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Abstract--This paper presents the application of a parametc
study to simulate and analyze transient phenomendaéat occur on
the power network. These phenomena have a randonature in
their location and duration. In addition, the model parameters of
the network are not known with certainty. A paramdric analysis
allows the user to simulate multiple network configrations from
the same base case, apply contingencies, change Itwation and
time of fault applications to cover different distubances that can
occur in all possible operations of existing and ture power
networks in order to determine statistically the castraints to
which the equipment is subjected. Thus, parametricanalysis
allows for greater accuracy in the analysis of eqpiment
constraints and better risk management in the spefication of the
requirements, resulting in a significant cost optinzation. A
methodology and a parametric tool developed in thEMTP-RV
environment is also presented.
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applications to cover different disturbances that occur in
all possible operations of existing and future posystems in
order to determine statistically the constraintswioich the
equipment is subject. Thus, parametric analysisdymes
greater accuracy in the analysis of constraintst tine
equipment undergoes and a possible reduction in
equipment requirements and specifications. Since simple
to re-run all the modification sets using a newebease, it is
also a powerful time-saving tool, especially inrplang when
future networks are subject to change.

This paper presents a methodology and a parantetic
developed in the EMTP-RV environment that allows tiser
to automatically change the parameters or valuesetfiork
elements or apply contingency scenarios by changirgy
network topology (connection change between elesheartd
by applying changes to the network status (insefdieletion

simulations,  Statistics, Impedance locus, Contingeres,
Democratization of “Batch simulation”, Efficient tool of elemgnts). In ordgr to rgspond to the networkniper
developing the strategic studies, the tool has eoable to
I. INTRODUCTION launch thousands of simulations of a very largevost in
. . . . order to capture the transient phenomena in the reatistic
arametric studies play an important role in th

development and design of an equipment deploym
project on the electric grid. They can simulatam@é number
of cases for studying contingency scenarios anid éfiect on
the grid. Changes in a base case can affect bethatameters
of EMTP elements and the network topology by ingigdand
excluding certain items or changing connectionsatiSical-
analysis modules included in the electromagnetamdient
software are part of parametric studies. They arsighed
traditionally to generate random switching timinder
estimating the worst overvoltage conditions, foaraple. A
set of defined parameters may be disturbed usiegfiprules
of random numbers to perform parametric studies revh
simulations are executed for each set of paramudepgesent
an ensemble of results subjected to various amalygiions
and optimizations [1, 2, 3].

This paper describes the application of a paramsttidy
to simulate and analyze transient phenomena titatr @n the

power network. These phenomena have a randomenatur
the nhod

their location and duration. Furthermore,
parameters of the network are not known with cetyai A
parametric analysis allows the user to simulate tipial

§ituation. To meet this requirement efficientllye ttool was
edgsigned to exploit the parallel architecture of thodern
computer and developed in a 64-bit mode to hartiidarge
number of results generated.
developed to facilitate data mining of the resthitt can bring
to light some of the network behaviors not easgdtect. In
this paper, the tool is applied to the study of nihamic
distortion in the power network. The harmonic adpnce
loci describe the frequency behavior of the netwarder
different operating conditions. This data is pr&dd by
utilities to their industrial customers and mantfiaers
enabling them to perform harmonic studies in order
Semonstrate that the installations meet the harmemiission
limits imposed by the utilities and to design fitef required.
To enable an adequate design of third-party faslita
large number of simulations need to be performethe
proposed tool therefore provides the user withdption to
sweep a range of frequencies around those of sitererder
to consider the incertitude about the value of elets such as
?emperature variation, tap changer position, ornggbf
components. For example, optimization of the design
harmonic filters in an HVDC installation has to eater up to

netV\{ork cgnfigurations from the. same basg caselyapp fey thousand configurations in order to represghthe
contingencies, change the position and time of tf"’“'&)pologies (possibility of switching capacitors ithe
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surrounding area, different load scenarios, coetiicges, etc.).
This new tool is a major improvement to the erigti
EMT simulation environment in terms of democraii@atof
batch simulations. It is easy to use, very inteitand does not
require any special software skills from the endrsisi.e. no
code-writing is required. Sensitivity and continggrstudies,

