case 3a) are
shown in this section. As discussed in Section56ahd Section 6.2.3, there are a few
small differences between results from ATP and ESS/he peak of first swing in ATP
is less and damping of subsequent peaks is leks.difference in settling time of rotor
angle, field voltage, and terminal voltage betwédi® and PSS/E is less than 0.2% and
hence the difference in the damping is negligibha. The difference in peak of first
swing for rotor angles between ATP and PSS/E i@ single-machine system. For
the two-area system, the difference in peak of $wang is less than 1%. This difference
might be significant in the case of a marginalgbé¢ system. Frequency of oscillations
during power system disturbances in ATP match éxaadth PSS/E. There is a small
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difference between ATP and PSS/E in the settlingetand this is seen as diverging
curves (Figures 6.21 and 6.22) due to the absdrfcequency controller. Having actual
power system data might help in building more aatumodels and the difference in
peak of first swing might be reduced.
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Area 1 and Area 2 are connected by parallel tiesliand power flow is measured
in the individual lines. PSS/E can measure powsv Dnly in individual transmission
lines so total power flow between the two areamoaibe directly measured. Figures
6.23 and 6.24 show the power flows in line 7-8uird (in Area 1) and in line 8-9 circuit
1 (in Area 2) respectively.

The difference in peak of the first swing and damgpis seen in both the power
flows; 200 MW of real power flows in circuit 1 ahke 7-8 and 196 MW of real power
flows in circuit 2 of line 8-9 during the steadya®. A loss of 4 MW occurs in the
transmission line link. As power is flowing fromea 1 to area 2, for a fault in area 1, an
accelerating swing is seen as shown in Figures &mB6.24. For a fault in area 2, a

decelerating swing is seen in the power flow. Pdileevs during different power system
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disturbances including faults in Area 2 are showAppendix B. In all cases, the power

flows are benchmarked against PSS/E
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Figure 6.23: Power flow in line 7-8 (Case 3a)
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6.3.4 Power flows in Dynamically Reduced System

The two-area system with four machines is reduoea two-machine system by
reducing the system dynamically, as addressed apteh 5. G1 and G2 in Area 1 are
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represented by generator G12 and G3 and G4 in Zeea represented by generator G34.
Different power system disturbances (Cases 4a gitwralh) are applied in the reduced
system and power flow between Area 1 and Areacbserved.

The power flow from Area 1 to Area 2 increased @6 #W from 400 MW. This
difference in the power flow is due to the differen in the network parameters. A three-
phase line fault is applied to line 6-7 at busn@ €Case 4a) and power flow between
Area 1 and Area 2 is observed. Figure 6.25 shdwes power swings during the
disturbance in Area 1.
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Figure 6.25: Power flow into Area 2 for disturbancein Area 1 (Case 4a)

A three-phase line fault is applied to line 10-9bats 9 end (Case 4b) at time
t = 5.0 s and cleared after 0.07 s. The switcheslased 0.03 s after the fault is cleared.
Figure 6.26 shows the power swing during this dixtoce in Area 2. When a fault is in
the area (Case 4a)with excess generation (or dopower flowing out of the area
initially increases and when a fault is in the af€ase 4b) with less generation (or
acceptor), power received by that area initiallgrdases. Peak of first swing and settling
time of the oscillations depend on the severitythef fault. Simulation results for the
remaining power system disturbances for these @sdacluded in Appendix B.
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6.3.5 Benchmarking the Reduced System in ATP

It is important to benchmark the reduced systemnagahe original system.
Simulation results obtained for a type of powertaysdisturbance in the original two-
area system is compared with similar disturbanoeabe reduced system. Rotor angles,
power flow and terminal voltages of both the systemre compared.

Results for the three-phase line fault in transioisdine 6-7 (Case 4a) is
discussed here and other simulation results afedad in Appendix B. Comparison of
rotor angle for coherency helps in benchmarkingrétkiced system against the original
system. Figure 6.27 shows the rotor angles of mashG1l and G2 in area 1 of the
original system and rotor angle of G12 in area thefreduced system. It is clear from
Figure 6.27 that G12 is coherent with G1 and GRyure 6.28 shows the rotor angles of
machines G3 and G4 in area 2 of the original systechrotor angle of G34 in area 2 of
the reduced system.

As the phase angle of the equivalent generatdreisaverage of the phase angles
of generators in the original system, the rotorl@md the machine in the reduced system
is not equal to any of the generators it is repriasg. For both the generators in the

reduced system, the rotor angles are approximatghal to the average rotor angles. As
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in the case of the original system, peak of that 8wing and frequency of the oscillations

are higher in the area with fault.
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6.3.6 Benchmarking of Reduced System in PSS/E
The reduced system of ATP is also benchmarked siggBS/E. Figures 6.29 and

6.30 shows the rotor angles and power flow in A& during a three-phase fault in the
line 6-7 (Case 4a) for both ATP and PSS/E.
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Steady state power flow, peak of first swing, arefjfiency of oscillations for
different cases of power system faults are tabdlared the percentage difference with
respect to PSS/E is calculated. Tables 6-6 and@jig€/the steady-state rotor angle and
peak of the first swing of power flow for differeaases respectively. Other comparison
tables are given in Appendix B (Tables B-7 and B-8)

There is a noticeable difference in the peak &t &wing of power flow between
ATP and PSS/E. Maximum difference is 5.18% which loa significant for a marginally
stable system. Differences in settling time, fioey and steady state values are much
less. The difference in first peak of power flovayrbe partially due to inclusion of

switching transients in ATP and approximations IATMLAB conversion.

