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High-speed electromagnetic transients are often the controlling
factor in transmission system design and operation. This work-
book provides case studies for introducing the basics of elec-
tromagnetic transient analysis. Sample problems demonstrate
analyses of such transients with the EMTP computer code.

The electromagnetic transients program (EMTP) is a versatile and efficient
computer program that utilities worldwide use for analyzing high-speed
power system transients. In response to user needs, EPRI and the EMTP
Development Coordination Group—composed of Bonneville Power Adminis-
tration, the Canadian Electrical Association, Hydro Quebec, Ontario Hydro,
the US. Bureau of Reclamation, and the Western Area Power Administration—
undertook an EMTP enhancement effort. A key part of this effort was the
development of a series of program documents ranging from introductory
tutorial material to guides for program researchers and experienced EMTP
users.

« To provide utilities with introductory tutorial materials on electromagnetic
transients.

» To illustrate analysis of such transients with the EMTP computer code.

Focusing on the needs of electrical engineers with no prior experience in
analyzing power system transients, the project team designed a small but
representative power system model. This model provided a basis for develop-
ing case studies to explain electromagnetic transient principles and problems
as well as to demonstrate EMTP applications. The workbook was used at
three seminars in 1985 and then modified to incorporate the suggestions of
seminar participants.

In trial demonstrations at the 1985 seminars, the workbook proved to be an
effective means of introducing the fundamentals of analyzing power system
transients. Material on such topics as single-phase and multiphase trans-
mission line modeling is presented in detail, without obscuring basic con-
cepts. Progressing slowly from simple to more-complex and more-realistic
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ABSTRACT

This workbook represents an elementary introduction to transients in power systems
and to the use of the EMIP to study these transients. It covers the following
topics: introduction tq transients, elementary setup of EMTP simulations, getting
data for EMTP studies from load flow and short circuit studies, how extensive and
detailed systems should be represented, transmission line representation, simple
switching and fault transients, lightning and lightning arresters, transformers.

Many examples and problems are included.
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Section 1
SUMMARY

The objective of this workbook is to provide basic information on the use of the
Electromagnetic Transients Program (EMTP). The intent is that a new user may be
introduced to the proper application of the EMTP. Power system transients cover
range from slow steady state phenomona to electromechanical transients, switching
surges, and lightning phenomena. The EMTP can, within certain limitations,
study all these.
This workbook is prepared for use in a three-day introductory seminar entitled
"Introduction to the ElectroMagnetic Transients Program (EMTP)," sponsored by the
Electric Power Research Institute (EPRI). The workbook can be used together with
other EPRI documentation to develop increasing knowledge of the EMTP and
transients in power systems. The other documentation and approximate dates of

availability are:

EMTP Primer (September 1985)
EMTP Rule Book (January 1986)
EMTP Theory Book (September 1986)
EMTP Application Guide (1987)

EMTP Source Code Documentation (1987)

EMTP Model Verification (1987).

Other information on the EMTP may be found in the EMTP Newsletter, IEE/PES
Transactions, and in IEEE publication 81EH-173-5-PIMR, the text for a tutorial

course "Digital Simulation of Electrical Transient Phenomena.”



History of the EMTP

The EMTP was originally developed in the late 1960's by Dr. Hermann Dommel, who
brought the program to the Bonneville Power Administration (BPA). They considered
'the program to be the digital computer replacement for the transient network
analyzer (TNA), and expanded it accordingly. Many program improvements have been
made by BPA; others have been contributed by utilities and universities. The code
has grown by more than an order of magnitude since its early years.

In the last 1970's it was realized that two major shortcomings existed. First,
there was no means of educating uders; second a broader base of support for
program development and distribution was needed. The University of Wisconsin
responded to the education need by offering a summer short course on the use of
the EMTP. This course continued to be offered, now as an advanced seminar for
experienced users.

The program development activity began to move beyond BPA in 1982 with the
formation of the EMTP Development Coordination Group. EPRI's participation was
formalized in 1983. An improved EMTP will be distributed by EPRI together with
the documentation referred to previously. EPRI also has accepted responsibility
for the education and training of EMTP users. This workbook and associated
seminar, developed by the University of Wisconsin-Madison, are part of that
activity.

Subjects Covered

This workbook is intended for use by electric utility engineers. No prior
experience with EMTP is assumed. Readers are expected to have an understanding of
basic power systems and simple electromagnetic and electromechanical phenomena as
would be taught in an undergraduate electrical engineering curriculum.

This workbook is strongly directed toward introductory material, new users, and
practical EMTP application. The material is designed to slowly build from simple
to more complex and realistic analyses. Thus, readers will receive enough

preparation so that EMTP can be used and sophistication can increase with

1-2



experience.

The following topics are covered:
Introduction to transients - the sources of transient phenomena on
power systems and means of solution. Lumped parameter circuits,
sources.

[ Transmission lines - means of modeling single phase and multiphase
transmission lines, Traveling wave representation, time delays,
attenuation, coupling.

° Switching and fault transients - faults, switching surges, breaker
operation, transient recovery voltages.

Transformer modeling - linear and nonlinear characteristics, loss
elements, single phase and multiphase representation,
overvoltages, ferroresonance.

Lightning and arresters - lightning characteristics, SiC and ZnO
nonlinear arrester models, insulation coordination, arrester

application, voltage and energy considerations.

The material is organized into 15 sections.

1-3



Ex ected Uses of this Workbook

Each of the following sections covers a description of the problem, how to obtain
data, an analysis of base case variations, and EMTP input data preparation. Using
this workbook as a starting point, other EMTP documentation can be used to
increase knowledge of the program, its capabilities, and applying it in more
complex studies. In addition to knowledge of the program, however, an
understanding of power system transient phenomena is needed before sufficient
expertise can be claimed. There is no substitute for fundamental understanding of

why a phenomenon exists, and what its effects are expected to be.
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Section 2
THE 230KV SAMPLE SYSTEM USED IN THIS WORKBOOK

Most of the‘case studies in this workbook are based on a 230 KV sample power
system designed to illustrate a wide range of transient problems. The intent of
this single system approach is to:

Provide a unified background against which all problems of

interest are highlighted.

Illustrate the way in which you may approach a comprehensive

assessment of potential transient problems in your system.

Show how to make the transition from a steady state power

flow/short circuit data base to an EMTP data base.
The sample system is illustrated in Figure 2.1. The scenario provided is one
where most of the system generation is toward the left, most load toward the

right. The studies are centered around bus 1. Note that bus 1 has the following

features:
° Some local generation
° Shunt capacitance, necessary when the generation is out of
service.

Both long and short lines connected to it.

Load flow studies on the sample system
A number of power flow runs have been performed to ascertain the reasonableness of
the system. Loadflow data is illustrated in Figure 2.2 and loadflow results for

several runs are illustrated in Figure 2.3. These include:

2~1
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Figure 2.2: Sample system positive sequence per unit parameters for
load flow study. (Shunt PI susceptances in parenthesis) .
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(b) Line 1-2 out of service.

Figure 2.3: Sample load flow results.
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Figure 2.3: (continued).
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° A base case with all generators and lines in, capacitors out.
Generator at bus 3 out of service, capacitors out (for
illustration only)
Generator at bus 3 out of service, capacitors in.
Line 1-2 out of service.
Table 1-1 illustrates the "common format" data base often available as part of

load flow studies. These data are also available in the supplementary diskette.

Short circuit studies on the sample system

The second type of studies often performed on a system are short circuit

studies. These studies usually require that simplified positive and zero (and
sometimes also negative) sequence diagrams be prepared for the system. The data
for these studies is shown in Figure 2.4, the sequence diagrams are illustrated in
Figure 2.5 and typical results in Figure 2.6. The data used in these studies is
shown in Table 1-2 and in the supplementary diskette. Short circuit studies
provide very valuable information for transient studies, as will be seen later in

this workbook.

Transient problems to be studied in the sample system
This system will be used to study the following problems:
) Load switching

Transmission line energization

Transients due to SLG Faults

Transient Recovery Voltages (TRV's).

Reclosing into trapped charges

Capacitor switching

Transformer effects

Lightning and arrestor studies
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Figure 2.5:

(a) Positive sequence.

(b) Zero sequence.

Obtaining circuit diagrams
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39.584-89.6
(44,94 ¢-89.3)
6

34.674-89.7
(40.194-89.6)

6

Figure 2.6:

10
15.184-879 8.634-88.8
(13.064-84.7) (7.91¢-86.8)
12 13
14.244-87.9
(1l .384-85.9)
(a) All components in service.
OH
4
= 6.979-86.7 5.17¢-875
(4,184-7 9) (3474 81.6) 11
12 13
9.754¢-88.1
(8.229-87.2)

(b) Generator 3 and line 1-2 out of service.

Total fault currents for 3 phase (and SLG) faults
at designated buses.
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of service.
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6 35.104-89 12 132
(40.624-89.6) 2
9.034-90
9.764-88.1
I1.054-90 (823%-87.2)
3

(d) Lines 1-2 and 7-1 out of service.

Figure 2.6: (continued).



Later chapters of this workbook illustrate how to use the data and results from

these studies to obtain data for transient studies,

Problem 2.1: From the load flow results illustrated in Figure 2.3(a):

(a) Verify the flow in line 7-1.

(b) Determine the P and Q power delivered by the generator at bus 3 under
base case conditions.

(¢) Determine the voltage magnitude and phase angle for the voltage

behind subtransient reactance for this generator.



Section 3
AN INTRODUCTION TO TRANSIENTS: CLOSING A BREAKER
One of the simplest transient problems is the mere act of closing a breaker
connected to a load. This action in itself seldom results in interesting
transients worthy of detailed study. However, this simple problem does provide an
excellent arena in which to introduce many transients of interest. Consider, for
example, the problem of energizing the load at bus 13 by closing the load
breaker. Several immediate questions arise:
How to represent the load.
How to represent the generators and lines.
° Can "positive sequence only" models be used?
'Y Can (or should) symmetrical components be used?
Where to get data for this study.

How to interpret the results of this study.

Theory of simple switching transients

Consider the circuit in Figure 3.1.

v (1) =VSin(wt+6)

Figure 3.1: An RL circuit with a sine wave source.

The source is assumed to have negligible impedance compared with the load. The
source voltage is v, indicating a phasor varying at the supply frequency w. When

the switch S is closed, the equation expressing the current is



di :
Ri + L i s(t) = vm31n(wt + 8)
The inclusion of the arbitrary phase angle 8 permits closing of the switch at any
instant in the voltage cycle.
Before attempting to solve this equation consider what is known about the

solution. It is clear that in due course the current attains a steady-state value

= v where

of IISS| z

The current is delayed in phase relative to the voltage by an angle
¢ defined as

cos¢ = R power factor

Except under special circumstances, the current cannot achieve its steady state
value instantaneously, because the circuit inductance demands that the current
start at zero. There is some transient that leads the current to its steady-state
value in a smooth continuous way. Since this is an RL circuit, the exponential
e-Rt/L plays an important part in the solution.

The differential equation can be solved using Laplace transforms resulting in a
solution

*}

i(t) = & {sin(wt+e-¢) - sin(e-¢)e—a

N| <

where Z and ¢ have been defined and o = %
This is precisely the form predicted before embarking on the analysis. The first
term is the steady-state final value., Its amplitude is V/Z and it indeed has a
phase angle -¢ with respect to the voltage. The second term is the transient

term. It involves, as expected, an exponential term times a constant. Moreover,
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at t = 0, it is equal and opposite to the steady-state term, thus assuring that

the current starts from zero. Figure 3.2 illustrates this response.

// Steady~state term
(9—q,<)""I T
:Zl sin (0 - )

Resultant current i
Transient term

Figure 3.2: Response of RL Circuit
In the very special case where the switch closes at the instant when 6 = ¢, the
transient term will be zero and the current wave will be symmetrical. On the
other hand, if the switch closes when the transient term attains its maximum
amplitude and the first peak of the resulting composite current wave will approach
twice the peak amplitude of the steady-state sinusoidal component. The peak
amplitude is dependent on the switch closing time defined by 6 and the power
factor through the angle ¢. This has some significant practical implications for
circuit breakers.
For more practical load switching transients we must include capacitors,
transformer effects and possible transmission line effect., It becomes clear that
the simple case can be of help in understanding the basic behavior but to achieve

detailed waveforms a transient analysis program such as the EMTP must be used.
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Problem 3.1: For the energization of the RL circuit in Figure 3.1, determine the

exact peak current and time at which the peak occurs.

at t - 0, for comparison with later EMTP runs.

To do these calculations, let

R-.1Q L =1 mH
V-1 pu f = 60 Hz
Ipeak tpeak

0°
450

90°

3-4
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EMTP simulation of simple switching transients trapezoidal integration

In this section a description of the basic methods used in the EMTP are discussed
along with the structure of EMTP input data and the most commonly used input
formats. The simple example of energizing an LR load is also presented.

The digital computer cannot give a continuous history of transient phenomena but
rather a sequence of solutions at discrete intervals At. Discretization causes
truncation errors which can lead to numerical instability. To avoid numerical
instability the EMTP uses the trapezoidal rule for integrating differential
equations. This is a simple method which is numerically stable. It does have
problems with certain numerical oscillations which are discussed later in this
workbook.

The most basic elements are system branches; inductances, capacitances and

resistances. The easiest branch is the resistance, for which

1
Ln®) = g {vk(t) - vm(t)l

'km

—>
k = t m
\& Vﬁ

Figure 3.3: EMTP model of a resistor.

The differential equation for the inductance is:

The EMTP replaces this equation with an algebraic equation using the trapezoidal

rule of integration:
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1,8 = %%(vk(t)-vm(t)) + 1, (t-at)+ %% [(vk(t—At) - vm(t—At)]

Note that the first term is dependent upon node voltage at time t while the last
two terms are dependent on voltage and current one time step At before t. These
terms would have already been found. This expression can be expressed as a

resistance term and a current source calculated one time step back.

. At 1
Lt = 3T (vk(t) vm) = Eeq{vk(t) vm(t)} + Lt At)
where
2L
Req ™ 2t
and

1
= {vk(t—At) - vm(t-At)}

eq

Ikm(t—At) ikm(t—At) +

The current Ikm is known from past history. This allows us to replace the

inductor with an equivalent resistance and current source :

Figure 3.4: EMTP model of inductor and capacitor.

The branch equation for the capacitance is derived analogously. It becomes

g (t) - % {vk(t)—vm(t)} + 1, (t-at)

where
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Av
eq 2C
and

I, (t-at) = - {Vk(t—At) - vm(t—At)} - 1, (t-at)

o=

This results in the same form for the equivalent network. Thus, all branch
components have a simple "Norton equivalent" circuit. Consider again the simple
RL network in Figure 3.4. We could replace the L & R with their Norton equivalent

networks. The result would be the network illustrated in Figure 3.5

i(t) A
+ G iR
£ B
L ‘iL
| At
GR= R GL = RL = 2L

Figure 3.5: The equivalent conductance network used by the EMTP for an RL
circuit.



The EMTP then solves this problem by construction a set nodal simultaneous
equations:

T(t) = [6] V(L) + T(t-At)

[G] is the nodal admittance matrix. Solving these equation yields v(t).

Problem 3.2: You have specified a solution time step At = 1 ms, and a 1 mH
inductor. What is the conductance in mhos that the EMTP will use internally to

represent this inductor?

G - mhos

Preparing a Basic EMTP Input Data Case

This section describes the basic structure of an EMTP input data with the needed
formats to model R, L, and C components and to study switching transients. The
structure of the EMTP input data is shown in Table 3-1. Most data sections are
separated by a blank card. For convenience, the user can enter a blank line as
"BLANK" line starting in column 1. This will be interpreted by the EMTP as a
blank line. Comment lines can also be added to the input data by entering a "C-
blank" in Columns 1 and 2. Additional comment text can also be added after a
"BLANK" line. Comment lines are used extensively in the sample cases in this
workbook. The EMTP prints these lines in the record of input data, but otherwise

ignores them.
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TABLE 3-1

EMTP Input Data Structure

BEGIN NEW DATA CASE (one line)
Fixed-point Miscellaneous Data Line
Integer Miscellaneous Data Line

Branch, Transformer and Transmission Line Data

BLANK

Switch Data
BLANK

Source Data
BLANK

Node Voltage Output Request Data
BLANK
PLOT Request Data

BLANK

BLANK (Ends the case)

BEGIN NEW DATA CASE: This line always precedes all input data cases.

Fixed-Point Miscellaneous Data Line: This data line contains seven real number
parameters to be entered in fields eight columns wide. Only the four parameters

shown below are used in this workbook.

DELTAT TMAX XOPT COPT

E8.0 E8.0 E8.0 E8.0



DELTAT is the time step used in the simulation. It must always be greater
than zero. This time step should not be to large. 1In general, At should

result in ten sample points in the highest frequency of interest.

TMAX is the length of time to be simulated. It can be equal to or less than
zero, in which case the EMTP performs a steady-state solution of th initial

conditions only, and does not perform a transient simulation.

XOPT is the power frequency for purposes of inductance specification. If it
is zero or blank, all inductances are entered in millihenries. If it is 60.0,

for example, all inductances are entered as reactive ohms at 60 Hertz.

COPT is the power frequency for purposes of capacitance specification. If it
is zero or blank, all capacitances are entered in microfarads. If it is 60.0,

for example, all capacitances are entered as micro-ohms at 60 Hertz.

Integer Miscellaneous Data Line: This data line contains up to ten integer
parameters, which are entered right-justified in fields eight columns wide.

Only the seven parameters shown below are used in this workbook.

IPRNT IPLOT IDOUBL KSSOUT MAXOUT ICAT NENERG

18 18 18 18 18 16X 18 18

IPRNT - This parameter specifies the rate at which output variables are
printed during the simulation. If IPRNT is zero or one, each time step is
printed. If IPRNT = k, then every kth time step is printed. IPRNT should
always be either blank or equal to an odd number. Even numbers will permit

numerical oscillations to exist which the user cannot detect in the output.
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IPLOT - This parameter specifies the rate at which output variables are
plotted during the simulation n exactly the same way that IOQUT controls

printed output. IPLOT should also be either blank or equal to an odd number.

IDOUBL - Setting IDOUBL equal to one will cause a network topology listing to
be printed out. It is useful in checking branch and switch connections when

setting up a case.

KSSOUT - Setting KSSOUT equal to one will cause a complete steady-state
voltage and current solution to be printed for each branch in the network.
KSSOUT equal to two causes only switch and source steady-state solutions to be
printed. KSSOUT equal to three causes switch, source, and requested output

variable steady-state solutions to be printed.

MAXOUT - Setting MAXOUT equal to one will cause the EMTP to print the maximum

values attained by each output variable during the transient simulation.

ICAT - Setting ICAT equal to one causes all plot data generated by the EMTP to

be saved on disk for future plotting by a separate program.

NENERG - Setting NENERG greater than zero causes a probabilistic switching

simulation to be performed.

Branch Data: Only the single-phase, lumped-parameter branches shown in Figure

3.6 are used in the RLC circuit examples.



BUS K BUS M

R C

Figure 3.6: Series RLC Branch

The parameters are entered in fields six columns wide. Resistances are input in
ohms. Inductances are specified in ohms or milihenries and capacitances are

specified in micro-ohms or microfarads. A request to output branch current and
branch voltage variables is specified on data lines by a nonzero entry in column

80. Node voltage outputs are specified in a separate data group. The branch data

input format is shown below:

BUS K BUS M BRANCH OUTPUT

2X A6 A6 12X E6.0 E6.0 E6.0 35X I



BUS K and BUS M are the six-character node names on the user's schematic diagram
of the system. Care should be taken to assign unique names to all nodes. The
parameters R, L and C are the resistance, inductance, and capacitance (in series)
of the branch. One of these parameters must be non-zero. If either BUS K or BUS
M is left blank, the branch is assumed to be connected from a node to ground.
BRANCH OUTPUT is a single integer which requests branch variable output. Use a 1
to request branch current outputs, Other options include a 2 to have the branch
differential voltage output, a 3 to have both branch current and voltage output.
and a 4 to have branch power and energy output.

If columns 15 to 26 contain the bus names of a previously entered branch, the EMTP

uses the parameters of this branch instead.

Switch Data: The format of these data lines is similar to the branch data, except
that switch closing and opening times are specified rather than R, L, and C.
Ordinary EMTP switch models perform one close-open operation during the
simulation. A diagram for the switch depicted in Figure 3.7. The format is

listed below.