the

Analysis tools arso al



or even a combination of both, are done througraphjc user COM services to provide access to all the netwarkiabs,
interface. Results of batch simulations can betgibton a signals and connections defined in EMTPWorks. Tbker
desired graph by the user and the tool has a gesgbnse up starts by selecting the devices to which the pataene
to millions of points. Users can then easily idgnthe limit variations have to apply. Once all the scenarresdefined,
scenarios by inspecting the displayed resultspglsi mouse- Parametric Studio uses the COM services to gendhate
click on the worst curve will identify all the dédta of the netlist files. Those files are submitted to thedRsetric Study
corresponding scenario. The main goal is to take of the Launcher to be sequenced in the queue of the parallel
software issues and leave the end-user to conterdrathe process. Each netlist file is then launched usiagallel
design engineering. threads for the EMTP-RV engifff]. The parallel threads
extract the simulation results and perform sta@tanalyses
Il. SOFTWAREARCHITECTURE for different variables (max., min., abs., etc.).
The simulation environment formed by the graphicsér
interfaces (GUIs) EMTPWorks and EMTP-RV establishes Parametric Studio

higher level of capabilities in the simulation afrge-scale M Graphica Inteface
electrical networks. It is possible to design, dmer and Prstihols Scenario Defnition EMTPWorks
Parameter Variation EMTP Design

rapidly visualize large complex systems reducinge th

engineering and development time and allowing ndetailed A Netiist
studies of the complex phenomena of power systensitnts. A File
EMTPWorks is designed to efficiently create andmtain
. . Parametric Study Launcher
small circuits as well as very large-scale netwotk$ias an
open architecture for maximized user configurapilitom
basic user-defined model assemblies to more addasugt- —
. . x Process n
based programming. EMTPWorks offers script methfms 4 4
simple data management tasks to more advanced tobjec _
attribute settings, library functions and netwogvide symbol T Saton
redrawing and updating. The data for each dewapécified EMIERY eee L ENTRRV
using the HTML web interface. Device data web pacgs Results —
reside on the user's computer or anywhere on the Whe »| Extaction R
script source code of all device data managemaenttifans is Statistical Statistical
available to the user. EMTPWorks has automatic isciic Analysis Analysis

creation methods with unlimited levels of hierarchytg 1 parametric Studio Architecture
Subcircuit masking options can accommodate user

programming from simple data statements to morept&n  The Parametric Studio software can perform any type
scripts and data capture panels. Scripts can loeussd to parametric-study variation: data, connection aratus{ and
launch calls to ActiveX objects or to programs teddn other the user may define multiple nesting levels of ¢heariations.

environments. The four types of EMTP study, namely steady-stiatag-
Parametric Studio is grafted onto the EMTPWorks/EMT flow, transient and frequency scan, that do notuireq
RV simulation environment. It interacts with theslaborate post-processing can be defined using btsic

EMTPWorks script engine through COM (Component ©bjeelements provided by the GUI.
Model) calls in order to apply the modification f@ach  Specialized studies such as harmonic analysis, Stlicies,
scenario. The scenarios are later simulated iallgausing etc. will also be performed. These particular stadise the
the EMTP-RV engine. results generated from the different simulationsd aare

Figure 1 presents the general architecture of &remetric performed using the Parametric Analysis g}, Local and
studio. The main module “Parametric Stu allows the global processing, as well as the generation oplgaand
user to define and launch parametric studies usipgports, are predefined for these specialized ssudi
EMTPWorks while the main graphical window makes it
possible to: lIl. PARALLEL SIMULATION ENVIRONMENT

* Selectabase case The traditional parametric and statistical stugiesformed

* Define contingency scenarios to be applied t0 thging off-line simulation tools [4, 5] are mainlgquential and
base case (parametric variations: data, connectiqs not henefit from the number of cores availame/adays.

and status changes) Performing parametric studies with real-time siniis [6, 7]
* Generate the scenario files using EMTPWorkgse a different paradigm based on the fact thaktirea

services simulation can run continuously for a long perio@ihus the
« Submit the generated scenarios to the simulatigifferent variation scenarios are applied succesgiusing the

launcher same setup. The user has to ensure that the sionutaaches

the steady-state regime before launching a newasicen
Parametric Studio interacts with EMTPWorje using



Parametric Studio was developed using the .Netdvaonk
and thus uses the latest parallel technologiesladlai to
launch the simulation and treat the results in IRAnasing the
concept of Task provided in the parallel Task Ralralibrary
(TPL).
dynamically to make the most efficient use of dflet
processors that are available. In addition, the ii&dles the
partitioning of the work, the scheduling of threaols the
ThreadPool, cancellation support, state managerardtpther
low-level details [8, 9]. This makes it possible write a
robust code giving the users the ability to conth@ number
of threads to be used, start jobs in parallel afdly interrupt
and cancel their jobs.