Table 6-6: Steady state rotor angle in degree

Machines| ATP | PSS/E| % Difference
Gl 67.296 | 67.707 -0.60703
G2 45907 | 46.415 -1.09447
G3 42.631 | 43.067 -1.01238
G4 21.141 | 21.752 -2.80894
G12 58.145 | 58.561 -0.71037
G34 29.656 | 30.52 -2.83093

Table 6-7: Peak of first swing of power flow

ATP PSS/E %

CASES (MW) (MW) Difference
Fault in line 6-7, origina
system (Case 3a) 73.16 84.08 12.98 %
Fault in line 10-9, origing
system (Case 3b) -46.51 -54.50 14.66 %
Fault in line 6-7, reduced
system (Case 4a) 71.57 84.65 15.45 %
Fault in line 10-9, reduced
system (Case 4b) -41.47 -48.92 15.22 %
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the conclusions drawn frasrésearch work. The methods
used for obtaining parameters are evaluated. Caortsnege made about the simulation
results and benchmarking of ATP vs. PSS/E. Suggesiand recommendations for

future work are also provided.

7.1 OBSERVATIONS AND CONCLUSIONS
SM 59 Generator Model in ATP

* Open-circuit tests for both saturated and unsadratynchronous machine
models can be simulated by varying the input fietitage as controlled by
TACS. The scaling factor given as a TACS input oastthe field voltage.
Different slopes can be achieved for the air-gap aaturation region by
specifying values of field currents that produdéedent terminal voltages.

* The TACS input for field voltage control is the nalized value of the actual
field voltage. The initial field voltage is deteimed when ATP calculates initial
conditions. A step change in the normalized fieddtage is effected by ramping
the TACS control variable up or down in subsequiemé steps. If a closed-loop
control system with limiter is used to control thield voltage, the limiter may
hold the scaling factor at 1. Resulting in thddfigoltage remaining constant

during steady state conditions.
 The TACS node for controlling mechanical power inpehaves similar to the
field voltage scaling factor. It controls the mewcital power input calculated by

the initial conditions with respect to the scalfagtor of previous time step.

* The inertia constant H must be converted to anvadgnt moment of inertia J for

the ATP model. If the number of poles of the maehs unknown and if only the
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electrical rotor angle is of interest, then it isngenient to assume a 2-pole

machine when calculating J.

Power System Models

Saturation characteristics do not have signifigengact on the results. Models
with saturation have higher peak of first swing #émefe is a decrease in the value
of steady-state rotor angle. As the systems ar@mperated above voltage levels

of 1.2 per unit, the machine operates essentiallthe air-gap line.

Benchmarking of single-machine ATP cases againsb/PSalso helps to
benchmark the TACS control systems which includermatic voltage regulator,
power system stabilizer and speed governor. Tleetone step delay of the

TACS system does not influence the results andratewvesults are obtained.

The difference in the settling time and frequentysxillation between ATP and
PSS/E models is very little (0.2%). Hence ATP medek comparable to PSS/E
models.

Time Step Size and Numerical Oscillations

As the time step is large in PSS/E (8.333 ms), AWRching time should be set
to exactly match PSS/E to get best results. Otlser@omparisons will not be

valid.

Opening and closing of switches causes numeriaallatgons which damp out
fast (0.25-0.5s). Numerical oscillations duringsthg of switches are minimal
and easily damped by the resistance inherent ipdiaer system. But numerical
oscillations caused by opening of switches peffsistionger time with higher
peaks. The peak value of these oscillations isiaed by adding large shunt
resistors and completely mitigated by placing smesistors (0.5-%2 to represent
arc resistance) in parallel to the switches betbsy are opened. The parallel
resistors are removed from the system shortly (9de) after the breakers are

opened.
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Power System Unbalance

Different types of unbalanced faults were simulated benchmarked against
PSS/E. As expected, three-phase faults causedntdst severe disturbance,
followed by LLG, LL, and LG faults. Results protieat ATP can be reliably

used for studying balanced and unbalanced faults.

System models can be developed to effectively stidgle-pole tripping and
reclosing strategies. With attention to detail aatidation, three-pole and single-
pole tripping and reclosing strategies for stapsitudies can be done using these
models.

Dynamic Equivalencing

The two-area system studied helps in observing-ied intra-area oscillations
and studying small signal stability of the powestsyn. Coherency of generators
can be identified by inspecting the rotor anglesh&f machines during power

system disturbances.

A three-step dynamic reduction procedure was impleed for system reduction
and results indicate that the reduced system repeodessentially the same

behavior as the original system without losingdigramics.
Since ATP is limited to a maximum of a few thousamudles, reduced dynamic
equivalency must be used to represent the exteyséém, i.e., the portion of the

system outside of the detailed local area of istere

It is convenient to use PSS/E to identify cohenamts and to perform network

reduction. PSS/E cannot directly perform aggregadiogenerators and controls.
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Key Conclusions

Synchronous machines and their control interfacessaccessfully modeled in
ATP. Thus, in addition to traditional use for siating current and voltage

transients, ATP can also be used to simulate maamd control dynamics.

For the two-area system modeled in ATP, the irdad intra-area oscillations are
consistent with PSS/E. ATP acts as an effectiv¢ ito studying small signal

stability of power systems.

Results show that ATP simulations for transient amall signal stabilities
closely match with PSS/E. Hence it is clear thdiPAcan be used for both

transient and stability analyses.

Rotor angle and voltage stability were extensivaatyalyzed, showing that ATP

can be used to simulate related power system it

7.2 RECOMMENDATIONS

For this research work, just one model of excitatontrol system, power system
stabilizer, and turbine governor system were us@dditional control systems
need to be implemented in ATP in order to be ablmddel a large power system

with a variety of control systems.

Detailed transformer models including the saturateharacteristics should be
implemented and effects of generator and transfosaeiration on power system
stability should be compared. System events wfoote operation in saturation

region should be investigated to observe its effecstability.

Numerical oscillations may be further avoided biynggetailed transmission line

models with shunt capacitance and surge impedance.
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Instead of constant-impedance load models, constarént and constant-power
load models can be used. Dynamic loads shoulddmelad. Induction motors

and generators should also be included.

For circuit breaker representation, ideal switotes be replaced by sophisticated
switches which include arc resistances and gradimg) bushing capacitances.
Single-pole tripping can be done with these sweclhend current and voltage

transients can be studied.