T-OPEN
BUS K BUS M

——0

T-CLOSE

NOTE: T-OPEN> T-CLOSE

Figure 3.7: A Simple Switch

BUS K BUS M T-CLOSE T-OPEN BRANCH OUTPUT

2X Ab A6 E10.0 E10.0 45X It



The switch is connected between nodes BUS K and BUS M, one of which may be left
blank to indicate a switch to ground. T-CLOSE and T-OPEN are specified in
seconds. A negative T-CLOSE may be used to indicate a switch which is already
closed in the steady state. If T-OPEN is left blank or is assigned a vlaue
greater than TMAX, the switch will never open during the simulation. Branch
current and voltage outputs may also be requested for switches in the same way as

for branches.
Source Data: A variety of source types are available in the EMTP. Step functions
and cosine functions shown in Figure 3.8 are often used. The sources can be

either node voltages to ground or currents injected at the node. 1Input formats

are shown below.

TorVv lorV

TYPE 11 TYPE 14

Figure 3.8: Basic Source Types

TYPE BUS VORI AMPLITUDE  FREQUENCY  TO/PHIO Al  TSTART  TSTOP

I2 A6 I2 E10.6 E10.6 E10.6 E10.6 E10.6 E10.6



TYPE is a two-digit integer: 11=step function
14=cosine function.
BUS is the node name where the source is connected (sources are always from
ground)
VORI is a two-digit integer: blank=voltage source
-1=current source.
AMPLITUDE is the current or voltage level of the step, or the amplitude in
peak units line-to-ground of the cosine wave.
FREQUENCY is the frequency in Hertz of a cosine function (blank for step
function).
TO/PHIO is the phase angle in degrees (or time offset in seconds) of the

cosine function (blank for step function).

EMTP sources become active in the first time step of the transient simulation.
However, sinusoidal (type 14) sources of fundamental frequency with negative
"TSTART" are active in the pre-transient steady state. Sources become inactive
when t < TSTART or when t > TSTOP. An inactive voltage source is a short
circuit. If more than one input voltage source is connected to a node, the

sources are combined in series.

Node Voltage Output Request Data: These data lines immediately follow the initial
condition data (if any). Node voltage ourput request data lines specify the names
of nodes where the voltage to ground is desired. 1Initial condition data lines are

not described in this workbook and are seldom needed.

A single data line can be used with a "1" in Column 2 to request all node voltages
to be output. In this case, DO NOT use the BLANK data line which normally
terminates the node voltage output request data.

To select individual node voltages to be output, use the format below.
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BUS 1 BUS 2 . . . . BUS 13

2X A6 A6 A6

Each line contains node names of the output voltages. More than one node voltage
output line may be used if there are more than 13 voltages to be output. However,
there is an upper limit on the number of output variables which varies from

installation to installation.

On each data line, BUS 1 must be non-blank.

Plot Request Data: The lines for batch-mode plots fall in two general types. The

first (optional) type specifies line printer or Calcomp plots, the plot title and

a few other features. The organization of these lines is shown below.

Col. 1-2 col. 3-80

"bb" "CALCOMP PLOT" or "PRINTER PLOT"
"bb" CASE TITLE

noz" CASE SUBTITLE

"ol PLOT REQUEST



ALCOMP PLOT may not be operational at each installation, but PRINTER PLOT will
always produce plots in the EMTP printout using alphanumeric characters. For that
reason, these plots are harder to use than CALCOMP PLOTs. Whichever type is used,

the specification of each individual plot is made using the format shown below.

FLAG TYPE  UNITS UPI ORIG  END BUS 1 BUS 2 BUS 3 BUS 4

I2 n n E3.0 E4.0 E4.0 9X A6 A6 A6 A6

FLAG is always equal to 1 in Column 2.
TYPE=4 for a node voltage plot.
=8 for a branch voltage plot.

=9 for a branch current plot.

UNITS=3 for a time scale in seconds.
=4 for a time scale in milliseconds.
=5 for a time scale in microseconds.
UPI is the number of UNITS per inch.
ORIG is the beginning time (in "UNITS") of the plot.

END is the ending time (in "UNITS") of the plot.

In most cases, UPI, ORIG, and END should be chosen to get a total time-scale
length of 10 to 12 inches. That is, let (END-ORIG)/UPI - 10 or 12. UPI should be

a convenient scaling division, since the grid lines are drawn one per inch,

If a node voltage plot is being made, up to four different node voltages may be
plotted on the same graph. If a branch voltage or current plot is being made, BUS

1 and BUS 2 are the branch node names as specified in the EMTP simulation. BUS 3
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and BUS 4 may contain node names for a second branch variable to be plotted on the

same graph.

Basic data for the LR load switching transient example in Figure 3.1 is shown in
Figure 3.9(a). The EMTP simulation output is given in Figure 3.9(b) and plots of

the energization current given in Figure 3.9(c)

Problem 3.3: Compare the results of Figure 3.9 with analytically calculated

values for several values of time.



BEGIN NEW DATA CASE

O N sassesessssFigure 3.9¢a)iiiriieinnnnnnas ..
C Energization of a trivial RL circuit. H
C ———=dt{———tmax..evsrsvecerasnnns seresresnsasasrannes sesensserseenseesannanas .
200.E-6 S50.E-3
C ~Iprnt<--Iplot<(~-Idoubi<{~-KssOut{-MaxOut {-—-Icat
25 1 1 0 0 0
C
CCircuit data@seeseeressneonsssossncanssnnnnss sessansssasrrseseanns sessassssenss .
€ Bus-->Bus-->Bus—~>Bus—— >{-—--R{(~=—~L¢~—=~C ]
LOAD .1 1. 0
BLANK End of circuit data......... seasseeisensannennnnnas vesesns tesssaesennnas .t
c
C Switch data,.cueerneresnnsussacnsnsssnssnassnnsssussnasonasasasseanssasonnssonss
C Bus—-->Bus—->X---Tclose{~--—-Topen{~—~=—- Ie 1]
SRC  LOAD 1.E-3 9999, 0 1
BLANK End of switch data..esuervncsvennvannass sereseressarrreasennns rerenas seend
c
C Source dat@.sersssncessnsnsssnsssnssanssnnsanssnss serresssssassesssnsennrrnsan
€ Bus——><I<Amplitude<Frequency<--TO: Ph;0<———0 PhiO<~Ignore- ><———Tstart<--——Tstop
14SRC 1. 60. 0 0. -1, 9999.

BLANK End of source data..seesessseonenrosrssossonsosnsennscssssassssssosonssnss
C
C Nodal Output Request Data........ve0ue.. ceesene sessesrarasrerrrnenn ceesrararas
C Bus——)Bus——)Bus——>Bus-—>Bus-—>Bus-—>Bus——>Bus——>Bus—->Bus——>Bus——SBus——>Bus——>
SRC LOAD
BLANK End of output requests.....ueeeeeieronusoscnasnsesessnssnnsrasnsssansssnsss
C
C Plot request Data......vvevnrrnosenecnnnenns

Figure 3.9(c): Output Plot for Switch Current
C Graph type: 4(volts) 8{branch volts) 9{currents) :
c . _____ Units: 1{(deqg) 2{cyc) 3(sec) 4{msec) S{microsec) |
C Units per inch :
c v v Plot starting time '
c : _Plot stopping time :
c i : O Value at bottom of vertical axis (optional) '
c : ) , _Value at top of vertical axis (optional) :
€ W~ i{~=i{~=i{~~=|~~={Bus~->Bug~->Bus-~->Bus-->Heading—-~~~~-~ >Vert axig-——--- >
194 5, 0.0 50. -4. 4.SRC LOAD RL Energization Amps
BLANK End of Plot Request Data...veveecnsnnnnssas shesessasersessesraannransas .-

BLANK End of All Cases

(a) Input data.

Figure 3.9: EMTP solution of problem in Figure 3.1.
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Anps
(1002 1)
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0.300
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0.1090

0.000
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~0.300

-0.400

RL Energization

ILLISECONDSC10 = 2)
0.050 0.100 0.15 8.200 250 0.300 0.350 0.40 0.450 .500

08/30/85 12.11.1 1
PLOT TYP 9
NODE NAM SRC LOAD

(c) Output plot for current.

Figure 3.9: (continued).
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SRC Bus 13

t =1ms

close

19.72 mH
56.34 coswt

22.61§)

(a) Circuit diagram.

Figure 3.10: Energization of single phase .95 pf pf RL load from
ideal source.
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BEGIN NEW DATA CASE

C tovnnnenrnnnsnssnnonssannnns thsssasanassarsanasns Figure 3.10¢b)........ teennans
C Energization of an RL load :
C ~~—=dt{-——tmax.....v.... ereans sesassssaaesssaneseaanens sesssasssasssnssranass :
50.E-6 50.E-3
C -Iprnt<~—Iplot<-Idoubl<{-KssOut{-MaxOut {---Icat
15 1 0 0 0 0
C
C Circuit data...cveneunnnsn veaaas Cessaas trresaens esesssaseseseaaasrenan sraens
C Bus~->Bus-->Bus~~>Bus—~>{-=—-R{-~-—~L{-——-C 0
BUS13 22.61 19.72 0
BLANK End of circuit data..oeevreneanass veserassans trasasaenn fesrrarsearsanssan '
c
C Switch data.seeesirincrnverensscsnnnsennnss tereaaa e hersassssranansarseseres
C Bus—->Bus—->¢{-—-Tclose<{----Topen{-~———~- Ie 0
SRC  LOAD 1.E-3 9999. 0 1
BLANK End of switch data.......... teisens Crrasaeeans thessessiesansasanassennnan '
c
C Source datasseessvesasssnscenssncesssnnnnnrnassans teessatesateasaennaerrasanns
c Bus—~><I<Amp||tude<Frequency<-—T0 Phi0Q¢---0=Phi0<~Ignore- )(———Tstart\-———Tstop
14SRC 56.34 60. 0 0. -1. 9999.
BLANK End of source data........ essrsssanas cersrtssrasarraans . rsesrass :
c
C Nodal Output Request Data...... e eserireaaesssaenrsstenanatrtauerraasannsnns

C Bus——)Bus-—>Bus~-)Bus~-)Bus-—>Bus-~)Bus-—)Bus~~)Bus-—>Bus~-)Bus~—)Bus—-)Bus~—>
SRC  BUS13

BLANK End of output requests.............. ceeiraarens Crseaieaasraasnannaas e
c
C Plot request Data...oevurercnoronansnnsnnancnunssnnsnrorsnssensssnsnsanansssss .

2Figure 3.10¢c) 3.10(d)

c ___ Graph type: 4(volts) B8(branch volts) S(currents) '
c _____ Units: 1(deg) 2(cyc) 3(sec) 4(msec) S(microsec) '
c v Units per inch '
c v v Piot starting time '
c ' _Plot stopping time :
c i ' R Value at bottom of wertical axis (optional) '
c : ' ] _Value at top of vertical axis (optional) '
C W¢-1¢(~-—1{-—{~~~ i~~~ 1Bus—->Bus~~>Bus-->Bus-->Heading——~~~-——-- >Vert axis—----- >
194 5, 0.0 50. -4. 4,SRC BUSI3 ENER 200MVA.9SpfKAmps
144 S, 0.0 90. BUS13 ENER 200MVA.9SpfKVolits
BLANK End of Plot Request Data....... erssierennne chesserrerens reesrssernanes s :

BLANK End of All Cases

(b) Input data.

Figure 3.10: (continued).
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KAnps ENER 2004YA. 35pf
(10ax 1)

0.400

0.300

8.200

0.100

MILLISECOND (ioex 2)

0.000 0.50 0.100 0.150 6.200 6.250 00 0.3% .400 6.45 0.500

-0.100

-0.208

-0.300

(¢) Load current.

KVolts ENER 200MVA. 95pf
(loax )

0.800

0.600

0.400

0.200

MILLISECO DS(i0sx 2)

0.000 050 0.100 0.150 6.20  0.250  .300 0.350 0.400 0.4  0.500

-0.200

-0.400

~0.600
(d) Load voltage.

Pigure 3.10: (continued).
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Bus 12

H 6 mH
srRc © Mgy 4 0.050 Bus 135 gis 13L
2 mH
56.34 19.72 mH
coswt 0.81,u.F 0.84,u.F

- 22.615)
CIRCUIT DIAGRAM

(a) Circuit diagram.

Figure 3.11: Energization of .95 pf load.
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BEGIN NEW DATA CASE
C THEV RLuvuieunernnrresnesnsnanasoannsenenes Figure 3.11¢b)svuerucnevvrnnsnscenes
C Energization of an RL load with more detailed source model :
L 2 S T :
50.E-6 S50.E-3
C -Iprnt{—-Iplot{~Idoubl{-KssOut{-MaxOut {-—-Icat
15 1 0 0 0 0

C Circuit dataeeeeeseeerserenensaosseasnnesanassensnnssssnosnnssnssnsasconnsses
C Bus-->Bus-->Bus-->Bus--»{----R{--—-L{-~-~(C 0
SRC  BUSI 6. 0
BUS! BUS12 .05 2. 0
BUS1 .8 0
BUS12 .8 Q
BUS12 BUS13S 6. Q
BUS13L 22.61 19.72 0
BLANK End of circuit data..vcveeeeueeronesororeoconnsennsncesnnrsanssoansansson ,
C
C Switch data.eeeee e oseneneacsescsnasaseosnrssnsnosssenseannsssnnsesnsssasas
C Bus-->Bus—~)>{-~~Tclose{--~-Topen{——-~~—- Ie 0
BUS135BUSI3L 1.E-3 9999. 0 1
BLANK End of switch data..eeeerveeeeoesereceooenssnueransssonsseesoanssansannss :
C
C Source data.esseesseeserosnonssnronnnesorasenassssnnsrsnnnsasssasnsnnsnnsnssss
C Bus—><I<Amplitude<Frequency{——TO.PhiO<-—-0=Phi0 {-—-Tstart< ~-—-Tstop
145RC 56.34 60. 0 0. -1. 9999.
BLANK End of source datd...veseesesrosenecrsssnnervasencnsnssnsssensnaneanssaosss .
C
C Nodal Output Request Data..ueeuvrrnecenrnssssoanessvsoeaceaveneacenncncnsonsns
C Bus-->Bus-->Bus-->Bus-->Bus-->Bus-->Bus—->Bus——>Bus—~>Bus—->Bus— »Bus——>Bus—->
SRC  BUSI3L

BLANK End of output requests....covvierierrinrerinenernscsnsnnsssnnsssonssnsons :
c
C Plot request Data....uv-vunrinrnsnnnancssnesesrsnosancsnnsnsonsnssonnnsnacnans
c ______ Graph type: 4{volts) B(branch volts) 9(currents) :
c . _____ Units: 1{(deg) 2{(cyc) 3(sec) 4(msec) S{microsec) H
c:: _________ Units per inch :
c v v Plot starting time :
c i : _Plot stopping time i
c & : R Value at bottom of vertical axis (optional) :
c v : : : _Value at top of vertical axis (optional) :
C W(=-i<{~-=i{-=1{~=-1-—-1Bus--)>Bus-->Bus~->Bus—->Heading---—--—— >Vert axis—-———- >
194 S. 0.0 50. -4. 4.BUS135BUSI3L EnTh 200MVA.95pfKAmps
144 5, 0.0 50. BUS13L EnTh 200MVA,95pfKAmps
BLANK End of Plot Request Data.....veveerurnecrecnrearerernenrasrnreennnroreene :

BLANK End of All Cases

(b) Input data.

Figure 3.11: (continued).
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(16xx 1)
0.400

68.300

0.200

0. 166

0.608

-0. 108

-0.200

-0.300

-0.400

(10zz 2)
0.8600

0.600

6.409

0.208

~0.208

-9.400

-0.660

EnTh 206MVA. 35pf

.00 0.108 156 6.208 0.25%8 0. 6.356
98/30/85 13.36. 1
PLOT TYP 9
NODE NaM BUS13S BUS13L
(c) Switch current.
EnTh 200MVA. 95pf
6.150 9.200 300 8.350
(d) Bus 13L voltage.
Figure 3.11: (continued).
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SRC Busi 2mH pByg12 8MH Bus13L

0.05 Bus13S
cosput 0.8uF 0.8pF LF
19.04 ()

CIRCUIT DIAGRAM

(a) Circuit diagram.

Figure 3.12: Energization of compensated .8 pf load.
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BEGIN NEW DATA CASE
C vrvnnnenenss sesasesersesusenes e raennens soFigure 3.12(B) ittt e
C Energization of an RL load with more detalled source model H
C -——-dt{——-tmax

50.E-6 50.E-3

C -Iprnt<--Iplot{-Idoubl<-KssOut{-MaxOut <---Icat
15 1 0 0 0 0
c
C Circuit data.essueessosenenrnesnsnsoesnaraccnrocnnersensnnsasansonresasnnsnnss
€ Bus-->Bus—->Bus-->Bus-->< R L< C 0
SRC  BUSI 6. 0
BUS!I BUSI12 .05 2. 0
BUSI .8 0
BUS12 .8 0
BUS1Z BUS!I3S 6. 0
BUS13L 19.04 37.89 0
BUS13L 37.56 0
BLANK End of circuit data..eessnrnessesnsasnsoeoccnesosneennroresnsnrnrnennnses ‘
C
C Switch data.....oviiviererinnnrenennns s et et enasassaearenerannatenra ey
C Bus-—’Bus--)(—-—Tclose(—-——Topen( ——————— Ie
BUS138BUS13L 1.E-3 9999, 0 1
BLANK End of switch data.....oviinenennnncnronnnans Ceaseereasesarssernnnaraens 1
c
C Source data.ueeeressnsioreninrnonsonncanerrasnosnssosnosenonrsesssenseassanenss
€ Bus--><I<Amplitude<Frequency<-—TOIPhiO<-——-0= Pth {-~-Tstart{----Tstop
14SRC 56.34 60. 0 0. -1. 9999.
BLANK End of source data...uverunrsninrencessorcnsoncnerarescarnonsenraonsanens :
C
C Nodal Output Request Data.....coueenvvriornnrerennecennesnrsosennensoansssnans

C Bus—>Bus-->Bus—->Bus—->Bus-->Bus—~>Bus—-->Bus-->Bus-~>Bus—->Bus-->Bus-->Bus-->
SRC  BUSI3L

BLANK End of output requests....coeseeeeenrenrssonrnoeasasennsnnssnsasensnnnss J
c
C Plot request Data....... e
c _____ Graph type: 4(volts) 8<{branch volts) 9{currents) H
c _____ Units: 1{(deg) 2(cyc) 3(sec) 4{msec) S{microsec) :
c o Units per inch ;
ciooy Plot starting time '
c i : _Plot stopping time '
c H v Value at bottom of vertical axis (optional) :
c H : : _Value at top of vertical axis {optional) H
C V(- i{-=i{—=i{~~~1-~-Bus-->Bus~->Bus—>Bus~->Heading—-~~~---- >Vert axis———~-- >
194 5. 0.0 50. -4. 4.BUSI3SBUSI3L EnTh 200MVA.8pf KAmps
144 5, 0.0 S0, BUS13L EnTh 200MVA.B8pf KVolts
BLANK End of Plot Request Data....vuvenveinnuneneeerononeennsnansnsneneecoenns ,

BLANK End of All Cases

(b) Input data.

Figure 3-12: (continued).
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KAnps
(1052 1D

0. 409

6.300

0.200

0.100

0.9000

~0.100

-8.208

-0.300

-0. 400

KVolts
(10sx 2)

0.800

0.600

0. 400

0.200

6.000

~0.200

-0.400

-0.600

-0.800

EnTh 2004VA. 8pf

9.150 0.200 0.359
08/30/85 }5.21. 1
PLOT TYP 9
NODE NANM BUS13S BUS13L
(c) Switch current.
EnTh 200MVA. 8pf

050 0.100 0.150 0.2 0.256 0 300 0.350
08/306/85 22. 1
PLOT TYP 4
NODE NaM 1 BUS13L

(d) Bus 13L voltage.