As much as launching all the scenarios in par&lejuite
challenging, treating the results and presentingfulls
information to the user is equally challenging.ohder to treat

the large amount of data provided from the multiple

simulation, the Parametric Analysis tool providepaaverful
means of visualization based on the Arction Lighg@hart
visualization package [10]. This package providdsill 64-
bit support that smoothly renders the huge amosetgral
millions) of data obtained from the multiple sceasy and
remains very responsive to user interaction, zognpanning
and resizing.

IV. PRACTICAL SIMULATION CASES

The Parametric Studio software can perform any type
parametric study. Generic studies such as steadly;dbad-
flow, transient and frequency scans can be perfdriide
post-processing tools provided with the softwardoval
extraction of the output signals and provide sorast-pand
global processing to establish some performanterieri

Specialized studies such as Harmonic Analysis, TaiR,
can also be performed. These studies require $pawdysis,
available in the Parametric Analysis tool, whichoak
definition of the root loci for harmonic analysitudies, for
example, calculation of the energy consumed byathesters,
etc. Local and global processing, as well as theeiggion of
graphs and automatized reports, are predefinedtiese
specialized studies.

A. Seady-state

This case uses Parametric Studio to simulate arty she
influence of the inter-circuit mutual coupling of double-
circuit line and the errors for single-phase ancedkphase
short circuits introduced in distance protectionasweements
when the two circuits are connected in paralleistéhce relay

1

3 ®)

Ky *(Zo/Z,— 1)

is the residual compensation signal for groundtfandasuring

The TPL scales the degree of concurrengements which take into account the differencevben the

zero- and positive-sequence impedances.

Figure 2 shows a ground fault on a double-circuit
transmission line interconnected at both ends. Tdtal
current in the fault is subdivided between the tiwes, giving
an induced voltage in one circuit due to the musegjuence
current flow in the adjacent circuit. This will fa€t the
behavior of the distance relay and introduce aadist
measurement error and since the two lines act asmntu
divider.

X1 X2

short circuit impedance no2

short circuit impedance nol

Fig. 2 Ground fault on a double-circuit line.

For a double line and if the fault is in the middfethe line,
the relay on the left side is supposed to meaheddault at
0.5*X1 but the actual impedance excluding the seurc
impedance will be

(X +2X;)

Z =X ——o~ 4
fault 1 * 2 x (Xl +X2) ( )
and at the mid lineX; = X, ,
3
Zfquie = 2 * Xy ®)

To study the impact of this error, a parametricdgtis
performed in steady-state and the fault locatiovaised from
one extremity of the line to the other with a 2%rament,
creating 50 scenarios in total. Parametric Stedimacts the
magnitude and phase result of the voltage, theentiand the
transmitted power for all the scenarios and pravidecsv
export for further treatment and calculation of thee
impedance.

Figure 3 shows the impedance seen by the distatagsr
at both ends, 1 and 2. The two straight lineseasgmt the
ideal linear impedance when source 1 has an impedah
1000 MVA and source 2 has an impedance of 5000 MVA.
The double-circuit line is 50 km long with the fmling
sequence impedancest; = 0.374 Q/km, X, =
1.32 Q/km and X,,,, = 0.83 Q/km .

It is clear from Figure 3 that the error introducedthe
measurement of the impedance and, thus, the destaas a

impedance measurements are based on the followifinite impact on the relay operation. For examjl the

equations [11]:

VA

— Vphase/
phase Iphase + 3KOIO) (1)

where
Iy=3*(,+1,+1,)
is the zero-sequence current and

)

relay is set to cover 80% of the line, the impedaat that
distance is 8Q but, when the fault occurs, the distance
covered by the 8 is only 40% of the line distance.



Fault impedance (ohm)

Fault impedance location (%)

Fig. 3 Impedance viewed by the relays. No jumper.

To mitigate this problem, reference [11] proposes
parallel-line compensation scheme which will eliata the
error only on the faulted circuit (lower circuit Fig. 2). The
permanent solution consists in adding jumpers batwihe
lines at the maximum-error locations. This is &rative
process which consists in repeating the paramst@narios
with the modified circuit. The best solution in ghcase
requires three jumpers which minimize the erroa¢oeptable
levels, as shown in Figure 4.
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Fig. 4 Impedance view by the relays using threepjers

For a single fault and with similar jumper locatorthe
zero-sequence current expressed with tBE,l, term
introduces another error, as shown in Figure 5.
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Single phase fault impedance (ohm)

Fault impedance location (%)

Fig. 5 Impedance of single-phase fault viewed bg tklays using three
jumpers

B. Timedomain

The next example demonstrates the use of Parametric

Studio to study an auto-excitation case on the ¢estit of
Figure 6.