Larger multiple-area systems can be modeled andesepted as dynamic
equivalents. Benchmarking of two-area system bas be extended to multiple

area systems.

The concept of dynamic reduction can be applied te@ry large power system
and a small part of the system can be modeled tmldelarge inter-connected
power system such as Mid-continent Area Power BRdAIPP) can be modeled as

reduced dynamic equivalent and benchmarked aga&alstime events.

Advanced power system protection decisions suchyatem islanding, out-of-
step protection and load shedding can be studied iarger power system

represented in ATP.

More benchmarking with PSS/E’s network reductiomtdiees will assist in

developing and importing reduced models into ATP.
Protective relaying strategies can be developedtestdd with results from ATP

models for setting and testing of relays. ATP autides can be converted into
COMTRADE format and exported to relay testers &ays for testing purposes.
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Concepts like Wide Area Monitoring (WAM) can betegsusing the large power
system models in PSS/E while transient analysisbeadone in local areas with

external power system represented as dynamic dgotgan ATP.

Further investigation of implementation detailstod TACS field voltage scaling
factor is in order. The differences in ATP and HESE&ontrol signals should be

further reconciled.

Distance relays can be modeled in ATP for transomsiine protection and tested
for its performance during power system oscillasionSensitivity analysis for

different settings of relays can be performed.

Eigen values of the power system models shouldab®ulated and used for the

analysis of power system oscillations.
Frequency stability of the power system shouldthdisd in addition to the rotor

angle and voltage stability. Effects of differggawer system components on

frequency stability should be analyzed.
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Table A-1: O. C test results for saturation pointsS(1.0) and S(1.2)

APPENDIX A
MODEL PARAMETERS

A.1 OPEN-CIRCUIT CHARACTERISTICS

V ref Terminal Field

Voltage (pu) | Voltage (V)
0.1 0.09833 36.154
0.2 0.19967 72.274
0.3 0.2995 108.38
0.4 0.39933 144.5
0.5 0.49917 180.62
0.6 0.599 216.73
0.7 0.69884 252.97
0.8 0.79867 288.97
0.9 0.8985 325.08
1.0 0.99834 361.2
1.1 1.0982 397.31
1.2 1.198 433.43
1.3 1.2966 718.53
1.4 1.3928 1555.5
1.5 1.4598 8734.5

Table A-2: O.C. test results for saturation pointsS(0.8) and S(1.2)

V ref Terminal Field

Voltage (pu) | Voltage (V)
0.1 0.09987 45.16
0.2 0.19975 90.33
0.3 0.29963 135.5
0.4 0.3995 180.67
0.5 0.49938 225.84
0.6 0.59926 271.01
0.7 0.69913 316.18
0.8 0.79901 361.35
0.9 0.89874 458.87
1.0 0.99834 604.97
1.1 1.0978 817.72
1.2 1.1968 1155.5
1.3 1.2951 1770.8
1.4 1.3912 3207.7
1.5 1.473 9835
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Table A-3: O.C. test results for unsaturated machia model

V ref Terminal Field
Voltage (pu) | Voltage (V)
0.1 19.554 0.09998
0.2 39.056 0.19969
0.3 58.571 0.29943
1.5 283.412 1.4982

A.2 GENERATOR PARAMETERS

Name :SM59_ FC - Synchronous Machine. 8 TACS control. TYPE 59.
Balanced steady-state. No saturation. Single mass.

Card : SOURCE

Data: Volt= Steady-state voltage magnitude ih [V

at the terminals of the machine.

Freq= The electrical frequence of the nraein [Hz]. Steady-state.
Angle= The steady-state voltage phasoreapighse A in [deg.]
Poles= Number of poles.

SMOVTP= Proporsjonality factor which is usady to split the real
power among multiple machines iraflal during initialization.

No machines in parallel: SMOVTP=1.

SMOVTQ= Proporsjonality factor which is usaaly to split the reactive
power among multiple machines irafial during initialization.

No machines in parallel: SMOVTQ=1.

Machines in parallel: Requires mdiyuaput file arranging.
RMVA= The three-phase volt-ampere ratihghe machine in [MVA].
RkV= The rated line-to-line voltage oétmachine in [kV].

AGLINE= Value of field current in [A] whiclvill produce rated
armature voltage on the d-axis.

Indirect specification of mutual uaance.

RA= Armature resistance in [pu]. RA>0!
XL= Aramture leakage reactance in [pu].
Xd= D-axis synchronous reactance in.[pu]
Xq= Q-axis synchronous reactance in.[pu]
Xd'= D-axis transient reactanse in [pul].
Xqg'= Q-axis transient reactanse in [pu].

Xd"= D-axis subtransient reactanse irj.[pu

Xqg"= Q-axis subtransient reactanse ir}.[pu

Tdo'= D-axis transient time constant ied$

Tgo'= Q-axis transient time constant &c[$
Tdo"= D-axis subtransient time constarjset.]

Tqo"= Q-axis subtransient time constarjsec.]

Xo= Zero-sequence reactance in [pu]
RN= Real part of neutral grounding imgecke [pul].
XN= Imaginary part of neutral groundingpedance [pu].
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XCAN= Canay's characteristic reactancguj.
Unknown: Use XCAN=XL.

HICO= Moment of inertia of mass.
In [million pound-feet*2] if MECHUNZ:
In [million kg-m"2] if MECHUN=1.

DSR= Speed-deviation self-damping cogffitfor mass.
T=DSR(W-WSs) where W is speed of masd Ws is synchronous speed.
In [(pound-feet)/(rad./sec)] if MECHI=0.
In [(N-m)/(rad./sec)] if MECHUN=1.

DSD= Absolute-speed self-damping coedfitifor mass.
T=DSD(W) where W is speed of mass.
In [(pound-feet)/(rad./sec)] if MECHI=0.
In [(N-m)/(rad./sec)] if MECHUN=1.