FPigure 3.12: (continued).
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Bus 1A
SRCA

56.34
coswt

SRCB Bus 1B

56.34
Ccos
- (wt-120) _

Bus 1C
SRCC

56.34
cos
. (wt+120)

Figure 3.13:

Bus 12A

Bus 12B

Bus 12C

Circuit diagram.
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Energization of a 3-phase load.
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BEGIN NEW DATA CASE

C ttireenrnnsaessansesarasosansanaannosensnns Figure 3.13¢(b) . .voniriienncrnrnanes

C Energization of a 3 phase RL load :

C ==t ===tMaX ..o srsusrrosnsensnsnnssesasnoneosssaanasnsanssoannsosnsossssssanesnss :
50.E-6 50.E-3

C -Iprnt<—-Iplot<-Idoubl<-KssOut{-MaxOut {---Icat

C 15 1 0 0 0 0

C Circuit data

------------------------------------------------------------------

C Bus=->Bus-->Bus—->Bus——>{~—~~R¢{===~ { === 0
SRCA BUSIA 6. 0
SRCB BUS1IB SRCA BUSIA 0
SRCC BUSIC SRCA BUSIA 0
BUS1A BUS1ZA .05 2. 0
BUS1B BUS12BBUS1A BUS12A 0
BUSIC BUS12CBUSIA BUS12A 0
BUSIA .8 0
BUS1B BUS1A 0
BUSIC BUS1A 0
BUS12A .8 0
BUS12B8 BUS12A 0
BUS12C BUS12A 0
BUS12AB13SA 6. 0
BUS12BB13SB BUS12AB13SA 0
BUS12CB13SC BUS12AB13SA 0
B13LA 19.04 37.89 0
B12LB B13LA 0
B13LC B13LA 0

B13LA 37.56 0
Bi3LB B13LA 0
B13LC B13LA 0

BLANK End of circuit data@.eeeeeireriisnnsosceesoesssnsnsnassnnsssnnansassnnnnsss |

c

C Switch data.e.eeesrsinneneensosonssnesennessnscsansosnssensssessnsnnnsnnnnsans

C Bus~->Bus——>¢-~-Tclose{—-—-Topen{~-~-——- Ie 0
B13SA BI13LA 1.E-3 9999. 0 1
B13SB B13LB 1.E-3 9999, 1
B13SC B13LC 1.E-3 9999. 1

BLANK End of switch data
c

C Source data

-------------------------------------------------------------------

C Bug~~><I<Amplitude<Frequency<{--TOiPhi0{~-~-0=Phi {(~--Tstart{-—--Tstop
14SRCA 56.34 60. 0 0. 1. 9999.
14SRCB S6.34 60. -120. 0. 1. 9999.
14SCRC 56.34 60. 120. 0. ~-1. 9999.
BLANK End of source data.....cvvsesereroranoonssssasnosornrnessnnsnnnsnsnonsnss :
c

C Nodal Output Request Data.....eevevnnrovnensinsienronnnsocnncsscnnrensornnonns
C Bus-->Bus-->Bus-->Bus-->Bus~->Bus-->Bus-->Bus-->Bus-~>Bus-->Bus-->Bus-->Bus~->
SRCA SRCB SRCC BI3LA BI13LB BI13LC
BLANK End of output requests ;
c
C Plot request Data....essreneinsseeneonescerenoorunoeesnsononsencosasnssannenes
______ Graph type: 4(volts) 8(branch volts) 9(currents)
Units: 1(deg) Z(cyc) 3(sec) 4{msec) Simicrosec)
___lUnits per inch
_____ Plot starting time
_Plot stopping time
: _.__Value at bottom of vertical axis (optional)

(b) Input data.

Figure 3-13: (continued).
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(c) Switch current, phase a.

Figure 3.13: (continued).
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Load Energization Examples and Problems
As examples of simple uses of the EMTP, this section shows how to obtain, prepare
and input data for several simple load energization problems. Load energization
is seldom of great interest, but the ideas are easily extrapolated to other
problems. The problem of interest is the energization of the load at bus 13.
This study considers increasing levels of detail. It illustrates the following
cases:
° Energization of a single phase load from an ideal source.
Energization of the load with a source impedance and a PI
equivalent for the 1-12 line.

Energization of a three phase load.

Begin by calculating the necessary data. It is recommended to work in actual
units: ohms, millihenries and microfarads. This workbook uses KV and KA as

voltage and current units.

Calculation of the load impedances
Consider two different three phase loads.
a) A three phase 200 MVA .95 pf purely RL load, at 69 KV. We can compute the
impedance of this load if it is Y-connected from the following formula:
2 2
2 fxvy |

_ vy,
MVA_*

Z % =
S34 3¢

Y

This results in:

MVA - 200 ¢ 18.19°

KVLL - 69
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Therefore:
ZY - 22,61 + j T.43 ohms.
Assume that f - 60 Hz. Then from here:
R - 22.61 ohms
L - 19.72 mH
b) A three phase 200 MVA .8 pf purely RL load compensated with a parallel
connected capacitor to a power factor of .95. Using the same equation above,
for the RL part of the load:
S - 200 ¥ 36.87°
R 19.04 ohms
L 37.89 mH
The RL part of the load absorbs:
Qg - 200 sin 36.87° - 120 MVAR

To bring the power factor to .95 a capacitance is needed. 1Its value is equal to:

200 cos 36.87

Q -1
tan(cos  .95)

net 52.59 MVAR

Thus, the power in the capacitor bank is:
Q = 67.41 MVAR

Assume a Y connected bank. Its impedance is

69°
Zy " 67.41 3 - 9o  10-63 ohms
The net capacitance is:
C - 37.56 yF.
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Calculation of the source voltage
A 69 KV supply implicitly assumes an RMS Line to Line voltage.
analysis requires knowledge of the Line to Ground peak voltage.

formula performs the required conversion:

gyPeak _ V2 KyRMS

LG /3 LL

Thus, the 69 KV source must be represented as:

peak _
KVig = 56.34 Kv.

Obtaining the source impedance

However, transient

The following

Defer the calculation of the source impedance till the next session. Assume the

following information:

a) Represent the impedance of the system as seen from bus 1 as a purely

inductive impedance of 6 mH as seen from the 69 KV side.

b) Represent the line from bus 1 to 12 as a PI equivalent circuit with the

following parameters:

Rser = .05 ohms
Lser = 2.00 mH
Cshunt = .8 microF

¢) Represent the transformer as an inductance of 6 mH as seen from the 69 KV

side.

Ignore zero sequence effects at this time.
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Examples and results

Figure 3.10(a) illustrates the first circuit studied: energization of the RL .95
pf load from an ideal source. Figure 3.10(b) gives the EMTP data listing and
Figure 3.10(c) and (d) give the results of the EMTP simulation (both voltage and
current).

Figure 3.11 illustrates the same studies as Figure 3.10 but with the source
circuit represented in more detail. Figure 3.12 illustrates the energization of
the compensated .8 pf load. Figure 3.13 illustrates the three phase model, with
no attempt made to capture zero sequence effects (e.g., the system represented as
three out of phase sources, each connected to the load through uncoupled

impedances).

Problem 3.4: Prepare the miscellaneous data lines to perform the following
simulations:
a) A lightning study, where the item of interest is peak overvoltage
magnitudes. Describe inductors in mH and capacitors in uF.
b) An energization study, where the objective is to obtain plots of peak
overvoltages and currents. Describe inductors and capacitors in ohms.
c) A ferroresonance study, where the objective is to capture accurately all

harmonics up to the 25th. Use mH, uF.
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Problem 3.5: In the space below, enter the information required to represent the
following branches between "BUS1" and "BUS2". Assume that both XOPT and COPT are
zZero:

a) A capacitance whose impedance at 60 Hz is 50 ohms.

b) An RL load that has a 60 Hz pu impedance of .2 at 60 degrees (inductive),

on a 100 MVA system base, 69 KV voltage base. Use actual units.

¢) A delta-connected three phase RL load, 50 MVA, 230 KV, .85 pf, with one

corner of the delta grounded.
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Problem 3.6: Represent the following switches:
a) A switch between "BUSI" and ground that closes at .01 seconds.
b) A switch between "BUS1" and "BUS2" that is closed under steady state
conditions and opens at the first zero current crossing after t = .01. Ask
for the current through this switch.
¢) A switch between "BUSI" and BUS2" that closes at t = .01 and opens at t =
.02 without waiting for a zero current crossing. Ask for the voltage across

this switch.
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Problem 3.7: Represent the following sources:
a) A 60 Hz sinusoidal voltage source with a peak amplitude of 137 volts. The
source is present under steady state conditions.
b) A 60 Hz cosinusoidal current source with a RMS value of 10A. The source
is present under steady state conditions.
¢) A set of three voltage sources to model the Line to Ground voltage of a 3-
phase ideal generator, 230KV line to line RMS. The sources are first applied

at t = 0%,
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Problem 3.8: Fill in the blanks required to request the ploting of the following
quantities:
a) Two nodal voltages, "NODE1" and "NODE2", plot desired in milliseconds,
from t = 0 to t = .05 seconds. Size the plot to be 10" wide.
b) The current through a switch from "BUS1A" to BUS2A". You want the plot in
cycles, and the interval desired is from 1 to 3 cycles of 60 Hz. Size your
plot to be 12" wide.

Assume printed output requests of all these have been made previously.
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Problem 3.9: Construct the complete data file to simulate the RL energization

problem in Figure 3.1. Use the following parameters:

R -1 L - 1 mH
V- 1pu (peak value)
f = 60 Hz.

Select an appropriate time step At and an appropriate tmax'
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Section 4

BASIC THEORY OF DISTRIBUTED TRANSMISSION LINES
To model transients in transmission lines it is necessary to use a more formalized
method than a simple pi model. It is necessary to use the wave equation.
We shall consider a two-wire line and assume that it is loss-free. The effect of
losses will be considered later. At this point to introduce either series
resistance or shunt conductance greatly increases the complexity of the algebra
without clarifying the picture.
Figure 4.1 shows a small element of a transmission line. If the line has an
inductance of L henries per meter and C farads per meter, an elementary length Ax

will have inductance and capacitance LAX and CAx as shown.

. AL

l
e i AC Increasing x
]

A x

Figure 4.1: Small element of a transmission line.

The voltage across this element will be

3l

- ]
Ae L'Ax 3t

which in the limit as the element shrinks in length to the infinitesimal dx can be

written



ge U (1)

Partial derivatives are used because V and I are functions of both position and
time.

The current to charge the elementary capacitance AC is given by

Je
- A - 1
Al C'Ax 3t
which in the limit becomes
i _,, de
% C It (4.2)

The negative signs arise from the convention being used. Figure 4,1 shows x
increasing to the right. With the current flowing in the manner indicated, both V
and I will diminish with increasing x. The L' and C' are per unit length.

The general solution, first given by d'Alembert, is

i(x,t) - £ (x-vt) + £_(x+vt) (4.3)

e(x,t) - Zcf+(x-vt) - Z,f_(x+vt) (4. 4)

If these solutions are introduced into equations (1) and (2) they satisfy the

equation when the constants Zc and v are defined as

1
Zc"l/%'— vV =
vL'C!

The physical interpretation of Zc is that it is an impedance called the
characteristic impedance or surge impedance and v is the phase velocity. The

functions f, (x-vt) and f_ (x+vt) can be interpreted as a wave traveling at
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velocity v in a forward direction and backward direction respectively.

(ii)

P
—*J vT Lt— + X—»

Figure 4.2: The function f_ (x+vt) at (i) t=0, and (ii) t=t.

Consider the function f_(x+vt). At t=0, it has a spatial distribution f1(x) and a
value at x=a of f(a). At any subsequent time, 1, it has the same value at x - (a-
vt) as it formerly had at x=a, which says that the voltage distribution has moved
intact a distance vt in the direction of minus x. This is illustrated in Figure
4.2. Similarly, the function f (x-vt) represents a voltage distribution moving in
the direction of plus x with a veloecity v. We conclude that to satisfy the wave
equation, any unbound system of charge forming a voltage distribution must be
moving along the line with a veloeity v=(LC) /2.

What happens to these traveling waves when they reach the terminals of the line is
very important in the study of transients. The effect of waves reaching the ends
of a line can be interpreted as a reflection and refraction of the traveling
waves. The simple way to understand this effect is to look at a simple line with

a dec source and a termination resistance RT.

X

p=X -]

Figure 4.3: Resistance terminated line.

4-3



If we express i(x,t) in equation 4.3 by a forward and backward current wave

equations 4.3 and 4.4 give

i(x,t) - 1 (x-vt) + 1_(x+vt)

e(x,t) - Zci+(x—vt) - Zci_(x+vt) = e+(x—vt) + e_(x+vt)

This allows the relationship between i, and e to be expressed as

(]

+ +
i - = and i - -
Z -

[¢]

oNllm

at the termination, x=d the ratio must equal the resistance, RT.

e(x=d,t) R
i(x=d’t) - T

Using these expressions it is possible relationships between I*(x:d), I (x=d) and

e*(x=d), e (x=d), namely:

Zc—RT
1 _(d+vt) = 7 +R 1+(d—vt),
c T
and
R —Zc
e_(d+vt) - R 47 e (d-vt)
T "¢

Two obvious types of line termination are short circuit RT=0 and open circuit.

Consider these two extremes.
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. Short Circuit. The unique characteristic of the short circuit is that it
is impossible to develop any voltage across it. Thus, when a traveling wave of
voltage reaches a short circuit, the reflected voltage wave must precisely cancel
out the incident wave so that the refracted wave is zero. If the incident voltage
wave is €4 and the incident current wave i1, the reflected voltage wave will be
-4 and the reflected current wave +12(=i1). This is illustrated in Figure 4.4,
The reflected wave of voltage annihilates the incident wave as it returns, while
the reflected current wave augments the incident current wave, doubling the

current flowing in the line.

e| - e| -+

Figure U4.l4: Reflection of a traveling wave from a short circuit.

Let us now examine what happens when a short circuit is applied to a transmission
line fed by a voltage source, which, for the sake of simplicity, we will assume to
have zero impedance and to provide a constant voltage E. Our specification of the
problem implies certain boundary conditions. These are that at the short circuit
the voltage is always zero, but at the source it is E at all times. To satisfy
the first of these conditions when the short circuit is applied, a wave of voltage
of amplitude -E travels toward the source, reducing the line voltage to zero.
Since this is the minus x direction, the accompany current wave is +E/Zc. This is
illustrated in Figure 4.5(a). When this wave reaches the source, the boundary
condition there demands the initiation of a new wave of voltage +E, which, because
of its direction, is associated with a current +E/Zc. This is illustrated in

Figure 4.5(b). These waves in due course reach the short circuit, whereupon the
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cycle repeats 4.5(c¢c), so that the short circuit current as seen at the fault or at
the source increases in discrete steps as shown in Figures 4.5(d) and 4.5(e). At
the source the effect of the short circuit is not felt until a time T after its
application. This is the time for the initial wave to travel from the fault to

the source, where
T -dv.
the current increases in steps of 2E/Zc at intervals of 2t.

Source | Short
El | circuit

(a) X
I: \O/ch‘_, ! TI

|
E — | t—>
(b) X | (d) Fault
I - ' IT curren
o
¢ -
(C)I' | l, 1 t—

~
N
~

(e) Source current

Figure 4.5: (a), (b) and (c) represent the voltage and current as a
function of x for three values of t. (d) and (e) represent the
current at either end as a function of t.

In an ac circuit the source voltage would vary with time. This affects what we
have just discussed only to the extent that the voltage waves issuing from the
source must always be such as to maintain equality between the line voltage and

instantaneous source voltage whatever that may be. Between these discrete events,

4-6



when waves from the short circuit arrive at the source, the source itself is
generating a continuous traveling wave by virtue of its time-varying coltage.

b. Open Circuit. An open circuit at the end of a transmission line demands that
the current at that point be zero at all time. Thus when a current wave equal to
I arrives at the open circuit, a current wave equal to -I is at once initiated to
satisfy the boundary condition. This wave will travel toward the source in
company with a voltage wave of +E. A current wave of -I incident on the open
circuit would be reflected as +I and be associated with -E. What happens when an
open-circuited line is energized from a source of E volts is shown in Figure

4,6, In this situation the current disappears when the current is brought to zero

at the open circuit, it reappears as voltage doubling.

+ L oo
Source i Open
El circuit
(a)

1

E
(b)
I

E|
(c)

I —_

Figure 4.6: Traveling waves initiated by energizing an open-circuited line.



Section 5
THE EMTP BASIC DISTRIBUTED LINE MODELS
To understand the EMTP equivalent impedance network for a lossless distributed

line, we can add and subtract equation 4.3 and 4.4.
e(x,t) + Zci(x,t) - ZZcf+(x—vt) (5.1)
e(x,t) - Zci(x,t) = chf_(x+vt) (5.2)
Note that in (5.1) the expression (e+Z,i) is constant when {x~-vt) is constant and
in (5.2) (e—Zci) is constant when (x+vt) is constant. The expressions
(x-vt) - constant and (x+vt) = constant are called the "characteristics" of the

differential equations.

Problem 5.1: You are given the following 60 Hz parameters for a distributed line:

z! .0243 + j.3483 ohms/Km

y'

Ju4.75 y mhos/Km
Calculate:
R' =

L' =



Terminal k Terminal m
oO— e - -0
ikm(f)(a) Lossless line imk (1)
— I (t-7) -—
+ +

e, (t) ¢ Zcem(f)

(b) Equivalent impedance network

Figure 5.1: The EMTP model of a distributed line.
(a) Lossless line. (b) Equivalent impedance network.

The significance of (5.1) may be visualized in the following way: let a
fictitious observer travel along the line in a forward direction at velocity v.
Then (x-vt) and consequently (e+Zi) along the line appears constant to the

observer. If the travel time to get from one end of the line to the other is
T - d/v - d/L'C!
(d is the length of line), then the expression (e+Zi) encountered by the observer

when he leaves node m at time t-1 must still be the same when he arrives at node k

at time t, that is

e(t - 1) + Zci k(t - 1) e(t) + zc(-ik,m(t))

m,

(currents as in Figure 5.1). From this equation follows the simple two-port

equation for i m
’
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ik’m(t) = (1/Zc)e(t) + Ik(t - 1)

similarly

im,k(t) - (1/Zc)e(t) + Im(t - 1)

with equivalent current sources Ik and Im, which are known at state t from the

past history at time t-t,

Ik(t - 1) - -(1/zc)em(t - 1) - im t - 1)

k

Im(t - 1) (1/Zc)ek(t - 1) ikm(t - 1),

Figure 5.1 shows the corresponding equivalent impedance network, which fully
describes the lossless line at its terminals. Topologically the terminals are not
connected; the conditions at the other end are only seen indirectly and with a
time delay 1 through the equivalent current sources I.

To prepare EMTP data for a single phase distributed line, the following

information is needed:
NODE names to which the line is connected.
Resistance R' per unit length

L' and C' (inductance and capacitance per unit length)

Zc and v (characteristic impedance and propagation velocity) of
Zc and t (characteristic impedance and travel time). these
Length

5-3



The exact format for entering this data is illustrated below:

1-2 3-8 9-14 27-32 33-38 39-44 45-50 51-52 55-56
"-1" Bus1 Bus?2 R! A B d Iline IPose
Ab A6 12X E6.2 E6.2 E6.2 E6.2 I2 2X 12

BUS1, BUS2: bus names

R': series resitance per unit length
A,B: L',C*' if Iline - O

Zc,v if Iline -~ 1

ZC,T if Iline - 2
d: length

Ipose: Not used for a single mode line.

There are several important considerations in the representation of distributed

lines. These are:

The travel time 1 (Whether explicitly specified or not) cannot be
smaller than the time step At.

The ratio of t1/At must be reasonable. Depends on your system, but
values in the range of 10 to 1000 are common. Values less than 1
are not allowed. Values greater than 10000 are probably too
large.

The total resistance R'd must be smaller than the characteristic
impedance Zc'

It is best (but not necessary) that the ratio 1/At be an integer.
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If any of these situations arise, you may want to think more about what you are
trying to do before proceeding. For example, if 1 is truly smaller than At you
probably could use a lumped RLC branch to represent the line. If 1/At is too
large, perhaps you do not need to represent the line as a distributed line since
it is also likely that tmax < 21. A line from which you expect to receive no
reflections during the course of the study can be represented as a pure lumped
resistance with a value equal to its characteristic impedance.