Small machine

o,

Jmr)
)

[ =
o Longline
Fault Transformer © 100 km

Load Variation

Iﬁg. 6 Auto-excitation circuit test

Auto-excitation occurs when a fault appears at the

transformer end. After clearing the fault, the rgyetrapped
in the 100-km line will auto-excite the small mauhi (4
MVA) that is connected. If the field current reasteero, the
60-Hz resonance between the capacitance of theatidethe
reactance of the machine could become uncontrellabt the
voltage level could go beyond 2 p.u. Other paransgtave to
be assessed in this type of study: the variatich@fexcitation
system response and the load variation connectéetéine.
Figure 7 represents the sensitivity of the fieldrent when the
load connected to the long line varies from 0 N6 MW.
In this case, the auto-excitation appears wheriaae is less
than 2 MW. To eliminate this problem, it is ne@gso order
the dismantling of the network by opening first threaker of
the machine and then the breaker of the faultetstoamer.
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Fig. 7 Field current of the machine for 21 loaduesl from 0 to 5 MW

C. Frequency Domain

The impedance locus can quickly become complex when

located near a few capacitor banks, many filteffigonations
of an HVDC link and several line topologies (andgth). The
following example is based on an industrial customigh a
point of common coupling (PCC) fed by two transferm
close to all the independent switching possiliti of
previously mentioned components (capacitor bankwmrd,
lines). The combination of all those elements, ad as load
variations and uncertain future customers in theosmding
area, made the number of network configurationsatosider



enormous for manual processing. (Manual processisg
increases the risk of error)' 5th Harmonic : Reactance (j X) vs Resistance (R)

The simplified schematic in Figure 8 represents rtfan ;
network components and the numbers in parenthepessent
the different possibilities: main power supply stormer(s)
{2}, filter configurations based on the number ofVBEIC
converters and transmitted power {8}, capacitor Ksarn
substation 1 {4}, transformer contingency in subetal {2},
capacitor banks in substation 2 {3}, transformentargency
in substation 2 {2}, possible configurations of tiweo double- 54
circuit lines {5}, different line lengths to connedahis
industrial customer {2}. The total number of sceoaris ¢ t f . y
2*8*4*2*3*2*5*2 = 7680. R (Ohm)

Fig. 10 Example of 5th harmonic polygon

L] b
L |

i X (Ohm)
i

5th Harmonic : Reactance (j X) vs Resistance (R)

Fig. 8 Simplified circuit for the frequency scaxaenple

The figures below (Figures 9-11) represent the deagy
scan of all the cases simulated as well as the amktw
harmonic impedance envelopes as defined by CIGRE = : rrone _
standards [12][13]. Reference [13] recommends thih the 0 s 0 Ffmhm) @ = X
advent of advanced design software and study tquksj the rig 11 Example of 5th harmonic polygon and sector
customer should not feel constrained to specifice®pes of
a relatively simple shape such as circles, arcstoee.. as
done traditionally but should specify any shapat tavoids V. CONCLUSIONS
the inclusion of non-relevant points (e.g. discrptdygons).
The Parametric Analysis tool implements an advavession
of the Chan Convex Hull algorithm [14, 15] ablepmocess
millions of points and compute such enclosing potydn an
acceptable time. The use of such envelope disgembles
simplification of the a.c. filter design processdamlso
provides a degree of conservatism in the desigite Nt the
example of the 8 harmonic’s polygon includes a frequenc
sweep of £7% in order to take into account any uagdies
in the models used. As seen in Figure 5, the uaeragld a
polygon (convex hull) and/or sector on the graplenaircle
all the plotted impedances and export the sumnniesults
for further harmonic studies.

This paper introduces a new tool for performingapagtric
studies using a well-known transient simulator, EMRV.
The structure of the Parametric Studio tool is enésd. It
contains a module that allows the user to defireviriations
to apply to the circuit components. This includésta
variations, connection variations and inclusionlesion
status. Parametric Studio allows the user to lsitaumultiple
%cenarios in parallel and explore the results wikie
parametric analysis module.

The purpose of this program is to help the usesttaly,
simulate and analyze transient phenomena that amtiuthe
power network. These phenomena are random in their
location and duration while the model parameterstha
network are not known with certainty.

Three different study cases are presented which
demonstrate different uses of the parametric studiethe
main area of the transient simulation type of stadhamely
steady-state and load flow, time domain and frequestan.
Treatment of the large amount of generated reslltavs
useful results to be obtained from the analysithefdifferent
contingencies, thereby helping the study engineddentify
all the uncertainties in the network and therefmeke better
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Fig. 9 Magnitude of the multiple scenarios uncertainties when severe events occur on the mietwo
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