FM= <=2: Time constants based on opeuitimeassurements.
>2: Time constants based on shmtits meassurements.
MECHUN= 0: English units.
1: Metric units.
Node : OUT= Aramture node. 3-phase. Phase Al&Ang
Phase B: knj20.
Phase C: kenrd 20.

TACS1= TACS node. Type of control: 0..22.
TACS2= TACS node. Type of control: 0..22.
TACS3= TACS node. Type of control: 0..22.
TACS4= TACS node. Type of control: 0..22.
TACS5= TACS node. Type of control: 0..22.
TACS6= TACS node. Type of control: 0..22.
TACS7= TACS node. Type of control: 0..22.
TACS8= TACS node. Type of control: 0..22.

TACS nodes : Click directly on these to specijige of control.
Control type: 0= No Control.

1= D-axis armature current. Out.

2= Q-axis armature current. Out.

3= Zero-sequence armature current. Ou

4= Field winding current. Out.

5= D-axis damper current. Out.

6= current in eddy-current windingutO

7= Q-axis damper current. Out.

8= Voltage applied to d-axis. Out.

9= Voltage applied to g-axis. Out.

10= Zero-sequence voltage. Out.

11= Voltage applied to field windir@ut.

12= Total mmf in the machines air-g@pt.

13= Angle between g- and d- axis congm of mmf. Out.

14= Electromagnitic torque of the maehOut.

15= Not in use.

16= d-axis flux linkage. Out.



17= g-axis flux linkage. Out.

18= Angle mass. Out.

19= Angular velocity mass. Out.

20= Shaft torque mass. Out.

21= Field voltage. In.

22= Mechanical power. In.
RuleBook: VIII.

A.3 TACS DATA

Name :EMTP_OUT, probe for passing EMTP information to TACS.
Card : TACS
Data: Type= 90: Node voltage
91: Switch current
92: Internal variables
93: Switch status
Switch closed: Probe=1
Switch open: Probe=0
T_sta= Start time of sampling.
T_sto= Stop time of sampling.
Node : Probe= Signal passed to TACS.
RuleBook: 1lI-E-3 p. 3-15

Name:INIT_T - Initial condition of TACS objects (type 77)
Card: TACS

Data: Init: Initial value of |_node

Node: |_node: TACS variable

RuleBook: 8.5.7 p. 3.34.

Name:.MULTK, multiplication. Simplified FORTRAN statement

Card: TACS

Data: K= constant

Node: IN= Input signal. Remember the TACS probedonect to circuit.
OUT=K*IN

This component is a simplification of the more gah&ortran component in

TACS called FORTRANL1. The value kind set in the eatput window is not used.

RuleBook: llI-E-4 A)

Name :DC_01, step signal source

Card : TACS

Data : Ampl.= Amplitude of source
T_sta= Start time of source [s]
T_sto= Stop time of source [s]

Node : SOURCE= Output signal

RuleBook: lll-E-3, p. 3.14
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Name :TRANSF, general TACS Transfer function G(s).
Card : TACS
Data: Gain=Amplification factor
NO= Numerator zero order
N1= Numerator 1st order
N2= Numerator 2nd order
N3= Numerator 3rd order
N4= Numerator 4th order
N5= Numerator 5th order
N6= Numerator 6th order
N7= Numerator 7th order
DO= Denominator zero order
D1= Denominator 1st order
D2= Denominator 2nd order
D3= Denominator 3rd order
D4= Denominator 4th order
D5= Denominator 5th order
D6= Denominator 6th order
D7= Denominator 7th order
ATPDRAW determines the order of the fimmt.
Fix_Lo= Fixed lower limit
Fix_Hi= Fixed higher limit
Node : OUT= Output signal
OUT(s)=Gain*sum(inputs)*(NO+N1*s+N&*2...)/(D0+D1*s+D2*s"2...)
Dynamic limited.
IN1= Input signal
IN2="
IN3="
IN4="
IN5="
Name_ L= Name of low limit
Name_H= Name of high limit
The sign of the input is set in the nogrit window.
0= output, 1= positive, 2= negative
3= disconnected (not needed).
RuleBook: llI-E-2 p. 3-10
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A.4 LOAD DATA

Table A-4:

Load-flow results for the reduced system

From | To | Real Power| Reactive Power Bus voltage Bus voltage
bus | bus P (MW) Q (MVAr) magnitude (p.u.) | phase angle (°)
1 6 700 185 1.000 17.28
6 7 1388 133 0.963 37.35
7 L7 904 -93.4 0.940 28.61
7 8 464 27.4 0.940 28.61
8 9 452 -65.4 0.928 13.93
9 L9 1727 -244 0.950 -4.6
10 9 1305 78.9 0.969 8.19
3 10 614 109 1.000 -11.9
Table A-5: Constant impedance load data for the redced system
Bus Real Power Reactive Power Reactive Power Supplied
PL(MW) | RL(Q) | Qu(MVAN) | X (Q) | Qc(MVAr) |Bc(uMho)
7 967 48.33 100 467.42 200 4278.76
9 1767 27.018 100 477.42 350 7331.0
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APPENDIX B
RESULTS

B.1 SINGLE MACHINE SYSTEM BENCHMARKING
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Table B-1: Steady state rotor angle (in degree)