As an idealized example of the energization of a single phase line, consider a
single phase line with parameters corresponding to the positive sequence
parameters of line 1-12. Consider first the energization of this line from an

ideal voltage source. The parameters for this line are:

R' - .0243 ohms/Km
L' - .9238 mH/Km
C .0126 micro F/Km

d = 24,14 Km (15 miles)

For illustration purposes only, begin by assuming that a PI equivalent model is
adequate (it is not). Since the line is short, the 60 Hz PI equivalent can be

obtained directly from the nominal PI. If this assumption is valid then:

Req - R*' d = 0.574 ohms
Leq = L' d = 22.23 mH
Ceq = C' (L/2) = .1557 microF

The value of the sinusoidal source magnitude is

Vieay - 230 X (Y2 7 ¥3) Kv
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Assume energization at exactly 1 ms after peak voltage. Figure 5.2(a) illustrates
the equivalent circuit for energization of the open circuited line using a pi
circuit model. Figure 5.2(b) shows the EMTP input data for this case and Figure
5.2(c) and (d) show plots of the receiving end voltage. Notice the following

points:

Voltage doubling does occur.
The line induced oscillation is superimposed on the 60 Hz voltage.
The waves are sinusoldal and there is no evidence of travelling

waves.

Figure 5.3 illustrates the same example of energization of an open single phase
line from an ideal source, but with a distributed line model used. Notice the

following points:

The waveforms of the line oscillation are square waves, not
sinusoidal,

There is voltage doubling.

Even though energization occurs at exactly 1 ms, the receiving end
voltage does not rise til 1 ms + 1, where t in this case is .082

ms.

Finally, Figure 5.4 illustrates the problem of energizing a shorted single phase

line from an ideal source. OQObserve here:

° The fault current initially builds up as a sequence of discrete
steps.
The fault current eventually becomes a pure sinusoidal steady

state current with a decaying unidirectional component.
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SRC 1

t=1mS

187.79
coswt

Figure 5.2:

ENER Pi

22.23mH 0.574 ()
Bus 1

Bus 12

0.1557 uF 0.1557 uF

CIRCUIT DIAGRAM

Energization of the positive sequence 60 Hz
the equivalent of an open 15 mile 230 KV line
using a PI equilvalent model.
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BEGIN NEW DATA CASE

(e e e e e Fige B.I(b) -mommmmemm-
Energization of a 1% MILE line from an ideal voltage source

single phase [uUIVAlENF FI model and ideal voltage source .

Y

™

LeTdoubl -KesOut<{~-Maxiut ; Icat
0 O 0 -

e s Peeraaa e I 0 T - 5 3 T P ee e
Bus-->Bus~--sBus-~sEug~~rimmmeR{mmm = {m=m=( 0
BEUS1  BRUSIE 08574 _o.oo 0
EUS1 B alaya 0
EUS1Z 1BHY 0
ELANE, £rnd of circuit dataeeer e i iinnnnerasnsnsnnnnns ok rerhe e ra st A r N u e s
¢
C vt einiinnnnnnns ............Cwitch L Passesw s s as e
C Bus-~rBug~-#4-

ERCYL  RUE1 l.L 2 ??9?. 0 0
ELANE Znd of switch data........ ChwaseaasEaas . hesasesrarsExanas Pessaarsunan e ;
C
G ot iie v e inann sesennnn e S T T o - data.................................
C Bus--:<IdAnplitudesFrequency<--T0IPRIiQ<--~0=Fhi0
143RCT 157,79 A0 0 Q.
BLANE, End of source datdeeeeerrsnneanss o rseeasesaenaa
.
e tecanansansnnes . Lutput Reauest Data.eeerevicneenranvenanne PR
C Eus——}Eus—m}Bus~~PBus~~}Eus—-ILus-mﬁLus—-.[us—-.bus-- Bus~-rBus-->EBug--: Eus——ﬁ

EUZ1  RUSIZ
ELANK End of output requests.creercivecnnencas Wesraasraraaran earrderaan s hen
L Plot reguest Yata..... Ces ks amsasesen e aunn s e n s s aEsEan e rsen e rreEE e n s
C . Graph type: 4(valts) "i(branch volts) #(currents)
L Unmits: 1¢deg) —f(cyr) *(sec) 4(msec) Bmicrosec)
Units per inch

i . _.Plot starting time

A \ _Flot stapping time

[eEaNal

ey Ty v N

VWi - Lus-~>Bus-~+Bus~-+Bus--:Heading~---~=~= *Mert axis------ 2
ZEnergize lphase Plequiv Nolead IdealSrc

144,00 0.0 2,F EUS1Z EnerFi BuslZ KV

144E2.5 0.0 [, BUBS1E EnerPi Busli kV

ELANE. End of Flot Request. . eeeerarcnnens S e e e menesmecea s u e e waaut
ELANE End of &11 Cases

(b) Input data.

Figure 5.2: (continued).
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Busl2 KV EnerPi

(10zx  3) NOT TYPICAL
0.400 FOR DISCUSSIOI
PURPCSES ONLY
2Energize 1phase PIequiv NolLoad IdeaiSrc
0.300
0.200
6.160
0.008 NDS(163x 2)
-666 156  6.175 6.250
-0.100
-0.200
-8.300 (c) Bus 12
voltage.
67/08/85 11.25.
PLOT TYP 4
-0.400 NODE NaM BUS12
pusiz Ky Enerfi
(ioze 3) NOT TYPICAL
FOR DISCUSSION
0. 469 PURPOSES ONLY
0.368
9.200
0.160
ECONDS(1 22 1)
0.908

8.025 0.656 0.875 ©0.100 6.125 0.156 6. 5 0.200  ©0.225 .258

-0.100
-8.200
(d) Bus 12 voltage, expanded scale.
-8.300
07/68/85 16.38. 1
PLOT TYP 4

-0.408 NODE NAN BUs12

Figure 5.2: (continued).
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SRC 1 Bus1 Busi2

t=1ms

187.79 cosut CIRCUIT DIAGRAM

(a) Circuit Diagram

Figure 5.3: Energization of the positive sequence of an open 15 mile
distributed line from an ideal 230 KV source.



BEGIN NEW DATA CASE
C e e o me e s s hs o A wk S 4w o me ma e e e e mm e we e - me wn e Me e e 6 & e e oo o n o hu n 8 e n e b e A A e e ok e o e s o
C Energization of a 1% MILE line from an ideal voltage source
C using actual units, single phase DIBTRIBUTED LINE wodels. Fig. B5.2(0)
0 mm = o B o e o e e
10.E-4  Z.EBE-3
Iprntd--~Iplotd~-Tdoukd ~Esslut-Maxlut ~==~-Icat
15 1 1 G 0 0

o~

[l

Ca s sererserras e n e Lircuit datawe o,
Bus--rBus--rBus~-:Bus~--3=< Rt s B0 =-len O OO0 0
-1EUS1  RUS1Z 0.0243 L0008 L0186 Z4.14 0 0 0 0
ELANE. £nd af circuit dafa v riiirnsnniiieannniiernrianensnncnaroernarnsnnns i
-

-

~

et e r i veewsBwiteh datace.ieenas ressssasaeune  eaweaen
C Bus~--rBus-~3<--~Teloggi~=m- Topens-~~m~~~- Ie i

SRC1 EUSL 1.E-32 PRI, o 0
BLANE £nd of switch data.srerereicnnsssusansncnenanss .
-

.

C s rinane Ceaeas eneaan . Eource datA.ess e nnnncanansnrsninansnnrnan
C Bus-~>»<I. Anp!itude<frequency<--TOFhiO<-~-0=Fhi0 cee-Tstartd---~-Tstap
142RCY 127,79 &0, O 0, ~1. s
ELANKE. <nd of source data. s ieennsirinienvenrenens Peneaens
€

O i i e i nnun s G ersrereseseennnn utput Request Data......ocvevae fesakesssasasenn
€ Pus--rBus--*Bus-->Bus--rBus--rBus~--rBus-~-rBus-~rBus~-:Bus-~rBus-~>Bus~->Bus--1

BUSL  BUS1Z
BLANE End of output requests..voeienerananan Ce ks aa e . cenaed

Flot request Data.ese e nnnnnninunnnnannnns Peaaemenn
. Graph type: 4(volts) = (branch volts) 2 (currents)
'___ Units: 1(deq) Zlcyc) Z(sec) 4d(msec) EBlwicrosec)
v Units per inch

Flaet starting time
HE : Flat stopping time

[} 1

Y O Ty Y Y Y T Y

(]

Wi-17 0 ==y Bus--»Bus~-:Bus-~-rBus~--rHeading-~~-~--~ Vert axis------1
EEnergize 1B8mi1 lphase Dist Noload Ideallrc

144,08 0.0 J.h BUSLE Ererdist Buslz kV

1442.F 0.0 E5. BUBIE EnerDist Buslz KV

ELANE £nd of FPlot Request..... ke chrreranas .
BLANE. End of ATl Cases

(b) Input data.

Figure 5.3: (continued).



Jusi2 KV EnerDist

(1018 3)

0. 400 Energize 15ni lphase Dist NolLoad IdealSrc

1

0.306
0.200

0.108

SECONDS (1622 2)

6. 000 75 0.150  0.175 225 0.250

-0.100
-0.208

-0.300
57798785 il.2F (c) Bus 12 voltage.
l PLOT TYP 4
-0. 400 NODE NAM BUS12

Jusi2 KY EnerDist
(1018 3)

0. 400 Energize 15ni 1lphase Dist NoLoad IdealSrc

1

0.3060
0.200

0.100

LISE NDS loxx )

0.000 0.025 0.050 0.675 6.100 0.1  6.158 175 0. 0.250

-0.100

-0.200

(d) Bus 12 voltage, expanded
-0.360 scale.

07/08/85 11.27. 1
PLOT TYP 4
-0.409  MNODE NAN  BUS12

Figure 5.3: (continued).
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SRCH1 Bus1 Bus12

187.79
coswt

CIRCUIT DIAGRAM

(a) Circuit Diagram

Figure 5.4: Energization of the positive sequence of a shorted 15
mile distributed line from an ideal 230 KV source.



BEGIN N=W DATA CAZE
C e R e I L Lt Fig. B.d(b) == =rovmeeeme-
 Energimation of a SHORTED 18 MILE line from an ideal voltage source
C using actual units, single phase DIZTRIBUTED LINE models. “
[ B T o ¥ B e T T T >
10.E-4  L.EBE
C -Iprati--Iplotd-Tdoub -KssOut<-Maxlut ---Itcat
15 1 0 O Q 0

( eaninerrcnan e annesnnnnns veseeCircuit dataseeeeernens e r e rsErEsa e ek
C Bug--rBus~-sPus~~>Bug-=ri-==fy! co-|? el Tmefan O 00 i
-1BUE1 RBUSLE O.024% L7238 L0126 24,14 0 0 O 0
BLANE, “nd of clrcuit datae.eesee s renrnsansrsosasnnnnsnsscsannsnans sk Ennse e nrrana
{
T I T < ol £ T - o R .
C Bus--3Bus~~»<-~-Tclogpi-~-m Topamne~=-———— le 0
ZRC1  EUSL : 1
EUS1E -1.E-3 L9, 0 1
BLANE End of switch dataceeeen i eearersnunnronnenss N h Mk E s s r s a e a e ns e -

Yo

earerneaee serEassans et eaar e Source datac..ee... Ceeeemear s s nE sy
O Bug~--x<I<AnplitudedFrequency{--TOIFhiOL---0=Fhi0 =--Vstarti--~--Tstap
14E5RC1 187,79 0, O a. ~-1. PR,
ELANE. End of source datas.sceseesnsanne N s e saasasas s Es e n e e seam s wewat
C
(st rnnmnn s wewwssendutput Request Data.cvureennr i irenennnruncas
C Bus~--:BEus-->Bus--:Bus-->Bus-~rBus-~*Rus--rBus~~rBus-->Bus-->Eus-->Bus-->Eus~-1
BUST BUSIZ
LANED End of ocutput requests..ceeveisnninnsnascucnsnnns serv s Wsamraraa feae
Flot request Data. s iineicinrnessssnanscssannass . feee s E s s s E e ana .
_ . Graph type: d(volts) Z(branch valts) ?{(currents)
o Units: 1(deg) Z{cyc) I(sec) d4{msec) Simicrasec)
Units per inch
Flot starting time
' _Flot stopping time

YVl nmm ey Bus-->Bus--»Bus-~:Eus--rHeading~-~~-~~~~ *Vert avig-~ ---7
ZEnergizce 1%5mi Iphase Dist Bhort IdealSrc
194,05 0.0 7 ,F SRC1 BUSL EnerDistShert Ereakerl KA
1%4: % 0.0 Ik, SRCL BUSL ZnerbDistEhort Ereakerl KA
BLANE. End of Flot Request.e. oo teinn i arienersanncsosasnarsavussnsarnncsnnsns’
ELANE. End of All Cases

O Y Y S Y Y S

(b) Input data.

Figure 5.4: (continued).



breakerl KA EnerDistShort
(102 2)

0. 400 Energize 15ai 1phase Dist Short IdealSrc

0.300

0.206

0.100

0.000 o 2
0.025 0.859 175 0.208 9.225 .250

-0.109

-0.208

-0.300

67/19/85 12.59. 1
PLOT TYP 9

-0.400 KODE NAM SRC1 BUS1 (c) Breaker fault

current.
Breakerl KA EnerDistShort
(10xx 1)
9.800 Energize 15mi 1phase Dist Short IdealSrc
0.609
0.400
8.200
8.600 WILLISECONDS (10ex 1)
’ 0.025 0.058 0.075 8.100 8.125 8.150 8.175 0.280 9.225 0. 250
-0.200
-0.460
-0.600
g{ﬁsﬁg 12':;8- ! (d) Breaker fault
-0.800 NODE NAM SRC1 BUS1 current, expanded

scale.

Figure 5.4: (continued).
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Problem 5.2: You are given distributed lines with the following characteristics:

(a) R' - .024 ohms/Km

L' = 1.23 mH/Km
C' = 9.08 microF/Km
L - 200 Km

(b) R' = .0019 ohms/Km
Zo = 295 ohms
T = .67 ms
L = 200 Km

(¢) A 60 Hz pi equivalent equal to (YShunt is the admittance of each PI
shunt leg)
Zoop = 37.2 4 89.7 ohms

Yopunt = J -000215 mhos

For each of these lines, prepare EMTP data to represent the line as a distributed

line.



Section 6
MULTIPHASE TRANSMISSION LINES
This section helps you understand how the EMTP works, but may be skipped in a
first reading.
If there is more than one conductor associated with the line, then partial

differential equations describing the behavior of the line become matrix equations

of the form:

_ oe oi
% - (R']i + [L'] Tt

where, for three phase systems:

R' R' R' L! L' L'

aa ab "ac aa "ab Tac
[R'] = Réa Réb Réc [L'] = Léa Léb Léc (6.1)
t t
Rca Rob Réc Léa Léb Léo
_ 981 _ reeq 28
ax [ct] at
t t t
Caa Cab Cao
t7 = O t t
[c'] Cba Cbb Cbc (6.2)
t t
coa ccb Cé

After a Fourier Transformation, the above equations become:

_.a_E.— t t - R? ] t
% " [z']1 where Zij' R!., + JjwL

ij ij (6.3)

__a_I_._ t t 300t
= [Y'] E where Y!, = Gij + JwCi

% i3 (6.4)

J
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These last two equations can be re-written as follows:

2

OF (721 [y'] E (6.5)
2

oX

2

0L [yiqrze] 1 (6.6)
2

X

A change in variables called a "modal transformation'" decouples these equations.
Let T, be a modal matrix (matrix of eigenvectors) for [Z']{Y'] and T; be a modal

matrix for [Y'1[Z']. Let:

E-TE (6.7)
I-T.I (6.8)
Substitute in (3):

32Em »

. - T, [Z'][Y']Te E, - AE (6.9)
diagonal

321m »

> - T [Y'][z']Ti I, - AL (6.10)

9X

diagonal



Notice that use has been made of a theorem that states that the eigenvalues of
[Z'1[Y'] are the same as those of [Y'][Z']. The result is thus m uncoupled modal
equations, and the propagation modes are the same for both voltages and

currents. The transformation matrix Tg is not unique. If Te is a modal matrix,
any matrix of the form T,D will also be a valid modal matrix (D diagonal).

Furthermore, T, and Ti are related by:

e

TT, -D (6.11)

Where D is diagonal and may, in particular, be the identity matrix. Te and Ty

also diagonalize equation (2).

A line can be said to be uniformly transposed (or simply transposed) if all the
diagonal elements of [L'] and [C'] are equal, and all the off diagonal elements

are equal. That is, both [L'] and [C'] have the form:

If a line is uniformly transposed, then we may let T, - T;. For transposed lines,
this is often done. After the modal transformation, the problem is reduced to the

analysis of simple scalar differential equations, each ofthe form:

dE R
Ix (R + jwL) I
dIl .
ax (G + juC) E

The solution to these equations was described earlier.



Modal transformation matrices are never unique. For the case of transposed lines,

a very common transformation matrix is the Karrenbauer transformation:

whose inverse is:

The Karrenbauer transformation is the default transformation used by the EMTP for
transposed lines.

The Karrenbauer transformation has the virtue of being entirely real and very
simple in form. In addition, if it is used for both Te and Ti' then the resulting
modal impedances and admittances are the familiar impedances and admittances that

result when a symmetrical component modal transformation is performed.

For transposed lines, a user need therefore not be aware of the fact that the EMTP

uses a modal transformation. If the phase matrices are given by:

M
Z M
M M Z
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then the modal matrices are given by:

Z+2M 0 0
0 Z-M 0
0 0 Z-M

Once this modal transformation is applied to both the L' and the C' matrices, then
the result is two distinct modal values of L' (call them Lé and L{) and two
values of Ci (call them Cé and C%) . As in the case of the single phase line,

define:

Ll

0

v_ - Z_ - V=
° Ay ° %

o 0

b

v, - Z, - V=
VT o 17T

If the same transformation matrix has been used for i and e, then both v and Z are
unique. Otherwise only the v's are unique, and ZO and Z4 depend on the
transformation used.

If the line is untransposed, on the other hand, it is essential to solve the so-
called "eigenvalue problem" to determine the modal transformation T;. This is a
problem that in practice must be solved by computer. Fortunately, the EMTP "LINE
CONSTANTS" supporting routines perform all the necessary eigenvalue calculations.
As before, the modal matrix Ti is not unique. However, since the line is
untransposed, it can no longer be assumed that Te =Ty. This has the practical
effect of making the characteristic impedances Z, meaningless unless T is

specified as well.
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Internally, the EMTP represents each terminal of a multi-modal line as an
equivalent circuit as shown in figure 6.1(a)(where the values of all sources and
resistances are known). True modal quantities at each time step are then
converted to modal quantities using T, and T; (Figure 6.1(b)). Modal quantities
are then propagated separately and, sometime later, re-converted into current

injections (Figure 6.1(c)).
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(a) 1Internal representation of one terminal of the line as seen from the
network. Resistances are constant, current source values are known but
change from one time step to the next.

a 0
—_— —
Sa So,
—sb —
Sp S
—s'c —i2
Sh Sp

(b) Modal matrices convert phase quantities to modal and vice-verse every
time step at each end of the line.

Figure 6.1: How the EMTP deals with the propagation of multimodal waves.
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k m

I (1) 15(1+7)
I (t+ Ie(t)

I, (1) I, (t+7)
Iy (t+7,)- Im (1)
I (1) I (t+7,)
I2 (t+7,) 12 (1)

(c) Waves propagate independently and at different speeds in each mode.

Figure 6.1: (continued).
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All of this discussion brings us to the final point: how to specify a multi-modal
(we will assume for simplicity a three phase) line for the EMTP. The EMTP
requires that you specify:

The nodes to which the line is connected.

The modal parameters for each node.

The length of the line.

Whether the line is transposed or not.

If the line is transposed, only two modes are needed, and the program assumes an

impliecit Karrenbauer transformation for both Te and T;. Thus, ordinary zero

sequence and positive sequence modal data is adequate. If the line is

untransposed, then three modes are needed and Ti must be specified.

The mechanics of data preparation for a three phase distributed line are:

Line #1 Node information for phase "A" and modal information for the ground
mode if transposed (first mode if untransposed).

Line #2 Node information for phase "B" and modal information for line mode if
transposed (second mode if not).

Line #3 Node information for phase "C". If untransposed, modal information for
third mode.

If the transmission line is untransposed, these data lines are followed with three

pairs of data lines of data describing the three rows of T;.