Case no. CASES ATP PSS/E % Difference
1b WITH CONSTANT EFD 64.377 64.330 0.07 %
1c WITH AVR 64.487 64.330 0.24 %
la WITH AVR AND PSS 64.487 64.330 0.24 %
1d WITH AVR, PSS & GOV | 64.500 64.330 0.26 %
le WITH SATURATION 62.291 62.984 1.10 %
1f WITH RA 64.427 N/A N/A
2a 3-PHASE BUS FAULT 64.451 64.330 0.18 %
2b LG FAULT 70.784 70.840 0.07 %
2d LL FAULT 70.784 N/A N/A
2c LLG FAULT 70.784 70.840 0.07 %
Table B-2: Peak of first swing of rotor angle (degee)
CASES ATP (p.u) | PSS/E (p.u) % Difference
WITH CONSTANT EFD 1.0370 1.0900 4.86 %
WITH AVR 1.0477 1.0635 1.48 %
WITH AVR AND PSS 1.0705 1.0700 0.04 %
WITH AVR, PSS & GOV 1.0680 1.0698 0.16 %
WITH SATURATION 1.0702 1.0751 0.45 %
WITH RA 1.0680 N/A N/A
3-PHASE BUS FAULT 1.0632 1.0712 0.74 %
LG FAULT 1.0120 1.0398 2.67 %
LL FAULT 1.0469 N/A N/A
LLG FAULT 1.0127 1.0603 4.48 %
Table B-3: Frequency of rotor angle oscillations (i)
Case no. %
CASES ATP PSS/E | Difference
1b | WITH CONSTANT EFD 0.9226 0.9230 0.03%
1c| WITH AVR 1.1033 1.0700 3.11%
la| WITH AVR AND PSS 1.0399 1.0340 0.57 %
1d | WITH AVR, PSS & GOV 1.0859 1.0900 0.37%
le| WITH SATURATION 1.0535 1.0434 0.96 %
1f | WITH RA 1.0467 N/A N/A
2a| 3-PHASE BUS FAULT 1.0376 1.0340 0.34 %
2b| LG FAULT 1.0121 1.0256 1.31 %
2d | LL FAULT 1.0125 N/A N/A
2c| LLG FAULT 1.0119 1.0256 1.33 %
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Table B-4: Steady-state terminal voltage (p.u)

Case no. %
CASES ATP | PSS/E| Difference
1b | WITH CONSTANT
EFD 1.0205 1.02 0.05 %
1c| WITH AVR 1.0205 1.02 0.05 %
la| WITH AVR AND PSS | 1.0205 1.02 0.05 %
1d | WITH AVR, PSS &
GOV 1.0205 1.02 0.05 %
le| WITH SATURATION 1.0205 1.02 0.05 %
1f | WITH RA 1.0205 N/A N/A
2a| 3-PHASE BUS FAULT| 1.0205 1.02 0.05 %
2b| LG FAULT 1.0205 1.02 0.05 %
2d | LL FAULT 1.0205 N/A N/A
2c| LLG FAULT 1.0205 1.02 0.05 %
Table B-5: Settling time of terminal voltage (s)
Case no. %
CASES ATP (s)| PSSIE (s) Difference
1b | WITH CONSTANT EFD N/A N/A N/A
1c| WITH AVR N/A N/A N/A
la| WITH AVR AND PSS 2.4837 2.4830 0.02
1d | WITH AVR, PSS & GOV 2.9631 2.9570 0.20 %
le| WITH SATURATION 2.4187 2.4180 0.02 %
1f | WITH RA 2.8400 N/A N/A
2a| 3-PHASE BUS FAULT 2.4187 2.4180 0.02 %
2b| LG FAULT 1.5076 1.5060 0.10 %
2d | LL FAULT 2.0065 N/A N/A
2c| LLG FAULT 2.2234 2.2200 0.15%
Table B-6: Frequency of terminal voltage oscillatias (Hz)
Case no. %
CASES ATP PSS/E Difference
1b | WITH CONSTANT EFD 0.9433 1.0169 7.23%
1c| WITH AVR 1.0695 1.0670 0.23%
la| WITH AVR AND PSS 1.0363 1.0390 0.25 %
1d | WITH AVR, PSS & GOV 1.0714 1.0850 1.25 %
le| WITH SATURATION 1.0652 1.0670 0.16 %
1f | WITH RA 1.0412 N/A N/A
2a| 3-PHASE BUS FAULT 1.0342 1.0250 0.89 %
2b| LG FAULT 1.0202 1.0274 0.70 %
2d | LL FAULT 1.0151 N/A N/A
2c | LLG FAULT 1.0027 1.0100 0.72 %
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B.2 TWO-AREA SYSTEM BENCHMARKING

Eotor angle (degree)

Table B-7: Steady-state power flow between Areal dmrea 2

ATP PSS/E

CASES (MW) (MW) % Difference
Fault in line 6-7, origina
system 200.71 200.7 0.004 %
Fault in line 11-9, original
system 200.71 200.7 0.004 %
Fault in line 6-7, reduced
system 203.68 203.68 0
Fault in line 11-9, reduced
system 203.68 203.68 0
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250 -
200 - ot o
150 I Pl LA

FAS PR

100 )y__ o
&0
CASECE pld 540G 1
factors:
offsets; =40
CASECT pld: 548G 1
factores: V[ Three-phase fault
offsets; =40
CASECT pld: 24:4NG 1 - - - -LLG fault
factars: — - -LL fault
offsets; =40
CASECS pld: 244G 1 —LG fault
factors:
offsets; =40

Figure B.11: Rotor angles of G1 for faults in Aredl (Case 3a, ¢, d, and e)
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Eotor angle (degree)
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Figure B.12: Rotor angles of G4 for faults in Areal (Case 3a, ¢, d, and €)

Table B-8: Frequency of power flow between Area 1ral Area 2

ATP PSS/E

CASES (Hz) (Hz) % Difference
Fault in line 6-7, origina
system 0.5679 0.5505 3.16 %
Fault in line 11-9, original
system 0.5987 0.5917 1.18 %
Fault in line 6-7, reduced
system 0.5347 0.5555 3.74 %
Fault in line 11-9, reduced
system 0.5917 0.5987 1.16 %
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Tertrinal Voltage (pou.)

Eotor angle (degree)
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Figure B.13: Terminal Voltage of G3 for faults in Area 1 (Case 3a, ¢, d, and e)
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APPENDIX C
PROGRAM FILES

C.1 MATLAB PROGRAM

% PROGRAM TO FIND AVERAGE POWER FROM INSTANTANEOUS POWER

% intialization of varibles
k=1;
m=1;
n=0.01,
% loop for 10 seconds. number loops indicate number of
points in the plot
for i=1:995
Pa=0;
% store sum of phase 'a' power
Pb=0;
% store sum of phase 'b' power
Pc=0;
% store sum of phase ‘c' power
% loop to find power for each points in plot
for j=k:k+200
% instantaneous phase 'a' power
Pa=Pa+vX0022aX0120a());
% instantaneous phase 'b' power
Pb=Pb+vX0022bX0120b(j);
% instantaneous phase 'c' power
Pc=Pc+vX0022cX0120c());
end
Power(m)=(Pa+Pb+Pc)/(201);
% average power
Time(m)=n;
% time - x axis
n=n+0.01;
m=m+1;
k=k+201;
end
% loop to convert row vector to column vector
for i=1:995
powerl(i,1)=(Power(1,i)/1000000); % in MW
timel(i,1)=Time(1,i);
end
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C.2 ATP SAMPLE INPUT DATA CASE

C.2.1 Saturated single machine system with three-phase line fault

BEGIN NEW DATA CASE
C o e
C Generated by ATPDRAW May, Friday 26, 2006
C A Bonneville Power Administration program
C Programmed by H. K. Hgidalen at SEfAS - NORWAY42005
C o e
POWER FREQUENCY 60.
C dT >< Tmax >< Xopt >< Copt >

.0001 10. 60. 60.

500 1 1 1 1 -10 1 0
0 0 0 0 0 00 0

TACS HYBRID

ITACS

90X0001C 1.E3
90X0001A 1.E3
90X0001B 1.E3

98XX0053 = X0001A * X0001A
98XX0051 = X0001B * X0001B
98XX0052 = X0001C * X0001C
98XX0011 = XX0052 + XX0051
98XX0012 = SQRT( XX0054 )
98XX0054 = XX0011 + XX0053
98XX0013 = 5.E-5* XX0012
1XX0014 +XX0013 1,
1.
1. .015
11XX0021 1.0221666 1.E3
98XX0056 = XX0022 + XX0021
98XX0022 = XX0024 - XX0014
98XX0025 = 600. * XX0056
98XX0026 = 0.0027 * XX0002

92XX0002 1.E3
11XX0027  1.0179 1.E3
1XX0023 +XX0055 9.5
1.41

1. 141
1XX0024 +XX0023 1. -2 2

1. 154

1. .033
0XX0040 +XX0025 1.-12.8 14.
98XX0055 = XX0026 - XX0027
33XX0013
33XX0040
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77XX0014 1.

77XX0023

77XX0024

77XX0002 377.

77XX0040 1.

C 1 2 3 4 5 6 7 8

C
3456789012345678901234567890123456789012345678953239012345678901234
567890

/BRANCH

C <n1><n 2><refl><ref2><R ><L ><C >

C < n1><n 2><refl><ref2>< R >< A ><B ><Lengs<>0

1 X0010AX0057A 0.0 0.4 0.0

2 X0010BX0057B 0.0 0.16 0.0 0m4 0.0

3 X0010CX0057C 0.0 0.16 0.0 ©a6 0.0 0.0 04 0.0
1 X0001AX0049A 0.0 0.06 0.0

2 X0001BX0049B 0.0 0.0 0.0 @6 0.0

3 X0001CX0049C 0.0 0.0 0.0 00O 0.0 0.0 0.06 0.0
1 X0049AX0050A 0.0 04 0.0

2 X0049BX0050B 0.0 0.16 0.0 0m4 0.0

3 X0049CX0050C 0.0 0.16 0.0 ©®a6 0.0 0.0 0.4 0.0
1 X0050AX0009A 0.0 0.04 0.0

2 X0050BX0009B 0.0 0.0 0.0 @®m4 0.0

3 X0050CX0009C 0.0 0.0 0.0 00O 0.0 0.0 0.04 0.0
X0047AX0010A 3 0
X0047BX0010B 3 0
X0047CX0010C 3 0
X0048AX0050A 3 0
X0048BX0050B 3 0
X0048CX0050C 3 0

X0010A 1.E8 0

X0010B 1.E8 0

X0010C 1.E8 0

X0010A 1.E8 0

X0010B 1.E8 0

X0010C 1.E8 0

/SWITCH

C <n1><n2><Tclose ><Top/Tde >< le ><V{/CRG< type >
X0010A 5. 5.09 1

X0010B 5. 5.09 1

X0010C 5. 5.09 1

X0049AX0010A 5.1 100.
X0049BX0010B 5.1 100.
X0049CX0010C 5.1 100.
X0057AX0050A 5.1 100.
X0057BX0050B 5.1 100.

PR PFRPRP R

113



X0057CX0050C 5.1 100. 1
X0049AX0010A -1.  5.07 1
X0049BX0010B -1.  5.07 1
X0049CX0010C -1.  5.07 1
XO0049AX0047A -1. 5.075 1
X0049BX0047B -1.  5.075 1
X0049CX0047C -1. 5.075 1
X0057AX0050A -1.  5.07 1
X0057BX0050B -1.  5.07 1
X0057CX0050C -1.  5.07 1
X0057AX0048A -1. 5.075 1
X0057BX0048B -1.  5.075 1
X0057CX0048C -1. 5.075 1

/ISOURCE

C <n1><><Ampl. ><Freq. ><Phase/T0O>< Al 3Kl ><TSTART ><TSTOP >
14X0009A 0 14710.16 60. -1.  1E3

14X0009B 0 14710.16 60. -120. -1.  1.E3

14X0009C 0 14710.16 60. 120. -1.  1.E3

59X0001A 16329.9 60. 28.34

X0001B

X0001C

PARAMETER FITTING 3.