The EMTP assumes the line is untransposed if column 56 contains a "1",

The format for the specification of line connectivity and modal information is

exactly as described for the single phase line. However, if the line is

untransposed this information must be followed by lines specifying Ti’ For a

three phase line, there are 6 data lines. These lines have the following format:
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T.(1,1)
E12.5

E12.5

T;(2,1)
E12.5

E12.5
T;(3.1)
E12.5

E12.5

Except in rare cases,

Ti(1,2)
E12.5

E12.5

Ti(2,2)
E12.5

E12.5

T;(3.2)
E12.5

E12.5

1,(1,3)
E12.5

E12.5

17,(2,3)
E12.5

E12.5

7,(3.3)
E12.5

E12.5

set the imaginary parts of Ty to zero.

(real)

(imaginary)

(real)

(imaginary)

(real)

(imaginary)



Figure 6.2 illustrates an example of the energization of the line from bus 1 to
bus 12 with a three phase .95 pf load at bus 13. The transformer and load values
are referred to the 230 kV side of the transformer. The line is assumed
transposed. Notice that, because all three phases are energized at exactly the
same time, the results are identical to those obtained by single phase analysis.
Figure 6.3 illustrates the energization of phase a alone, leaving phases b and ¢
energized. The two propagation velocities can now be seen. Figure 6.4
illustrates the energization of the same line but represented as an untransposed

line. Finally, Figure 6.5 illustrates the energization of all three phases of the

compensated .8 pf load.

Thev SRC1 Bust 15 miles pBygq Bus13

24.14 Km
Transposed
Distributed Line
Rg0.3167£0/Km
Lg 3.222 mH/Km
C, 0.00787ut/Km
R|=0.243§)/Km
L,=0.9238 mH/Km
C;=0.0126 uf/Km

CIRCUIT DIAGRAM

(a) Circuit Diagram

Figure 6.2: Energization of all three phases of transposed line.



EEGIN NEW DATA CAEE

Civnrnsn sremmmmanesn reassesann chasasssamsanans emeanas Fige &.2(b) connennns .

C Energization of a 3 phase 15 MILE line connected to a xfmr and equivalent RL

C —===dti---tmand e e e e ¥
Z20.E-5 28.E-3

C ~Iprnt{-~-Iplot<-Idoubl«<-KssOut<-Maxlut {-~--Icat

15 1 z

C

C tevervunssasnnencsnaannacnsanns LCircuit datasesvaens eseersenensesrannamanna P

C Bus-->Bus-->Bus-->Bus~~»{~-~~R{~~=~L{~~==C ]
BUS1ZABUS13A 70.1& 0
BUS1ZBBUS13EBUS1ZABUS13A 0
BUSIZCRUS13CBUS1ZABUS13A 0
BUS13ZA 251.2 219.1 0
BUS13R BUS13A o]
BUS13C BUS1LEA 0
THEVA SRCI1A 0.714 70.48 0
THEVE SRC1B THEVA SRC1A 0
THEVC SRCIC THEVA SRCILA 0

C Dus--»Bus--»Bus--*Bus-~»¢{~=-R'- ~-~L'"===C"=~len 0 O 0 i

-1BUS1A BUS1ZA Q.31&7 3. 87 24.14 0 0O 0 0

~-ZBUS1B BUS1ZB 3 Z4.14 0 0 O 0

~3BUS1C BUS1ZC 0

BLANK £nd of circuit data.esssinscscsannass eeamsasssememtsesmanesaEnesrEensunann H

C

C onerrenritanscanunsans 1 I o (T - 3 srsuvua

C Bus-->Bus--»{-~-Tcloges~~-=- Topend=~-=~=-~- Ie 1]
SRC1A EUSIA 1.6-3 999, 0 0
SRC1B BUESIE 1.5-3 9999, 0 0
SRCIC BUSIC 1.6-3 9999, 0 0

BLANE #£nd of switch data..cevsnnranncnns Fessmesammssmsasennrannanas i PR

C

L T T SOUFCE BRtaa e s evnnernanerennsesnnnersennennn

C Bug--><I<Amplitude<Frequency<--TQOIFhiQ<-~-0=Fhi t===Tstart{----Tstop

14THEVA 187.79 0. 0. a. -1. QI9Y .

14THEVE 187.79 60, ~1Z0, 0, ~1. EAA A

14THEVC 187.79 &0, 1z0. 0. ~1. 9999,

ELANE €nd of source data.eeieeencieennnsnssvnsnsensnannnanss amnssersamacasanans !

C

C vriieennssnnncanansnsnnsssssaanadutput Regquest Data..owssnrieeinniinnnnnness .

C Pus-->Bus--»Bus~-% Bus-->Bus--xEus~~»bus——;bus--;Lus--;Bus—-:Bus—— -Bus—--> Bus--?
BUS1A BUSIZA -_
ELANK End of output requests.....ccceiinnncssrannnnannas ieneseraumannas cees auat

C Plot request Data

c ______ Graph type: 4(volts) S(branch volts) 9(currents)

ci _____ Units: 1(deg) Z(cyc) 3(sec) +(msec) Bmicrosec)

C oy Units per inch

ciy oy Flot-starting time

(O f _Plot stopping time

cCir o H !

C Wi-ld-=id~-~1 Bus--»Bus--»Bus-->Bus-->Heading-------- *Vert anig---~-- >
144 2. 0.0 25. BUSIZA EnerDist3Eqloadibusi? KV
144 .2 0.0 £.5 PUS1ZA EnerDist3tgloadlBuslZ KV

BLANK End of Flot Request
BLANE. End of All Cases
(b) Input data.

Figure 6.2: (continued).
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Busi2 KV EnerDist3Eqloadl
(105 3)

0.468
0.360
0.260

0.100

NILLISECONDS (16ms

0.060 0.010 03 0.076 6.6906 0.116 6.3 0.156 6.176 6.196 0.2

~0.168
~0.200

-0.300

09/69/85 08.45. 1

PLOT TYP 4 (c) Bus 12 phase "a" voltages.
-0.466  WNODE NAX  BUS12A

Bus12 Kv EnerDist3Eqloadl
(105 3)

0.400
0.300
0.266
0.1606

D
0.660
0.610 0.036 6.650 6.676 0.69 6.116 0.136 6.150 6.176 0.130  0.216

-0.106
-6.260
-0.300
89/69/85 08. 41 (d) Bus 12 phase "a"
PLOTTYP 4 voltage. Expanded
0.4  NODE NAX  2USI2n scale.

Figure 6.2: (continued).
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Thev SRC1 Bus1 15 miles Bus12 Bus13

3¢
24.14Km
Transposed
Distributed Line
R0.3167£1/Km
Lg3.222mH/Km
Cg=0.00787 pF/Km
R|=0.0243)/Km
L1=0.9238 mH/Km
C=0.0126 . F/Km

CIRCUIT DIAGRAM
(a) Circuit Diagram.

Figure 6.3: Energization of phase "a" of three phase distributed line.



EEGIN NEW DATA CAEE

C inerienntennaneenns cerenvresssarnaeaun B L 1T I € )

C Energization of a single phase of a three phase 16 MILE line connected to

C a transformer and an RL load

C oervrnrnnenns erecsanas s hheNseesrresasenanseannen s sareasensasesrerancasnenus

O R R A T B e it L =
Z0.E-& Z.BE-3

C ~Iprnt<--Iplot<-Idoubl<-KssOut<-Maxdut - -lcat

15 1 0 0 0 Z

c

C iiiernnnasnonnssnnnananscsnnans Circuit data..... s Essssssstsssessaserennanas

C Bus-->Bus--»Bus-->Bus--»{-~~~R{~~--L4~-~-C a
EUS1ZAEUS13A 70.16 0
EUS1ZBBUS13EBUS1ZABUS1ZA ]
EUS1ZCRUS13CRUS1ZABUS13A ¢]
BUS13A 251.Z2 &19.1 0
BUS1ZB BUS12A (¥
EUS13C BUS13A 0
THEVA SRCIA 0.714 70.48 Q
THEVE SRCIE THEVA 3RC1A 0
THEVC SRCIC THEVA SRCIA 0

C Bus--*Bus--»Bus--:Bus-~y<{~-=~R' ~==L'{~==C'd=~lgn O Q Qi--~--Blapk-==-m=mmw-- »0

~1BUSIA BUSIZA 0.3147 3.222.00787 24,14 0 0 0 0
ZEUSIE BUSIZE 0.0243 .9238 .012é 24,14 0 0 O 0

-3BUSIC BUS1ZC o]

ELANE €End of circuit data..eeseeeereresnseeeansesnnnnnnaassnescneceaasans PRI i

¢

C ieeenrannnanas crteseassasasas Switch dataseaceanns hesesmenracuastaccacsanannnns

C Bus--»Bus-->{~---Tclose<-~-~-Yopeni-~~~-~~ Ie i)
SRCIA FUS1A 1.E-3 2999, ¢] Q

BLANE End of switch datacicevesasnncenanrencnns Chessaaarssaesseanesans - et

C

C iriieeinntacsossersnseanasessanans Source Jdata..iciiierinnrsestnsaasennnnarnanny

C Bus--:<I<Amplitude<fFrequency<--TOIFhiO{--~0=Fhi0 i -~Tstarti--- fstup

14THEVA 187.79 &0, 0. 0. ~-1. 7.

14THEVE 187.79 &0, 1z0. 0. 1. z

14THEVC 187.72 0. 120, 0. 1 DYDY

C peak Line to gruound voltage for a J30 KV RME line to line socurce is 1=7.7%EV .
ELANK &nd of scurce data

C oevnenn certesreseanea eemaeaas . Output Request Data....... Cenresarann .
C Bus--*Bus--»Bus-->Bus-->Bus-->Bus--rBus--:Bus-~->Bus~--*Bus--*Bus-~*Bus~~-:>EBug~-3
BUS1A BUS1ZA

BLANK End of output reguests..... . s acur e s e .

C

C Plot request Data

C ______Graph type: 4(volts) = (branch valts) ?(currents)

C i _ . Units: t(dey) Z(lcyc) 3(sec) 4(msec) Smicrosec)

c i e .. Units per inch

c . _.__Plot starting time

¢ ' ' _Flot stopping time

c ' ! !

C W= n=--1. =, EBus--*Bus--»Bus-- Eus--*Heading--~----~ iVert anig-—---- ¥
144 .2 0.0 £.B BUS1ZA EnerDist3EqlsadiBusl
144 2. 0.0 25. BUS1ZA EnerDist3EgivadiBusls

BLANK £nd of Plot Request
BLANK End of All Cases

(b) Input data.

Figure 6.3: (continued).



Bus12 KV
(1022 3)

0.406

0.360

0.200

0.160

6.010

-9.100

-0.300

EnerDist3Eqloadl

0.676 6.696 6.110 3 0.150

09/09/85 09.09. 1  (c) Voltage at bus 12.
PLOT TYP 4

-0. 400 NODE NAM BUS12A

Bus12 KV
(19 3)

0.400

0.360

6.200

0.160

6.610

-0.160

-0.200

-0.300

EnerDist3Egloadt

0.636 0.650 6.676 0.030 0.116 8.130  0.158

09/69/85 9. 13. 1 (d) vVoltage at bus 12,

PLOT TYP 4 expanded scale.
-0. 400 NODL NANM BUS12A

Figure 6.3: (continued).
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Thev SRC1 Bus1 15 miles Bus12 Bus13

{24.14Km)
Transposed
Distributed Line
Rg0.31678 /Km
L'53.222mH/Km
Co=0.00787 uF/Km
R|=0.02438/Km
L=0.9238 mH/Km
C\=0.0126 uF/Km

(a) Circuit Diagram.

Figure 6.4: Energization of transposed line terminated by a transformer
and an RL load using transposed distributed line models.



BEGIN NEW DATA CAZE

C I T T I S B 11T I = 11§ 1)
c Energlvat|on of an untransposed 3 phase 15 MILE fine connected to a xfmr and .
C an Ri. load
[+

Rt A 4 T R T L L P ST R »
Z0.E-6 Z.BE-3
C -Iprat<--Iplot<-Tdoub!<-KssOut<~Maxut {~ -Icat
15 1 [s] 0 0 z
c
C ovevecnnevnnnsunns . eraseneasaCircuit dataeeeeiiersinnnnnnunnas Cesesessisusans
c Bus—-)Bus—-)Bus-—>Bus--><--——R<—---L’—~-~C v}
EUS1ZARUS13A 70,16 0
EBUS1ZBEBUS1 3EBUS1ZABUS13A 0
BUS12CBUS13CBUSIZABUSE 3A 0
BUS13A 251.2 Z19.1 0
BUS13B RUS13A Q
BUS13C BUS13A 0
THEVA SRCI1A 0.714 70.¢8 ¢
THEVE SRC1B THEVA SRC1A 0
THEVC SRCIC THEVA SRCIA 0
C Bus--»Bus-->Bus-->Bug-~»{~~-R'{~=~L".~==C « ~len 0 0 0 i
-1BUSIA BUS1ZA 0,3140 3.196.00793 24.14 0 0 3 Q
~ZBUSIE BUSIZE 0.0247 1,018 .0115 24,14 0 0 3 0
ZBUSI1C BUSI1ZC 0.0239 .8Z88 .0137 24.14 0 0 3 [s]
C === = =T Tiemmmm e Ti 0
0.59821092 -0.70710478 -0.41240852 4
0.00000000  0.00000000  Q.00000000 0
0.53985903  0.00000000 0.851230439 0
0.00000000  0.00000000  0.00000000 0
0.69521098 0.70710478 ~0.41240852 Q
0.00000000  0.00000000  0.00000000 u
BLANK End of Circuit dat@euecesnesnvesvanscacaonanrnsursnnans erencuneaee cene
c
Counnnnnnn L 18 1 4 [ - 1 rea
c Dus——*Bus-—/f—"~1cIuse<-—-~Topen< ------- ie ]
SRC1A BUSIA 1.6-3 9999. Q 0
SRC1E BUSIE 1.£€-3 G999, 0 0]
SRC1C EUSIC 1.6-3 9999, 0 ]
BLANK £nd of switch datd.vecvesnsnaes Chebiuasninaue canssiamssEstrese st aNsT Ly
c
c vesenas sesennnus ceraseuabua ereaSource data. i aiiie i e i i
[ Bus-~>4I Anplltude<lrequency<--T0 Phi0<---0=Fhi0 { ~-Tstarti~---Tstup
14THEVA 187.79 &0, 0. 0.
14THEVE 187.79 &0, -120. 0.
14THEVC 127.79 &0, 1Z0. 0.
BLANE. End of source datl.uesiesasensecscneanasnssnenanns [N
C
C ovuvane [ . crariesenun Output Reguest Data........ .

c Bus-—)Eus~—>Bus-—;Bus~->Bus——>Bus-—»Bus——>Bus~-/Lu5-—/bus—~>Bus——;Bus~-»bus-~>
BUS1A BUSIZA

ELANK End of output requests..... eveteueuas chieaneas cesermusanunn Ceuenaaas

C Plot request Data

cC Graph type: 4(volts) S(branch velts) 9(currents)

c _Units: 1(deg) Z(cyc) 3(sec) 4imsec) Himicrosec)

Coi . . Units per inch

c v Plot starting time

(ol _Plot stopping time

C. ! H

C VWi i¢ -1~ Bus~->Bus-->Bus-~>Bus-->Heading~-=~~---- »Vert anis-----~ >

(b) Input data.

Figure 6.4: (continued).



Bus12 KV EnerUntr3Eqloadl
(l6zx 3)

0.400{

0.300

0.200

0.160

0.860 0.010 03 6.670 0.096 0.110 136
-0.106

-0.200

-0.300

09/10/85 13.32. 1 (o)
PLOT TYP 4
0,400  MNODE NAW  BUSI2A

Bus 12 voltage.

Busi2 KV EnerUntr3Eqloadl
(10ss 3)

0.400
06.300
0.260
0.160

0.600 6.010 0.030 6.850 0.670 0.690 6.110 0.1360  0.150

-0.100
-0.200

.360
e (d) Bus 12 voltage,
09/10/85 13.43. 1

PLOT TYP 4 expanded scale.
-0. 400 NODE NAM MS12A

Figure 6.4: (continued).
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Thev

Figure 6.5:

SRC1 Bust Bus12 Bus13

15 miles
(24.14Km) I

CIRCUIT DIAGRAM

(a) Circuit Diagram.

Energization of transposed line connected to compensated load.
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BEGIN NEW DATA CASE

C eevuvnunennunsssnnnsnencanns seeesemnnnnuas e nmeeeen Figure 4.5 ..ou..e.
C Energization of a 3 phase 15 MILE line connected to a xfmr and RLC luoad
C mmm g b Ao e e e e e e e e e e e o ®
Z0.E-6 2.5E-3
C -Iprnt<-~Iplot{-Idoubi<{-KssOut<-Maxlut w=-=-Icat
15 1 z
c
C veenns crsasEcuunsaaen cerreeean Circuit data..... emaeees Perecensaannan seamaanas
C Bus-->Bus-->Bus--»Bus--»<{-~~--Ri{~-~~-L{----C i)
EUS1ZABUS13A T0.16 0
BUS1ZBEBUS13BBUS1ZABUS13A 0
BUS1ZCEUS13CBUSIZARUS13A 0
BUS13A 211.¢6 421.0 0
EUS13B BUS13A 0
BUS13C BUS13A 0
BUS12A 3.353 o]
BUS1:3B BUS13A 0
BUS13C EUS13A 0
THEVA SRC1A 0.714 7T0.68 0
THEVE SRCIB THEVA SRC1A 0
THEVC SRC1C THEVA SRC1A v]
C Bus-->Bus-->Bus--7>Bus--><{---R'<{~-~ Ve==C'<--len 0 O Oi{-~----Elank------=-e--- >0
-1BUS1A BUE1ZA 0.31&7 ¢ LOTET 24.14 0 0 0 0
-ZBUSIE BUS1ZB 0.0243 .9228 .012¢ 24.14 0 0O O a
-3BUS1C BUS1zC 0
ELANK End of circuit data...ocvvsennnnnacnens verresenns cesstisrssserenunns eeenld
c
C oievnnvunnsanesunnnnenananansssSWitch dataiiineevnncasrsanvenncansusesana .
C Bus—-\Bus--><--~]close\—---lupenf ———————— Ie Q
SRC1A BUSI1A B3 9999 . V] 0
SRC1E BUSIE 1.E—3 5999, o] 0
SRC1C RUSIC 1.E-3 QP99 0] 0
BLANK £nd of switch data...oeueeen. Creasietusetessacessesnrarant et eennnns o
C
c Ferusssensescansesacnnannnaan .Source data....... Wesssssssasassassnsnseeans
c Eus—— aIfAnplltude’Iquuencyé—-TO Fhigs---0=Fhib '———]statt«———-T top
14THEVA 127,77 &40. 0. 0. 1. PI9T .
14THEVE 137.79 &0, ~1E0. Q. -1, EECER
14THEVC 187.7% &0. 120. a. 1. DIV,
BLANE fnd of source data.......... Cesesessasasesssesnnana Ceassasaarmsaasaennaas i
C
C vevenasnnanne seusncensnans oo Dutput Request Data..eecevennnnnensnnnnrnannsnn

C Bus--)Bus--‘bus-—)Bus--,Bus—-éBus-->bus-~?Bu5-- ‘Bus~~>Bus--Bus-->Bus-->*Bus-~3
BUS1A EUSI1ZA

BLANK End of output requests...... cereaensas ee aneld

Plut request Data

Graph type: 4(volts) &(branch volts) 9(currents)

_Units: 1(deg) 2(cyc) 3(sec) 4(nsec) Bmicrosec)

C

C

c i _

c e ___Units per inch

c o __Piot starting time

[ i _Plot stopping time

c .t i {

C V-] d{-=1{~-~1 Bus-->Bus-->Bus--*Bus--*Heading--~----- sVert anis------ *
144 .2 0,0 2.5 BUS1ZA EnerDist3Eqload3EBuslZ KV
144 Z. 0.0 & BUS1ZA EnerDist2tqioad3BuslE KV

BLANE £nd of Flot Request
BLANK End of Al Cases

(b) Input data.

Figure 6.5: (continued).
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Busi2 kv
(16xx 3)

0.400

0.300

0.200

0.100

0.600

-0. 160

~0.260

-6. 300

-0.400

Busi2 kv
(16xx 3)

0.200

0.156

0.180

0.650

0.600

-0.050

-0.100

-0.156

-0.200

EnerDist3Eqload3
6.610  6.630 0.150
09/10/85 13.41. 1
PLOT TYP 4 {(c) Bus 12 voltage.