1112 1. 1. 1000. 20186.5 186.5 1399.1
1. 1.2 1. 1.2186.5 186.5 1399.1
A5 181 1.76 .3.65 .25 .25
8. 1. .03 .07 1.E-6 15
1 1.0 .049281 50.
BLANK
11
21
31
41
51
BLANK
74XX0002 2
71XX0040
FINISH
/OUTPUT
BLANK TACS
BLANK BRANCH
BLANK SWITCH
BLANK SOURCE
BLANK OUTPUT
BLANK PLOT
BEGIN NEW DATA CASE
BLANK
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C.2.2 Two-area system with a thee-phase line fault in line 6-7

BEGIN NEW DATA CASE

C oo

C Generated by ATPDRAW May, Thursday 25, 2006

C A Bonneville Power Administration program
C Programmed by H. K. Hgidalen at SEfAS - NORWAY42005

C oo

POWER FREQUENCY

C dT >< Tmax >< Xopt >< Copt >

5.E-5 10. 60. 60.

500 1 1 1 1
0 0 0 0 0

TACS HYBRID
ITACS
90X0001C
90X0001A
90X0001B
98XX0216 = X0001A * XO0001A
98XX0214 = X0001B * X0001B
98XX0215 = X0001C * X0001C
98XX0042 = XX0215 + XX0214
98XX0043 = SQRT( XX0217)
98XX0217 = XX0042 + XX0216
98XX0044 = 5.E-5* XX0043
90X0004C
90X0004A
90X0004B
98XX0220 = X0004A * XO0004A
98XX0218 = X0004B * X0004B
98XX0219 = X0004C * X0004C
98XX0045 = XX0219 + XX0218
98XX0046 = SQRT( XX0221)
98XX0221 = XX0045 + XX0220
98XX0047 = 5.E-5* XX0046
90X0005A
90X0005C
90X0005B
98XX0224 = X0005C * X0005C
98XX0222 = X0005B * X0005B
98XX0223 = X0005A * X0005A
98XX0048 = XX0223 + XX0222
98XX0049 = SQRT( XX0225)
98XX0225 = XX0048 + XX0224
98XX0050 = 5.E-5* XX0049
90X0006A
90X0006C

1.E3
1.E3
1.E3

1.E3
1.E3
1.E3

1.E3
1.E3
1.E3

1.E3
1.E3
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90X0006B

98XX0228 = X0006C * X0006C
98XX0226 = X0006B * X0006B
98XX0227 = X0006A * XO006A
98XX0051 = XX0227 + XX0226
98XX0052 = SQRT( XX0229 )
98XX0229 = XX0051 + XX0228
98XX0053 = 5.E-5* XX0052
1XX0054 +XX0044

1.

1. .015
0XX0055 +XX0064
11XX0069 1.0071
98XX0064 = XX0070 + XX0069
98XX0070 = XX0155 - XX0054
98XX0071 = 500. * XX0055
0XX0072 +XX0071
1XX0079 +XX0047

1.

1. .015
0XX0080 +XX0089

11XX0094  1.0467
98XX0089 = XX0095 + XX0094
98XX0095 = XX0169 - XX0079
98XX0096 = 500. * XX0080

0XX0097 +XX0096

1XX0104 +XX00501.
1.
1. .015

0XX0105 +XX0114

11XX0119 1.002

98XX0114 = XX0120 + XX0119
98XX0120 = XX0183 - XX0104
98XX0121 = 500. * XX0105

0XX0122 +XX0121

1XX0129 +XX00531.
1.
1. .015

0XX0130 +XX0139

11XX0144  1.0501

98XX0139 = XX0145 + XX0144
98XX0145 = XX0198 - XX0129
98XX0146 = 500. * XX0130
0XX0147 +XX0146
98XX0156 =0.0027 * XX0032
11XX0231  1.0179

-12.8

-12.8

-12.8

1.E3

1.E3
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1XX0154
141
1. 141
1XX0155
1. .154
1. .033
92XX0008
92XX0032
98XX0170 =0.0027 * XX0008
11XX0232  1.0179
1XX0168 +XX0170
141
1. 141
1XX0169
1. 154
1. .033
92XX0184
98XX0185 =0.0027 * XX0184
11XX0230 1.0179
1XX0182 +XX0185
1.41
1. 141
1XX0183
1. 154
1. .033
92XX0199
98XX0200 =0.0027 * XX0199
11XX0233 1.0179
1XX0197 +XX0200
141
1. 141
1XX0198
1. .154
1. .033
33XX0044
33XX0047
33XX0050
33XX0053
33XX0072
33XX0097
33XX0122
33XX0147
77XX0054 1.
77XX0055 .0025
77XX0072 1.
77XX0079

+XX0156

+XX0154

+XX0168

+XX0182

+XX0197

=

-XX02319.5

1. -2

-XX02329.5

1. -2

-XX02309.5

1. -2

-XX02339.5

1. -2

2

1.E3
1.E3

1.E3

1.E3

1.E3

1.E3

1.E3

2
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77XX0080
77XX0097
77XX0104
77XX0105
77XX0122
77XX0129
77XX0130
77XX0147
77XX0154
77XX0155
77XX0032
77XX0168
77XX0169
77XX0008
77XX0182
77XX0183
77XX0184
77XX0197
77XX0198
77XX0199
C 1 2
C

3456789012345678901234567890123456789012345678453289012345678901234

567890
/BRANCH

C <n 1><n 2><refl><ref2>< R ><L ><C >
C < n 1><n 2><refl><ref2>< R >< A ><B ><Leng><>0

X0002C
X0002C
X0002B
X0002B
X0002A
X0002A
X0002C
X0002B
X0002A
X0003C
X0003C
X0003B
X0003B
X0003A
XO0003A
X0003C
X0003B
X0003A

377.

377.

377.

377.