NODE NAM BUS12A

EnerDist3Eqload3

6.610 0.836 0.650 6.676 ©6.080 6.110 6.130  ©6.150

/1085 13.45 1 (d) Bus 12 voltage,
33031%1 T4 expanded scale.
NODE NAM BUS124

Figure 6.5: (continued).
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Problem 6.1: You are given three phase transmission lines between nodes XTA, XTB

and XTC and nodes RVA, RVB and RVC with the following characteristics:

(a) 150 Km transposed line, modal variables are

Z, (ohms) R'(ohms/Km) v(Km/s)
Zero 660 .0389 259000
Positive 390 .0036 297000

(b) 150 Km untransposed line

R'(ohms/Km) wL ' (ohms/Km) wC"' (mho/Km)
Mode 0O .31 1.20 2.9x 10 ©
Mode 1 .025 .38 4.3 x 107°
Mode 2 .024 .31 5.1 x 10 ©

Modal matrix assumed:

Generate the necessary EMTP data lines to model these transmission lines.
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Section 7
THE CALCULATION OF LINE PARAMETERS
The calculation of line constant parameters can be made using tables, formulas, or
the EMTP itself. The EMTP has a built-in line constants calculation routine,
"LINE CONSTANTS". The program uses well established formulas to calculate all
inductances and capacitances. The formulas used by the EMTP take full account of
skin effects and frequency dependencies due to ground resistivity (using Carson's

formulas). The information needed by the line constants program is:

Relative position of every conductor.

Resistivity of conductors and ground.

Size of every conductor,

Identification of each conductor as belonging to "ground" or to a

phase.

The preparation of EMTP data for the line constants program is as follows:
BEGIN NEW DATA CASE
LINE CONSTANTS
Conductor Data
BLANK End of Conductor Data
Frequency Data
BLANK End of Frequency Data
BLANK End of LINE CONSTANTS cases

BLANK End of EMTP cases
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The conductor data is organized using one data line per conductor. It is also
possible to specify a bundle of conductors in a single data line. The data line

for unbundled conductors is:

Col. 1-3: Phase number (0 for ground conductor). All conductors of the

(13) same phase have the same number

Col. 4-8: Skin effect ratio for hollow conductors: (Thickness/Diameter.)

(F5.41) It has a value of .5 for solid conductors. Treat ACSR as
hollow.

Col. 9-16: R', DC resistance of conductor in either ohms/mile or ohms/Km.

(F8.5)

Col. 18: A "Um" to signify that the program is to calculate the

(11) inductance.

Col. 27-34: Outside diameter in inches or cm.

(F8.5)

Col. 35-42: Horizontal position relative to an arbitrary position, in feet
(F8.5) or m.

Col. 43-50: Height at tower, in feet or m.

(F8.5)

Col. 51-58: Mid-span height in feet or m.
(F8.5)

To specify not one conductor but a bundle, add the following:

Col. 59-66: Separation among conductors in bundle in inches or cm.
(F8.5)

Col. 79-80: Number of conductors in bundle.

(12)
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The format for the frequency data is:

Col. 1-8: Earth resistivity in ohm-m.
(F8.2) 100 is a typical value.
Col. 9-18: Frequency in Hz.

(F10.2)

Col. 28: Put a "1" to request Carson correction.

(11)

Col. 30-35: Request output of shunt capacitance matrices.
(611)
Col. 37-42: Request output of series inductance matrices.
(611)

Col 44: 1: values of C in pF

(1) 0: values of C in ohms.

Col. 58: 0: ground wires are continuous

(I1) 1: ground wires are segmented.

For other items, refer to the EMTP rule book.

The EMTP performs its LINE CONSTANTS calculations and presents its results in a
number of ways. For transposed lines the formation normally of interest is the
information concerning the sequence equivalent conductors. This information can
be obtained from the sequence (modal in this case) summary table that is printed
into the EMTP output file, or it can be obtained from the shunt symmetrical
component impedance matrices that are printed if requested.

For untransposed lines in addition to the modal table is produced, the modal
matrix Ty is also printed.

Figure 7.1 illustrates the 230 kV line of interest used throughout this
workbook. Figure 7.2 illustrates the EMTP input to calculate the parameters of
this line, and Figure 7.3 illustrates the EMTP output if a transposed assumption
is requested, Figure 7.4 illustrates the case of the untransposed assumption

input and Figure 7.5 the untransposed output.
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Neutrals:

7m 7""—’1 Steel
r=0.475cm

gmr 0.0305 cm

R =3.7580/km

9m

Bundle spacing: 40 cm
o O [« 2 ] o O
[
l— —i0m 1om

Phase conductors
3 x 954 MCM ACSR
r =1519 cm
gmr - 1.228 cm

20m R 0.0701£ /km
/

p=IOO.Q.-m

Figure 7.1: The line of interest.
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C Template for Line Constants Data Input

BEGIN NEW DATA CASE
LINE CONSTANTS

METRIC
C 1 Z 3 9 5 & 7
C 345678 012245673 0123454672 D123456473 Q012345672 012345678 0122456735 012245672
C
C Conductor Data
Cp s r d h v v s 2 n
Ch k e cm | Mmoo m t m m tm e i a
Ca i ohms s in a ft r ft o ft i in p p m
C s{~---p{~~~=~~ i 4 {ommom- M- -———= jimm———— Wi de~-m=--gqi~---hi-—~-p
0 0.50 3.750 4 0.950 ~7.0 z9. 9.
0 0.5 2.750 4 0.950 7.0 9. 9.
1 0.50 0.,0701 4 3.058 -10.0 Z20. 20. 40.
2 0.50 0.0701 4 3.058 0.0 Z0. 20, 40,
3 0.50 0.0701 4 3.058 10.0 Z0. z0. 40.
BLANK End of Conductor Cards
C Freguency Cards
c f C print} prints I d IMm I I u
C ohm~-mr Hz r a inv inv c i prntsu d p n
C h e r CCCCCC ZZZZZL a s YYZZet e n t
C ~-=--- QA q s es es es es p <~----t g sgui-cv-t t+
100. 50. 1 111141 111111 1
BLANK End of Frequency Cards
ELANK End of Case
ELANK End of All Cases
Figure 7.2: EMTP Input to Determine Parameters of Line. Transposition
assumed
SEQUENCE SURGE. IMFEDANCE ATTENUATION  VELOCITY
MAGNITUDE (OHM) ANGLE (LEGR.) DE/KM KM/S
ZERO 0.65056E+03 -0.73080E+01 0.21319E-02 0.19698E+06
POSITIVE 0.Z7109€+03 -0.19990€+01 0,39018€-03 0.29292€+06
SEQUENCE WAVELENGTH RESISTANCE REACTANCE <
) KM GHM/KM OHM/KM MHO /KM
Pogﬁtxjve 8-3531235:8: 8.23;{6&00 0.12147E401  0,29660E-05
. +Z434CE-01 0.24826E+00 0.47505E-05
Figure 7.3: Selected Output from Line Constants, Transposed Line
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C Template for Line Constants Data Input

BEGIN NEW DATA CASE
LINE CONSTANTE
METRIC

C

1

345673 012324548738 012345678 0123455

Conductor Data

P s r
h k e
a t ohms s
§{=mmn{mmmm—— i
0 0.50 3.750
0 0.50 3.750
1 0.5 0.,0701
1 0.80 0.0701
1 0.50 0.0701
2 0.50 0.0701
Z 0.50 0.0701
< 0.80 0.0701
3 0.80 0.0701
3 0.80 0.0701
3 0.80 0,0701

z 2

BLANE. End of Conductor Cards

C
c
c
c

C Fregquency Cards

v
h

_____ DY
100. &

BLANK End of Frequency Cards
BLANK End of Case
ELANE End of All Cases

Figure 7.4:

4

5 & 7

72 01Z345673 012345478 012245675 012248678

d h v v s a n
tm | o t m e | a
in a r o i p p m

4 R jmmmm W= mm - gi--ee-- ai=m==hi~---p{
4 0.950 7.0 Z7. Z9

4 0.950 7.0 29. %

4 3.058 -10.2 20 20.
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EMTP Input to Determine Parameters of Line. Untransposed Line.

Bundling Option was not used.

Specified Separately
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Problem 7.1: Prepare EMIP data to calculate the line parameters for a 3 phase

line as illustrated below

‘L—— 17 '——T—w'—-l -

Ht @ tower: 100"

Ht @ midspan: 75!

' '
23 23
Phase:
Ht @ tower: 88!
Ht @ midspan: 50!
p=100Q-m
Ground conductors: solid, R' .002 ohms/mi
diameter . 525"
Phase conductors: solid: R! .001 ohms/mi
diameter . 994

Calculate parameters at 60 Hz and at 1 KHz. Assume line is transposed.
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Section 8
SOURCE REPRESENTATION

It is impractical to represent in detail the entire interconnected power system
for every study. At some point it is necessary to represent the system as an
approximation. For simplicity assume that the breaker at "2" in line "1-2" is
open. The line from 1 to 12 may or may not be in service. The study concerns
faults and transients on the line. Consider three types of models:

Represent the system as an ideal voltage source at bus 1.

Represent the generator as bus 1 as a voltage behind transient

reactance, and represent the network as seen from bus 1 as a

Thevenin equivalent.

° Represent the generator as a voltage behind transient reactance,

represent the line from 7 to 1 in detail, and represent the rest

of the system as a Thevenin equivalent.
This section describes how to get Thevenin equivalents, and some of their
limitations. Thevenin equivalents can be obtained from short circuit studies,
such as those shown in section I. To get a Thevenin equivalent impedance (valid
at 60 Hz) it is necessary to have total fault current results from a SLG and a 3
PH fault at the desired point, with ONLY the portion of the system to be
equivalenced in service. This last point is very important. For example, to
obtain the Thevenin equivalent of the rest of the system as seen from bus 1 it is
necessary to remove line 1-2 (which we will be studying in detall and therefore do
not want to equivalence) and generator 3 (which we want to keep in our model).
The results for short circuit studies without these two components are illustrated
in Figure 2.6(b) in section 2:

Ip (3PH) - 7.85 4 -86.8 pu

I, (SLG) - 4.78 § -80.0 pu
To obtain the sequence Thevenin impedances (in per unit) from these values

remember that:



1

Ip (3PH) - =

YA
I, (SLG)
f z%+27"
Obtain z* from here:
Z+
If(3PH)
z° 3

If(SLG) If(3PH)

For the specific example, these values are

z5  .1274 % 86.8 - .0071 + j .1272 pu

z°  .3758 & 75.4 - 0947 + j .3637 pu

To convert these values to actual ohms, it is necessary to know the impedance base

2
KVb 2302

b MVAb 100

Z 529

Therefore:

z¥ - 3.75 + j 67.3 ohms

z° - 50.1 + j 192.4 ohms
These impedances are valid only at 60 Hz. To convert these impedances to actual
RLC values it is necessary to make an extremely important assumption about the
FORM of the model to use. If there is no capacitance at the bus and there are no
significant transmission lines, then it may be assumed that an RL model is

adequate. OTHERWISE THIS CANNOT BE DONE.
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If the network as seen from bus 1 as an RL network is represented as a pure RL
network, then the corresponding values of R and L are:

+

R* - 3.75 ohms L 17.8 mH

R® - 50.1 ohms L° = 510.34 mH

As will be illustrated shortly, THESE VALUES ARE INCORRECT. The line from 1 to 7
is too important and cannot be neglected. A better model is obtained if line 1-7
is represented in detail, and the equivalent as seen from bus 7 is calculated.
The data for this calculation is given in Figure 2.6(d) in section 2. A similar
but separate calculation for the generator at bus 3 yields the following Thevenin
equivalent for this generator and transformer combination:

72° = .06 pu

f
.

7zl -3 .11 pu

From here:

R® -0 ° - 84.2

R! 0 Ll - 1s54.1

Problem 8.1: Using the data from figure 2.6(c) in section 2, obtain the values

for the Thevenin equivalent as seen from bus T7:

RO - 1o -

RY - L!

The Thevenin values obtain are sequence values. The EMTP works in actual phase

values. These sequence values are the result of assuming mutual coupling between
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the phases. Figure 8.1 illustrates the actual form of the assumed source
equivalent. To obtain the values of the source self and mutual impedances we need

to use the following equations:

(ZO + 2 21)

9]
wl—=wi=

(Zo 21)

Thus, in the phase domain the source network is representable as 3 coupled RL

branches described by the following matrix:

Z Z Z
S m m
Z Z Z
m S m
Z Z

m m

For the specific example at hand, the corresponding equivalent phase impedances as

seen from bus 1 are:

Z 19.2 + j 109

Z 15.4 + 3 81,7

Problem 8.2: Obtain values of RS, LS, Rm and Lm for the Thevenin equivalent as

seen from bus 7.
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0

(a) In the sequence domain.

(b) In the phase domain.

Figure 8.1: The form of the Thevenin equivalent.
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The EMTP accepts data for mutually coupled RL branches as branches of type 51, 52,
53. It accepts either detailed coupling matrix information or sequence
information. If sequence information is specified, the EMTP does the calculation
of the phase matrices internally.

As mentioned previously, Thevenin equivalents obtained in this manner are only
truly valid for fundamental frequency studies. They are not all that suitable for
transient studies. However, the errors introduced by the equivalent can be

reduced if the following guidelines are followed:

® Represent all capacitances separately. Even very small
capacitances can be quite important.
Any transmission line at the point of the equivalent should be
represented either in detail as a distributed line or at least as
a shunt resistances with a numeric value equal to their

characteristic impedance.
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Exact EMTP data preparation instructions for the representation of mutually

coupled RL branches follows:

Col. 1-2: Phase. First coupled line: 51;

Second coupled line: 52; ete.

Col. 3-14: Bus names.

Col. 27-32: R11 (first line); R21 (second line); etc.

Col. 33-44: L11 (first line); L21 (second line); etc.

Col. 45-50: Not used (first line); R22 (second line); etec,

and so on. See data sheets for the following

problem for details.
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Problem 8.3: Represent the Thevenin impedance as seen from bus 7 as:

(a) Using the full phase R-L matrix model.

(b) The sequence parameters.
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EEGIN NEW DATA CAZE

———————————————————————————————————————————————————————— Figure S.2(b) ~~---mm-mmmmme e

C

C Energization of a 230 KV 120 Mile line from an ideal source
C using actual units, THREE PHASE DISTRIBUTED LINE model
o

s A R e e e e e e e e e *
Z0.E-&  EB.E-3
C -Iprnt{--Iplot<-Idoubl<-KssOut<{-Maxdut {---Icat
15 1 0 0 0 z
c
C oevenn Petssasarassasasanns vesssCircuit datas...... PerseeassassesEsar sy
C Bus-->Bus~-->Bus-->Bug-~>{--~-R{~-m=l_ {~~==( 0
C Bus~->Bug--r{-=~~=mm-m-- B{mm— Ré~==mmmm- Ldmmm R e Limm=wRimmmm e mm L
C Bus-->Bus-- >Bus-->Bus~=>{~=-R'¢~==_'<==~-C'<-~jen O 0 Q{---~- Blapk-~=-==mm=m- =0
~1EBKR1A BUSZA 0.3147 2.222.00787 192.1 0 0 0 0
~ZBKR1B BUSZE 0.0243 .9238 0124 192.,1 00O D 0
-2BKR1C BUSZC 0
ELANK End of circuit data...ivevennnnnna. reeaas thsasesessnnus shissesueannn A
C
C ovrvnnnnnnnnnss e sasas eeeeSWiteh data e ciiiinunrssenannesnnnnaas errearens
C Bus~~»Bus--»<---Tclosed--~-~Topen{-~=-~~~~ Ie 0
EUS1A BKER1A 1.E-3 9999. 0 0
BUS1E BKR1E 1.6-3 9999, 0 0
BUS1C BKRiC 1.6-3 999, Q 0
BLANE. End of switch datasveeesevsnnnanrnnnns Ceemssasesssssasesssesassstanasauns ]
C
C ovenvannnssnvrnarsunns s eanaransun Source data..... e sesaesnssanans P M
C Bus~-->{I<Amplitude<Frequency<{~~TOIFhiQ{~--0=Fhi0 “---=-Tetarti~~~-Tstop
14EUS1A 187,79 &0, 0. a. -1. 997,
14BUS1E 187.79 A0, ~-120. 0. -1, ErEn
14BUS1C i8r.19 G0, 120. a. -1. LI,
C peak Line to ground voltage for a 230 KV RMS line to line source is 127.79kV |
BLANK End of source dataceseeseesnnonencnnnnes N Crereravssaneanaas H
C
C oheinseansnnorsnannnnvans seneesssCutput Request Data...ounoeans dmesssessasnusuns

C Bus--»Bus~->Bus-->Bus-->Bus-->Bus~-~»Bus~-»Bus-->Bus--»Bus-->Bus~~>Bus~-:Bus-~»

BUS1A BUSZA EBUSEZ

ELANK End of output requests....coiuvieinnnnerniennnvsnns Cetavaussensenuanarens
C
C Flot request Data...... S e e m e s e euBamessvessCEnTausEns N s R s u s s R R Rt mu E e

ZEnergize 120mi Zphase Dist Ideal source at 1

C ____..Graph type: 4(voits) &(branch velts) ?(currents)

C 1 _____Units: 1{(deg) Z(cyc) S(sec) 4(msecr) S(micrasec)

O Units per inch

cie v Plot starting time

c iy f _Flot stopping time

ciy : { e Value at bottom of vertical scaie

C i { i : _Value at tep of vertical scale

ci o ' ' i !

C V- il==l¢{-=14--~1<{-~ |Bus~-»Bus~->Bus-->Bus-~-»Heading~----~-~ *Vert axig--~--~ *
1442.5 0.0 25.-500.500.BUSZA BUSZ EnerDist2Ideal BusZ KV

BLANK End of Plot Request.vvreseneennns sesrasuauuns Nasesesusesssssassanaus cenaed

BLANK End of All Cases

(b) Input data.

Figure 8.2: (continued).



Bus2 k¥ EnerDist3)
(16x3 3)

0.500 Energize 120mi 3phase Dist Ideat sc

NOT TYPICAL
FOR DISCUSSION
PURPOSES ONLY
0.375
8.250
8.125
0.800 SECONDS (1635 2)
.02 05 100 125 .150 .17 0 8.2 0.250
-0.125
-0.256
-0.375 .
09/13/85 09.23. 1
PLOT TYP 4

-0.500 NODE NAM BUS2a  BUS2B

(¢) Bus 2 Voltages, phases a and b,

Figure 8.2: (continued).
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BEGIN NEW DATA CASE

b tieetivenaemensonnasennnasssnnsnsanssassesFigure 8.3(h) . i ciererencnnncnns
C Energization of a 120 MILE line from a Thevenin voitage source at Bus 1

L i 2 e T
20.E~4 Z5.E-3
C -Tprnt<-~Iplot{~Tdoubi<-KssOut<{~-MaxOut {-=~Tcat
15 1 0 0 0 0
c
C veirecvronaneesanannasnenasnsa Circuit data...ieiriuneaiisiireeniennecenennans
C Bus-->Bug~~>{-===mmmen~ P{mmmmR = Lgm=m- Rim=mem e L{-~=-R{~-mmmmmmee L
51THEVA BUS1A 50.1 510.34 0
5ZTHEVB BUS1B 3.15 173.50 0
53THEVC BUS1C 0
51GEN3A BUS1A 0 £4.2 0
HZGEN3B BUS1B 0 154 .4 0
53GEN3C BUSIC 0
C Bus-->RPus-->Bus--YBus-->{~-~R'{===.'{~-~C'¢{~~|len O O O{-~==~ Blank-=~wwome=wm >
~-1BKR1A EUSZA 0,.3167 3.22Z.00727 193.1 0 0 0 0
-ZEKRIE BUSZE 0.0243 .9238 .0124 193.1 0 0 0 0
~-3PKR1C BUSZC 0
BLANK End of circuit data..c.eersesuenrarnonreasonsorsosernnsennansnorssnsannsel
c
C tivenceennnnnnnessnnanessenssSWitch datase s ieveerinecnersennoesansensonnsnses
C Bus-~>Bus~-><~---Telose{~----Topen<-—~~--~~ Ie [
BUS1A EKRIA 1.E-3 9999. 0 0
BUS1E BKR1B 1.€-3 9999. 0 0
BUS1C PKRIC 1.£-3 9999, D] 0
BLANK End of switch dataseeceenreroteeeetnnssensssenssosansonsasnsvnnensansssnnt
c
Cevennnnn seessessavsssesrasssersessSource data..oiiiiiiiieiiereieneienan. seres
C Bus~-=><I<Amp|itude<Frequency<{--TO!PhiQ<-~~0=FhiO<~Ignore-><-~--Tstart<----Tstop
14THEVA 187.79 &0, 0. 0. -1. 0.
14THEVR 137.79 40. ~120. 0. 1. 0.
14THEVC 137.79 &0. 120, 0, 1. 0.
14GEN3A 187.79 50, 0. 0. 1. 0.
14GEN3R 187.79 €0. -120. 0. 1. 0.
14GEN3C 187.79 60, 1Z0. 0. -1, 0.
BLANK £ind of source datae..eereveesesorsucnsnsncsessossososoonensonsossanssnane
c

C ieinvarnnenaranrsessaressnssessQutput Request Dataeeesaenvsnsererecesacnsansns

C Bus-->Bus-->Bus~->Bus-~>Bus-->Bus~-->Bus-~>Bus-~>Bus~-~->Bus~-~->Bus~-»Bus-~->Bus~->
BUS1A BUSZA PUSZB

BLANK End of output requests...cocvesveisnessnsnnnnssosnsosonnsones

C

CPlot request Data. .. eunreensnesosocasassversnarssnssosasssssossssonnsessnsonsss

2Energize 120mi 3phase Dist Thevenin at btus i

C __ . .Graph type: 4(volts) S(branch volts) 9?(currents)

C Units: 1(deg) Z2(cyc) 3(sec) 4(msec) Simicrosec)

c i e e Units per inch

co o .. Plot starting time

C i f _Plot stopping time

[P ! H Value at bottom of vertical scale

c'y o | i i _Value at top of vertical scale

[ H : H ! .

C W' {~~1{~~ 14~~~ {-~1Bus~->PBus-->Bus-->Bus-->Heading-~-~---- »Vert axig------ >
1442.5 0.0 25.-500.500.BUS2A BUSZB EnerDist3Thevi Bus2 KV

BLANK End of Plot Request...scsses
REGIN NEW DATA CASE
BLANK End of All Cases

(b) 1Input data.

Figure 8.3: (continued).



Bus2 KV EnerDist3Thevl
(16xz 3)
0.500 Energize 120mi 3phase Dist Thevenin at bus 1

0.375 NOT TYPICAL
FOR DISCUSSION
PURPOSES ONLY

0.250
0.125
. ONDS (1822 2)
0.008 025 0.250
-0.125
-0.250
-0.375
69/13/85 ©8.25. 1
PLOT TYP 4

o500  NODE NAW  Bus2a  Bus2i
(c) Bus 2 voltages.

Figure 8.3: (continued).
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BEGIN NEW DATA CASE

C ivenvnnnrssnnans vesssesmsnsnnan cessesanns Figure 8.4(b)..... e earasananas e
C Energization of a 230 KV 1Z0 Mile line from a Thevenin source at bus 7
C -e-dt<~-tmak. s uenorvnrnnnen cevssananas sestesasiaeransnnainn Pasatcaceaaassanea

Z0.E-6 25.E-3
C ~Iprnt{-~Iplot{-Idoubi<~KssOut<-MaxQut < --lcat

15 1 0 0 0 o)

[
C irvvrneivasnnnanssnnas ceveasssCircuit dataeeseevanannas Ceevaasassessusasassa .
[ Bus—-)Bus-->< ---------- P{=-m=R{mmm e L=~ R{-wrmmmmmmmm L{====R{~mmwmmmmmm L
51THEVA BUSTA .13 23.71 0
5ZTHEVB BUS7B .06 39.99 o)
&3THEVC BUS7C [
51GEN3A BUS1A o) 84.Z o)
H5ZGENSE BUS1B o) 154.4 4]
53GEN3C BUS1C 0
C Bus-->Bus-->Bus-->Bus-->{-=~R'<{~=-[ ' {~-=C'¢=-{gp O O QL~---- Elank----~---~-- >0
-~1BUSTA BUSIA 0.3167 3.22Z.00787 144.5 0 0 0 1]
-ZBUSTE BUS1B 0.0Z243 .9238 .012é 144.8 0 0 0 Q
-3BUS7C BUSIC 0
-1BKRIA BUSZA 0,3167 3.222,00787 193.1 00 0 Q
~Z2BKR1B BUSZB 0.0243 ,9238 .0126 193.1 0 0 0 0
-3BKR1C BUS2C ]

BLANK £nd of circuit data.ecuavessssitriinosonssnonasssnonasasanenenonennorsnns
c

OIS o X R T (T % 2- W Cesasasusseensans
C Bus-->Bus--><{-~-Tclose{~~~=-Topen{-~=-~~~~ Ie 0
BUS1A BKR1A 1.E-3 9999. 0 Q
BUSIB BKR1B 1.8-3 9999. 0 o)
BUSIC BKRIC 1.6-3 9999. 0 ¢
BLANK End of switch data.eeeresinvsonennnsannnanannsa esasasanae Crerasasaaanss |
[
G iterrensrnasassnasnsanrnnnnans veesSource dataceciveaninnaas sasssavasassasnana
C Bus-—}(l(Ampl|tude<Frequencyx——(0 PhiQ{~--0= Pth -Ignore /x——-lstavtf-——-Tstup
14THEVA 187.79 &0, 0. 0. 1. 0.
14THEVE 187.79 40, -120. 0. 1. 0.
14THEVC 187.79 &0 120. 0. i. 0.
14GENZA 187.79 &0, 0. 0. 1. [US
14GEN3B 137.79 &0, ~120. 0. -1, 0.
14GEN3C 187.79 &0, 120. 0. 1. 0.
C peak Line to ground voltage for a 230 KV RMS line to line source is 137.79KV ¢
BLANK E£nd of source datade.veesseseesnssnstsssasasnsonsnsoosransnnnss eerer e raneaa f
C
C ittt iiasananncnansnnnansns Output Reguest Data....eovvevvnvvncsannns [

C Bus-~>Bus-->Bus-->Bus-->Bus~->Bus-->Bus-->Bus-->Bus~~>Bus~->Bus~-»Bus~-»Bus-->
BUS1A BUSZA BUSZB

BLANK End of output reguests.s.veuessessasrasrsscetonssesoornssncnnsnsnsnnnnnss)

c

C Plot request Data...cvunversvrnsennerancnnnnns et ersanenas Ceteeavaasan eraaes
ZEnergize 1Z0Omi 3phase Dist Thevenin at bus 7

__Graph type: 4(volts) S{branch volts) 9(currents)

_Units: 1(deg) Z{cyc) 3S(sec) 4(msec) Simicrosec)

_________ Units per inch

_Plot starting time

_Plot stopping time

Value at bottom of vertical scale

Value at top of vertical scale

O0O0OO0OO0OO0O0O00

& em e v e eeoae a.

]
i
]
'
]
’
'
1
¢
'
'
i

'
1
1
i
1
i

v

<- {~-iBus~-?Bus-->Bus-~>Bus-->Heading~~-=-~~-~ >Vert axis------ >

(b) Input data.

Figure 8.4: (continued).



Bus2 KV
(§1:1 ¢ J))

0.500

8.37%

0.259

0.125

0.060

-0.125

-0.256

-8.375

-0.500

EnerDist3Thev?

Energize 120mi 3phase Dist Thevenin at bus 7

(0% 2)
.025 0.250

09/13/85 69.47. 1
PLOTTYP 4 1
NODE NAN  BUS2A  BUS2B

(c) Bus 2 voltages, phases a and b.

Figure 8.4: (continued).



As examples of the three types of source representation, line 1-2 open at the
receiving end is energized using with each of the three source models. Figure 8.2
illustrates the ideal source model, Figure 8.3 uses a Thevenin equivalent at bus
1, and Figure 8.4 uses a Thevenin equivalent at bus 7. Notice that line 1-2 is
much longer than line 1 12, and all travel times are much more apparent. The
importance of a reasonable source representation should be evident from these

examples. Figure 8.4 gives adequate results, but Figures 8.2 and 8.3 do not.



Section 9

TRANSIENTS CAUSED BY FAULTS

Analytic calculation of sustained overvoltages

The occurrence of a SLG fault almost invariably results in both a transient
overvoltage in the unfaulted phases and a sustained power frequency overvoltage in
the unfaulted phases. To understand the nature and magnitude of the sustained
fundamental frequency overvoltage, consider a single line to ground fault at node

i, phase a of the trivial circuit in Figure 9.1.

SLG

Figure 9.1: Illustration of fault induced overvoltages.

Assume that the sequence Z-bus elements at the point of the fault are known. The

faulting sequence currents can be readily determined to be:

The phase voltage changes at the faulted node can then be found from:



AV (z a“z,, +az..)1I
ii ii ii

ave (22 +a zT. + a222 ) I1

i ii ii ii’ i

The actual voltages can then be determined by superimposing the pre-fault

voltages V? a2Vf and V? a Vf to the voltage changes:

K>
i
o) 2 1 2
2 ii a Zii a ii
v (a ) v
i Zo N z1 vz + 3z f
ii ii f
0 1 2.2
le ta Zii az ii
v (a )V
i o) 1 f
zZ,. +7Z.. + a + 37
N ii ii f
S
K
i

The quantities in parentheses can have a magnitude greater than unity, which means
an overvoltage condition. In particular, consider the idealized situations in
Figure 9.2 (the one-line diagrams are merely to illustrate some simple
configurations where the particular conditions could be approximately met):

The presence of resistance in the system tends to decrease |Kb| and to increase

|K

cl+ A fault resistance can result in larger overvoltages.
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0,1 52
SLG zzzIKD|1

4 4 4 i K

Equal sequence impedances results in no overvoltages.

20 z! z2 [K| 0.87

' SLG
A —i— o j | IKJ 0.87
= (or small)
A low zero sequence impedance results in
undervoltages.
2% z' 22 k) 173
);SLG
o K] =173
A AN

A high zero sequence impedance results in
73% overvoltage.

20 72! 722 K| =
SLG b

A L
T

A capacitive zero sequence results in even higher
overvoltages.

“2j 1) K=o

Figure 9.2: The effect of grounding on sustained fault overvoltages.
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Problem 9.1: Using the short circuit values given in Section 2, Figure 1.6(c) and
the formulas above compute the sustained overvoltage magnitudes in phases b and ¢

for a SLG fault at bus 1.

The presence of transients further worsens these overvoltages caused by faults.

Also, reflections on open ended lines can further aggravate these overvoltages.

EMTP Studies
The EMTP can be used to calculate sustained overvoltages due to faults by using it

in its steady state mode. To use the EMTP in a steady st ate mode you must:

Specify a negative Thax in the first miscellaneous data line.

Specify a nonzero KSSOUT in the second miscellaneous data line.

Figure 9.3 illustrates the sample input and output to evaluate the overvoltages

caused by a SLG fault at bus 1 with the breaker at 2 open. The overvoltage is:

238.97
187.79 ~ 1.27 pu on phase b
258. 44
187.79 - 1.37 pu on phase ¢

Figure 9.4‘illustrates the transients associated with the occurrence of a SLG on
the line side of the breaker at bus 1. Note that, in addition to the sustained
component, there are transient components of this overvoltage. In this example

the overvoltage is of the order of (314.85/187.79 - 1.67 pu on phase ¢ at 9.2 ms).
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BEGIN NEW DATA CASE

C ittuuteeianananasuennnoesaonosasnanantatatonasasnnns Figure 2.3(b)

C Steady
(O R 1T .

Z0E-&  ZB.E-3

state calculation of overvoltages due to fault at far end of line 1 _ .

C -Iprnt<-~Iplat <-Ksslut < -Icat
15 1 1
c
Coenrvennnns e iresaseses v Circuit data........ Nes s eseeacteeieneneansuanae
€ Bus--»Bus--3{---==mwmmn ¥ mmm R e L{==mmR{=mmmmomm L<-m==R{=mmm==mmmmm L
S51THEVA EUSTA .13 23071 Q
BITHEVE BUSTYE 08 39.99 Q
BZTHEVC BUSTC a
B1GEN3A BUS1A [a] 4.2 0
SZGEN3E RUSIE Q 154.4 a
B3GEN3C BUSIC o]
C Bus~-»Pus-->Bus~->Bus--3<{---R'< R C - den 0 0 O<-=--~ Blank-~--~mm~>~- 20
-1BUSTA BUS1A 0.3 00737 144,828 0 0 0O 0
-ZEUSTE BUSIE 0,02 L0124 144.8 Q 0 O 8]
-3BUSTC BUSIC 0
~1BKRIA EUSZA 0.31¢ L0037 193,11 0 0 0 Q
ZBKR1B BUSZE 0.0243 .9238 0126 193.1 0 0 0 0
~3BKRIC BUSZC Q
BLANK End of circuit data.eieeeeeerteieessennsresnsrenesennnensns fheensaaseanes i
c
O i s iavarssaananasanss Switch data..ssiinoeneeinnnenoneennanesosnnsnnn
C Bus~-»Bus~-s{~~~Trclose<~~-~Topen<-~~~~~- le a
BUS1A EERIA ~1.£-3 939, 0 Q
BUSIE BERIE -1.6-3 9999, Q Q
BUSIC BERIC -1.6-3 9993, Q Q
BUSZA -1.E-32 9999, Q 0
BLANK End of switch datacieeenesnnnonnnvsnanaans e m e aaesna s,
C
O i itnaussesensnsonanannannnns Source data.s. s inananennenenonenanaanenn
C Bus~->{I<Anplitude<Frequency<--TOIPhiO{-~-0=PhiD <
14THEVA 187 .19 &0, Q.
14THEVE 187.7% 0. 0.
14THEVC 187.79 &0, 0.
14GENSA 127.79 &0, 0.
14GEN3E 187,79 &0, Q.
14GENZC 137.79 &0, Q. . PEDD
BLANK End of S0UrCe dabt@.seusiossnussssenonsssonssnssnosossassnsssnnaanaannccnn
C
(it e s anr s rcnacrsnnssesans Output Request Data.....vvvessinoneinenvasnnnns

C Bus--»Bus~->Bus-->Bus--»Bus--»Bus-~>Bus-->Bus-->Bus~->Eus~~>Bus-->Bus~-~»Bug~—>

EBUS1A BUSZE RUSZC

BLANK End of oubput requests..oueueins i iiaeeeannensnrensanssanennsasannsnrsans
C

C Plot request Data.ve.uenconanans Cereaeserararesanraaens ‘e P
ZEnergize 1ZIOmi 3Iphase Dist Thevenin at bus 7

C Graph type: 4(volts) Z(branch velts) 9(currents)

[ Units:s 1(deg) Z(cyc) 3(sec) 4imsec) timicrosec)

C ~ Units per inch

c . _Plot starting time

C _Plaot stopping time

C Wi- < < S 1< Bus--»Bus--rBus--rBus--sHeading~-~----- >Vert axis-~-~---3
144Z.5 0.0 25, H0O.500, BUSZE EnerDist3Thev? BusZ KY

BLANK End of Plot Request...esea.. echiees
BLANK End of All Cases

(b)

Input data.

Figure 9.3: (continued) .
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BUS K NODE VULTAGE

BUE M RECTANGULAR POLAR

BKRI1E -0.P683398E+02 0. 1949243E+03
~0.1691419E+03 -119.8039

BUSZB ~0,1768693E+03  0.2339T14E+03

-0, 1607007E+03 -137.7422

BKR1C =0.9663029E+02  0.195TT00E+03
0.1703164E+03 1192.5435

BUSEC -0.1757356E+03  0.2Z534447E+03
0.1895010E+03 132.841¢

(c) Sample phasor output.

Figure 9.3: (continued).
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BEGIN NEW DATA CASE

€ triiniecvensatetvronnnansenssaararerssensneabigure 9.4(b) cuiiieiiiennnranaanas
C Transient calculation of overvoltages due to fault at far end of line 1-2

C o == Ma N e s s teeevnncrronnnuranerssasannmaresanasnnnosssnatosenrssesansn
z0.6-6 Z5.E-3
C ~-Iprntl--Iplot{-~-~---~ {-KssOut<{~MaxOut {---icat
15 1 1 1 0

o

C oiettiniertnncersnavssncesannesassCircuit datasciesereresnsernnnss srssaserrrerasne
C Bus-~>Bus~->{----m-m--~ R R R L
S1THEVA BUS7A .13 23.71 0
5ZTHEVB BUSTB W08 39.99 0
S3THEVC BUSTC 0
51GEN3A BUS1A 0 84.2 0
52GEN3B BUS1E 0 154.4 o
B3GEN3C BUSIC 0
C Bus-=>Bus-->Bus~->Bus-->{~~-R'{-~-L"'{---C'<{~~len 0 Q O~~~-~ Blank-=-==~~---- >0
~1BUSTA BUS1A 0.3147 3.222.00787 144.2 0 0 0 0
-ZBUSTB BUS1B 0.0243 .9238 .0126 144.3 00 0 0
-3BUSTC BUSIC 0
-1RKR1A BUS2A 0.3167 3.222,00787 193.1 00 0 0
~ZBKR1B BUSZB 0.0243 .9238 .0124 193.1 0 0 0 0
-3BKR1C BUSZ2C 0

BLANK €nd of circuit dataeeeeesseenscssassnsscassssnsruaarnsssansnns
C

C otinteiterrensncnnanaansnan vesSwitch dataseeeainans setsresssressssntssasssanan .
C Bus-~>Bus-~><{~-~~Tcluse<-~~=Topen{~m==mm=x Ie v}
BUS1A PKR1A -1,E-3 9999, 0 0
BUS1B BKR1B -1.€~3 9999, 0 0
BUS1C BKRIC -1.E~3 9997, 0 0
BUS2A 1,£~3 9999. 0 0

BLANK End of switch dat@.eeiereuaracenvssarasarsronsnsnsnna
c

C otntevarsrnoeneansnsansnsssossnscaasSource dataeicvieenerensnss Venasns P
C Bus-~-><I<Amplitude{Frequency{-~TOIPhiQ<{---0=Phi0 (~=-Tstart{--—--Tstaop
14THEVA 187.79 &0. 0. 0. PV
14THEVB 187.79 £0. ~120. 0. 999,
14THEVC 187.79 &0. 120. 0. 9999
14GEN2A 187.79 £0. 0. 0. 999
14GEN3B 187.79 &0, -120. 0. 997 .
14GEN3C 187.79 £0. 1Z20. 0. 9999,

BLANK End of source dataeeeiesceeeerosnesrarsasoncorasucanassorsnsnarsrasnansaanst
o

C otiieraerncecncaccaarararesanaasOutput Request Data..iiesccnonrunnrrenrennnanns
C Bus-~>Bus-~>Bus-->Bus-->Bus~->Bus-->Bus-->Bus-->Bus~->Bus~->Bus~~>Bus--»Bus-->

BUS1A BUSZA BUSZB BUSzC

BLANK End of oufput requests...ceesesarocrsescacnrsasaanarsacaressnsannnannnnst
c

C Plot request Data...cieverereronceronnsonosrenanonvasoroscrannnas

Z3L6 fault at bus Z

C ___ ..Graph type: 4(volts) 8(branch volts) 9(currents)

(o Units: 1(deg) 2(cyc) 3(sec) 4(nsec) Smicrosec)

Cil s Units per inch

cior ] Plot starting time

Ci H _Plot stopping time .

C W=t~ 1{~~-1{~~1Bus-->Bus-->Bus-->Bus—~>Heading~~~-~--- »Vert axis------ >
1442.5 0.0 25.-500.500.BUS2A BUSZ2B BUS2C SLGbus2 Bus2 KV

BLANK €nd of Plot Requesteseesescncaosoresneasansanrannsessnnanasssansannnnanas !
BLANK End of All Cases

(b) Input data.

Figure 9.4: (continued).
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Bus2 kY SLGbus2
(16=x 3)
0.500 SLG fault at bus 2

09/13/85 13.12. 1
0.375 PLOT TYp 4

NODC NAM BUS2A  BUS2B  BUS2C

0.250
~
VA
0.125
0.900 MILLISECO (10sx 2)
. 025 0.050 0.075 0. 0.200 0. § 0.250

-0.125

~0. 250
-0.375

(c) Bus 2 voltages, phases a and b.