3 4 5

1 X0027AX0212A

53.15
3891.2
53.15
3891.2
53.15
3891.2
513.97
513.97
513.97
29.85
6634.8
29.85
6634.8
29.85
6634.8
527.52
527.52
527.52

1.322513.225 82.7

0

000000 CPco0co0o®oo
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2 X0027BX0212B
3 X0027CX0212C
1 X0213AX0030A
2 X0213BX0030B
3 X0213CX0030C
1 X0039AX0040A
2 X0039BX0040B
3 X0039CX0040C
1 XO0003AX0213A
2 X0003BX0213B
3 X0003CX0213C
1 X0002AX0041A
2 X0002BX0041B
3 X0002CX0041C
1 X0234AX0003A
2 X0234BX0003B
3 X0234CX0003C
1 X0234AX0003A
2 X0234BX0003B
3 X0234CX0003C
1 X0002AX0041A
2 X0002BX0041B

0.0 0.0 0.01.3222P5 82.7

0.0 0.0 0.0 0000 0.01.322513.225 82.7
1.322513.225 82.7

0.0 0.0 0.01.3222P5 82.7

0.0 0.0 0.0 0000 0.01.322513.225 82.7
0.529 5.29 33.08

0.0 0.0 0.00.5229 33.08

0.0 0.0 0.0 0000 0.00.529 5.29 33.08
0.529 5.29 33.08

0.0 0.0 0.00.5229 33.08

0.0 0.0 0.0 0000 0.00.529 5.29 33.08
5.819 58.19363.88

0.0 0.0 0.05.8819363.88

0.0 0.0 0.0 0000 0.05.81958.19363.88
5.819 58.19363.88

0.0 0.0 0.05.85819363.88

0.0 0.0 0.0 0000 0.05.81958.19363.88
5.819 58.19363.88

0.0 0.0 0.05.8819363.88

0.0 0.0 0.0 0000 0.05.81958.19363.88
5.819 58.19363.88

0.0 0.0 0.05.85819363.88

3 X0002CX0041C 0.0 0.0 0.0 0000 0.05.81958.19363.88
X0004AX0028A .06667 0
X0004BX0028B .06667 0
X0004CX0028C .06667 0
X0005AX0029A .06667 0
X0005BX0029B .06667 0
X0005CX0029C .06667 0
X0006AX0031A .06667 0
X0006BX0031B .06667 0
X0006CX0031C .06667 0
X0001AX0026A .06667 0
X0001BX0026B .06667 0
X0001CX0026C .06667 0

/ISWITCH

C <n1><n2><Tclose ><Top/Tde >< le ><VI{/CRG< type >
X0039A 5. 5.08 0
X0039B 5. 5.08 0
X0039C 5. 5.08 0
X0212AX0039A 1. 5.07 0
X0212BX0039B -1.  5.07 0
X0212CX0039C 1. 5.07 0
X0040AX0002A -1.  5.07 0
X0040BX0002B 1. 5.07 0
X0040CX0002C -1.  5.07 0
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X0212AX0039A 5.1 100.
X0212BX0039B 5.1 100.
X0212CX0039C 5.1 100.
X0040AX0002A 5.1 100.
X0040BX0002B 5.1 100.
X0040CX0002C 5.1 100.
X0041AX0234A -1, 1.E3
X0041BX0234B -1.  1.E3
X0041CX0234C -1.  1.E3
/ISOURCE
C <n1><><Ampl. ><Freq. ><Phase/T0O>< Al 3Kl ><TSTART ><TSTOP >
14X0026A  1.E-20 60. -1. 10.
18 .0869565X0027A
14X0026B  1.E-20 60. -1. 10.
18 .0869565X0027B
14X0026C  1.E-20 60. -1. 10.
18 .0869565X0027C
14X0028A  1.E-20 60. -1. 10.
18 .0869565X0212A
14X0028B  1.E-20 60. -1. 10.
18 .0869565X0212B
14X0028C  1.E-20 60. -1. 10.
18 .0869565X0212C
14X0029A  1.E-20 60. -1. 10.
18 .0869565X0030A
14X0029B  1.E-20 60. -1. 10.
18 .0869565X0030B
14X0029C  1.E-20 60. -1. 10.
18 .0869565X0030C
14X0031A  1.E-20 60. -1. 10.
18 .0869565X0213A
14X0031B  1.E-20 60. -1. 10.
18 .0869565X0213B
14X0031C  1.E-20 60. -1. 10.
18 .0869565X0213C
59X0004A 17059.87 60. 9.06
X0004B
X0004C
PARAMETER FITTING 3.
1112 1. 1. 900. 20.1.E3
BLANK
.0025 2 1.8 1.7 .3.55 .25 .25
8. 4 .03 .05 2 2
1 1.0 .08237 50.
BLANK
11

AP PRAPNOOOoOOOO
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21
31
41
51
BLANK
74XX0008 2
71XX0097
FINISH
59X0006A 17115.39
X0006B
X0006C
PARAMETER FITTING
1112 1. 1.
BLANK

.0025 2 1.8

8. 4 .03

1 1.0 .07825
BLANK
11
21
31
41
51
BLANK
74XX0199 2
71XX0147
FINISH
59X0005A
X0005B
X0005C
PARAMETER FITTING
1112 1. 1.
BLANK

.0025 2 1.8

8. 4 .03

1 1.0 .07825
BLANK
11
21
31
41
51
BLANK
74XX0184 2
71XX0122
FINISH

16329.9

60.

900.

1.7

.05

900.

1.7

.05

-16.95

3.

20.1.E3

2

20.1.E3

2

.3.55

.3.55

50.

50.

.25

.25

.25

.25
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59X0001A 16413.21 60. 194
X0001B
X0001C
PARAMETER FITTING 3.
1112 1. 1. 900. 20.1.E3
BLANK
.0025 2 1.8 1.7 .3.55 .25 .25
8. 4 .03 .05 2 2
1 1.0 .08237 50.
BLANK
11
21
31
41
51
BLANK
74XX0032 2
71XX0072
FINISH
/OUTPUT
X0002AX0002BX0002CX0001AX0001BX0001CX0003AX0003BXDO3C
BLANK TACS
BLANK BRANCH
BLANK SWITCH
BLANK SOURCE
BLANK OUTPUT
BLANK PLOT
BEGIN NEW DATA CASE
BLANK
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