MAXIMA AND MINIMA WHICH OCCURRED DURING THE SIMULATION FOLLOW. THE ORDER AND COLUMN POSITIONING ARE THE

SAME AS FOR THE REGULAR PRINTED OUTPUT vS. TIME.
VARTIABLE MAXIMA : |BYS2 A Bus28 fusS 2

0.214038E+03 0.202189E+03 0.281141E+03 0.314351E+02
TIMES OF MAXIMA :

0.1¢5800E-01 0.000000E+00 0.452000E-0Z 0.920000E-0Z
VARIABLE MINIMA :

-0.246140E+03 0.000000E+00-0.259405E+03-0.285666E+03

TIMES OF MINIMA :
0.856000E-02 0.102000E-02 0.146400E-01 0.191000E-01

(d) Printout of maximum values.

Figure 9.4: (continued).



Section 10

TRANSIENT RECOVERY VOLTAGES (TRV)
Background
Transient recovery voltages refer to the calculation of the voltages that develop
across a breaker contact when the contacts of a breaker part. Breakers can only
sustain a maximum rate of rise of this voltage if their opening is to be
successful. Many ANSI standards specify how to select breakers with adequate TRV
capabilities (for example, ANSI C37.0731 a 1975). The EMTP permits more precise
calculation of these voltages.
The most severe TRVs from an amplitude view point generally occur following the
interruption of the first phase to clear an ungounded three-phase fault. A shift
in the system neutral results in high amplitude recovery voltages. This type of
fault results in a TRV 1.5 times line-ground voltage.
The location of the fault is important because of impedances that may or may not
be introduced. Maximum fault current is associated with a breaker terminal fault,
which implies zero initial voltage on one side of the breaker. The other side sees
a transient voltage determined by the connected system. The current may be
reduced by incorporating additional impedance between the breaker and the fault,
resulting in revisions in the shape of the recovery voltage. The short line fault
is one example of this condition where current is reduced slightly and the circuit
becomes markedly more difficult to interrupt. The bus transient recovery voltage
1s generally used as the determining factor in breaker application. It is assumed
that if a breaker can meet its required bus fault TRV, it can interrupt any
related requirement at reduced current, including the short line fault.
Considering the bus side only, the transient is determined by system inductances,
capacitances and resistances, and whether parameters are considered lumped or
distributed. These circuit elements are required to specify the TRV, yet each
combination produces a unique result. The problem then becomes the development of

methods that will enable the design or application engineer to obtain a reliable
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estimate of TRV conditions without knowing the exact circuit parameters.
Considering the bus transient, the system voltage and fault current present
convenient starting points. Usually a good estimate can be made of the number of
transmission lines supplying remote feed to the fault. Equivalent bus capacitance
is a variable that reduces the severity of the TRV, but is a less-known factor.
Series damping resistance also reduces the TRV by an unknown amount,

In attempting to develop useful equivalent circuits, a major problem is to
reconcile the steady-state circuit with the corresponding transient circuit. For
example, representing the change from distributed inductance (steady state) to
surge impedance (transient) requires careful handling. One approach is to
determine the initial portion of the TRV analytically and to add the following
portions based on the physical layout of the network.

An analytic computation of TRV's is practical only for the very first moments
after recovery begins. After a few wave reflections, it becomes impractical.
Consider the very simple circuit in Figure 10.1(a) the recovery voltage (in per
unit) for this circuit up until time t - 24 is given by:

- o2/t

vV, -1
r

Between 2t s t £ 41 the recovery voltage is given by:

v 2% (t-21) e 2/L

. (t-21) [1- % (t-21)]

The necessary data to simulate this circuit using the EMTP is given in Figure

10.1(b) and the results in Figure 10.1(c).

Problem 10.1: Verify that the EMTP results from Figure 10.1(c) agree with the

formula above.
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L=300mH
SRC FLT

icoswt

CIRCUIT DIAGRAM

(a) Circuit diagram.

Figure 10.1: A trivial TRV example.
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BEGIN NEW DATA CASE

C e e e e e e e e e Figure 10.1(b) ~~~rmmommommm e -
C Transient recovery voltage in a trivial circuit .
C e d e o ma s € o o e e e e e e e e e e e e >
10.E-6 17.E-3
C ~Iprnt{~~Iplot{~-Idoubi<-KssQut{-MaxQut {~---Icat
15 1 0 0 0 2
C
sesessann Circuit data...eneesrsneessonsosnnnsoonssansnns
C Bus~->Bus—->Bus—->Bus~->¢~~=~-R{~~=~L{~—-~C 0
SRC  FLT 300. 0
C Bus~->Bus-->Bus-->Bus~-><{~—-R’'{~=-Zc{~~Tau{~~len 2 0 O~~~ Blank—=~=-——m=m-~ >0
-1FLT END 300. .001 100.82 00 0
BLANK End of circuit data....vseeenenesenossnsannssenossnsnnnssnnnasasnsanssnss :
C
C trneirnitenronssassnssnananss Switch data..serieriosnsesensosnsnnssssnnssnsnnas
C Bus—>Bus—~>¢{---Tclose{---~Topen{—-—-~—-~ Ie 0
FLT -1.E-3 1.E-3 0 0
BLANK End of switch data...eisssnsnsnnssssonnnssnsssssssansssnnsssnsnsanansssns :
C
ittt it esaessnsscasssansssssnss Source data.....oivrnrentrnsonaranasrsenanes
C Bus--)(I(Ampl»tude(Frequency(--TO Phi0{—~~0=Phi0 {---Tstart{---~Tstop
145RC 1. 60. 0. 0. -1. 9999.
BLANK End of source data@....eeesenevsscasssssoscrsonsconsasanssssnsesnssansonsns '
C
C iverinieenensnssasnsonsscnannss Output Request Data......vvvvnnnnnvnnnnennnnnas

C Bus-->Bus-—>Bus-->Bus~->Bus—~>Bus~~>Bus-->Bus-->Bus—>Bus~-~>Bus-~->Bus-~>Bus-->
FLT

BLANK End of output requests....vcecerieeiocnoncsssnnssransssnsonsnnassnsnsnnss ]
c
C Plot request Data....oeriirinenrneriensnnossncanassroncossanssnsnssanssssasonns

2TRV in a very trivial circuit

cC ______ Graph type: 4(volts) B(branch volts) S(currents)

cC . _____ Units: 1(deg) 2{cyc) 3(sec) 4{msec) S(microsec)

c i Units per inch

cC i ___Plot starting time

c i : _Plot stopping time

ci ; T Value at bottom of vertical scale

c i h : i _Value at top of vertical scale

c . : : ' ; .

C W<{~i{-=i{~=i{-—=1{~=Bus~->Bus~~>Bus~->Bus-~>Heading-—~~=~~~~ >Vert axig-——--- >
144 1. 7.0 17. FLT TRVtrivial PU TRV

BLANK End of Plot Request..... treaanns sheseasasssasassesaEnaseesnsennesesenenan '

BLANK End of Al{ Cases

(b) Input data.

Figure 10.1: (continued) .
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PU TRV
(10 1)

0.200

0.150

0.160

0.050

0.900

-0.050

-0.100

-0.150

-0.200

TRVtrivial

TRY in a very trivial circuit ////%\\

MILLISECONDS (10%x 2)
0. 080 0.090 0. 100 0.110 0.120 0.160 0.170

09/16/85 08.30.
PLOT TYP 4
NODE NAM LY

(c) Recovery voltage.

Figure 10.1: (continued).
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Using the EMTP to calculate TRV's
Actual calculation of TRV's using the EMTP requires a great deal of care in
establishing the model. The following points should be noted:
° It is important to represent all distributed lines connected to
the bus, even relatively short ones.
The manner in which these lines are terminated influences the TRV,
particularly for the shortest of these lines.

[ All capacitances at the breaker should be represented.

As an example of TRV calculations, consider the TRV after a solid 3 phase fault on
the line side of the breaker on line 1-2. Represent: the generator at bus 3 as a
Thevenin impedance, line 1-12 as a distributed line connected to an equivalent RL
load, line 1-2 as an open line, and line 1-7 as a distributed line connected to a

Thevenin equivalent. Figure 10.2 illustrates the example.

Problem 10.2: What do you think will happen to the TRV's shown if:
(a) The line 1-12 is represented as open at the receiving end.
(b) The line from 1-12 is not represented.
(¢) The line from 1 to 12 is not represented and a Thevenin equivalent at bus

1 is used, that is, line 1-7 is not represented in detail.

Problem 10.3: Explain the various "bumps" on Figure 10.2(d).
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BEGIN NEW DATA CASE

(e e e e e e e Figure 10.2(b)~~—~—~mmmmmmmmm
C TRV for bus 1 breaker for a 3 phase fault at bus 1,

€ lines 1-7 and 1-12 represented
C

et e I A N e e e e e e >
10.E-6 25.E-3
C ~Iprnt<-~Iplot<{~Idoubi<-KssQut{~-MaxOut ¢---lcat
15 1 0 0 0 0
C
C ivenrnnnnnnes crsasarsrsasessres Circuit data....ocovvinennnonsonnnosnncnnnronnns
€ Bus——>Bus—— )¢ ~~——m=mmv YR e e m L{=mn-R{mmmm e e L{=m=m=R{mm e e o
S1THEVA BUS7A .13 23.71
S2THEVB BUS7B .06 39.99
S3THEVC BUS7C
S1GEN3A BUSIA 0 84.2
S2GEN3B BUSIB 0 154.4

53GEN3C BUSIC

C Bus-->Bus~->Bus-->Bus~~->¢-~-R'{~—~-L'{-=-C'<~~len 0 0 0<~—~—~ Blank--=-—~==mmum >
-1BKR1A BUSZA 0.3167 3.222.00787 193.1 0 0 O

-2BKR1B BUSZB 0.0243 .9238 .0126 193.1 0 0 0

-3BKR1C BUSZC

€ Bus-->Bus—->Bus~~>Bus-->(~--R'<{~-—-L'{-~-C'¢~~len 0 0 O¢~~~-~~ Blank—==——=—=mw- >
-1BUS74A BUSIA 0.3167 3.222.00787 144.4 0 0 0

-2BUS78 BUSIB 0.0243 .9238 .0126 144.4 0 0 0

-3BUS7C BUSIC

C Bus-->Bus~->Bus~->Bus-~>¢-~-R'¢ -L'¢~-—~C'<--len 0 0 O¢~———— Blank----—=~-=~~ >
-1BUS1A BU312A 0.3187 3.222.00787 24.14 0 0 0

-2BUSIB BUS12B 0.0243 .9238 .0126 24.14 0 0 0O

-3BUSIC BUS12C

€ Bus-->Bus~->Bus~->Bus—~>{~~~-R{—-={{-~—-C
BUS12ABUS13A 70.16
BUS12BBUS13BBUS12ABUS13A
BUS12CBUS 1 3CBUS12ABUS13A

BN -NoNoloNoNoloRoNoRojaoRoloRololofololoNlolNoloNololona

BUS13A 251.2 219.1
BUS13B BUSI3A
BUSI3C BUSI3A
BLANK End of circuit data....vseeeessesscenssssonsansssennssssnenssssssnssnsnns
C
£ iitrittiieeensensseannennses Switch data..»vvevennsnsnns Crsserareasaserreasnsas
C Bus-->Bus—~>¢{-~--Tclose{-——-Topen{~-=~-—= Ie 0
BKR1A -1.E-3 9999. 0 0
BKR1B -1.E-3 9999. 0 0
BKR1C -1.E~-3 9999. 0 0
BUSIA BKR1A ~-1.E-3 1.E-3 0 2
BUSIB BKRIB -1.E-3 1.E-3 0 2
BUSIC BKRIC -1.E~-3 1.E-3 0 2
BLANK End of switch data..cueuseunernneceannirscaessssenasssssssssssonsssnssssns ;
c

(b) Input data.

Figure 10.2: (continued).
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C tovveesonsosonsnesonssssnnsnsnssses Source data..cvcierccncenrcnscanssnnsvecnns

C Bus—-)(I(AmpIltude(Frequency(——TO Phi0<{~~-0=Phi0 (———Tstart(—-——Tstop
14GEN3A 187.79 60. 0. 0. ~-1. 9999.
14GEN3B 187.79 60. -120. 0. 1. 9999.
14GEN3C 187.79 60. 120. 0. 1. 9999,
C Bus——><I<AmplitudelFrequency<--TOiPhi0<~~--0=Phi0 {---Tstart<-—---Tstop
14THEVA 187.79 60. 0. 0. ~-1. 9999.
14THEVB 187.79 60. -120. 0. ~-1. 9999.
14THEVC 187.79 60. 120. 0. ~-1. ¥999.
BLANK End of source data.....cvvvvnencosannanns tresserausesessanrasssusrsannnes :
L ititiitter s ssssenasenarannrnes Output Request Data........coveiiennnnnesncnsan

c Bus——)Bus——)Bus——)Bus——>Bus——)Bus——>Bus——>Bus——)Bus——)Bus——)Bus~~\Bus——)Bus——‘
BUS1A BKR1A BUSIB BKRIB BUSIC BKRIC BUS2A BUSZB

BLANK End of output requests....cveiininiiinsnsnrerarersrornncensnscscsnnsonns ;

C

C Plot request Data....cvoeiicrourernoeooecrnneansasssensenssnssssososansesenss
2TRV 3LG fault at BUSI for 120 mi line, line7, linel?

Graph type: 4(volts) B(branch volts) 9{(currents)

Units: 1(deg) Z(cyc) 3(sec) 4{msec) S{microsec)

Units per inch

Plot starting time

_Plot stopping time

Value at bottom of vertical scale

_Value at top of vertical scale

COOO0OO0OO0O0O00

K wm mm we wm e wa we

<- l(——:(———:<—-‘Bus——)Bus——>Bus——>Bus-—>Headlng ———————— >ert axis—————- >
1842 5 0.0 25.-300.300.8US1C BKRIC BUS1A BKRIA TRVbusliine712 BKRIA BKRIC KV

184,25 2.5 5.0-300.300.BUSIC BKRIC BUS1A BKRIA TRVbuslline712 BKR1A BKRIC KV
BLANK End of Plot Request...vvninrnsnerenencsncnnensecioncnnssssnsnnnrnsnsnnnns '
BLANK End of run Request

€ = v e ea ma —a

A

(b) Input data.

Figure 10.2: (continued).
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BKR1A BKRIC TRYbus1line?12
(10xs 3)
0.300 TRY SLG fault at BUSL For 120 mi line, lineZ, linel2

0.225

0.150

0.075

0.000

8.0 75 0.100

-0.675

~0.150

-0.225

09/16/85 09.01. 1
PLOT TYP 8
-0.300 NODE NAM BUSIC  BKRIC BUS1A  BKRIA
(c) TRV on phases c¢ and a.

BKR1C KV TRVbus1line?12
(16sx 3)

6.300 TRV SLG fault at BUS1 for 120 mi line, line?, linel2

0.225

0.150

0.675

0. 0.300 0.325 0.350 0.375 6.460  0.425

-0.075

-0.150

-0.225

09/16/85 ©9.13. 1
PLOTTYP 8
-0.380  NODE NAW  BUSIC  BKRIC

LISECONDS 10s% 2)
8.256

NILLISECONDS (1032 1)
0.450 0.475 0.508

(d) TRV on phase ¢, expanded time scale.

Figure 10.2: (continued).
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Other points of interest regarding TRV's are that the magnitude of the TRV is
influenced by the total fault current capability of the system, and that the
actual opening of the breaker occurs at a "normal" zero current crossing. If a
breaker ever suddenly interrupts a current other than zero, this is said to be a
"current chopping" problem. If a chopping occurs in mostly inductive circuits,
very large overvoltages can result.

Because of the manner in which the EMTP works {(in discrete time), there will
always be a small amount of current chopping when a breaker opens. Figure 10.3(a)
illustrates this point. If this current is flowing through an inductor, (Figure
10.3(b)) a numerical oscillation problem occur. Solutions to the problem are
given in Figure 10.3(c)-(e). The problem of numerical oscillations is described

in greater detail in the next section.
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rBreaker opens here

€
° }(zero current
tolerance)

Opening normally occurs slightly off zero current.

T

A circult where this is a problem.

T

A circuit less likely to have a problem
(unless C is very small).

Another good solution.

—-——-—ﬁ

Another way of solving the chopping problem.

Figure 10.3: Numerical current chopping can produce numerical oscillations.
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Section 11
NUMERICAL OSCILLATIONS

The EMTP uses "trapezoidal integration" for its internal numerical computation.
The main features of trapezoidal integration are its simplicity, numerical
stability for "stiff" systems (those with widely differing eigenvalues), and its
self-starting nature. On the other hand, trapezoidal integration suffers from
numerical oscillations when used as a differentiator. As a result of this
problem, it cannot be used without a careful regard for the system or circuit in

which it is being employed.

This can be shown by changing the example of section 1B to a load de-energization
instead of energization. Even though the opening of the switch traps enough
current in the inductor to cause sustained numerical oscillations in the voltage

across the breaker. This is illustrated in Figure 11.1.

The numerical oscillation can be explained best by differentiation of a step

change. For example:

inductor voltage v - L %%
: R dv
capacitor current i-c T

have numerical oscillations for step change in current for the inductor or voltage

for the capacitor.

111



SRC

Figure 11.1:

Busi13

CIRCUIT DIAGRAM

(a) Circuit diagram.

De-energization of a pure RL load. Numerical
oscillations will occur.
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BEGIN NEW DATA CASE

C irerrenensncnesseansenss ceranresennas renesss.Figure 11.0(b)..... treerersernenes
C DeEnergization of an RL Joad with more detailed source model, no damping :
C ~~=~dt{———tmax< ~ >
50.E-6 50.E-3
C ~Iprnt{--Iplot{-Idoubl<-KssOut{-Max0ut {-—-Icat
15 i 0 0 0 0
c
CCircuit data..oeeeiieensncrconsnrosssansnsns ceeresaen teresrrsasesrennsnenrsunas
c Bus-—)Bus——>Bus——>Bus——><-—-—R(—--—L(————C 0
BUS13 22.61 19.72 0
BLANK End of circuit data...covnucensoncnnsess e serassasressasansres rerersanat
c
C Switch data..veesserrenrnoecsoncencsncrcnnnsonns tersesasssecererrrenrasnnnanns
C Bus—-)Bus--)(———TcIose(—--—Topen( ——————— Ie 0
SRC  BUSI3 ~-1.E-3 1.E-3 2
BLANK End of switch data..eceserenerrarereraocssocsonnsnncsanssncnsonnsonssnes :
c
C Source data...veeeeecennccncesnnnsae e
c Bus——)(l(AmpI|tude<Frequency<——T0 Phi0<{~--0=Phi0 {~—~Tstart{——--Tstop
14SRC 56.34 60. 0 0. -1. 9999.
BLANK End of source dat@...ssneeccernsscasaesonsessssnasesosarassssssncnsssnnnns :
c
C Nodal Output Request Data........ tressesescsavesanssassanssaenaonsanns crrersan

C Bus-->Bus-->Bus~->Bus—->Bus-->Bus~~>Bus~~>Bus-->Bus~->Bus-->Bus-->Bus~——>Bus-->
SRC  BUSI3

BLANK End of output requests..cecseceecsesesssrscsescnseereosnsanrsncenssncnens .t
C

C Plot request Data...veesecsocsocrocansocanracnnsansananns terasasesrassensennns
c ____.__ Graph type: 4(volts) B(branch volts) 9(currents) )
C ' _____ Units: 1(deg) 2(cyc) 3(sec) 4(msec) S{microsec) ‘
c Units per inch :
cCi v ____ Plot starting time :
c v : _Plot stopping time :
cC i H e Value at bottom of vertical axis (optional) ‘
c i : : : _Value at top of vertical axis (optional) :
c VV(—:(——:(——3<———‘———‘Bus——)Bus——)Bus——)Bus——>Headung ———————— >Wert axig~——--- >

184 S. 0.0 50.-100.100.SRC  BUSI13 EnTh 200MVA.95pfKVolts

BLANK End of Plot Request Data...cvvecvsverncevncnssnencnnssns sesrrerenssnnen vet

(b) input data.

Figure 11.1: (continued).
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Represent this problem by

then

x(t) - -x(t-At) + K% y(t) - Z% y(t-At)
if

x(t-At) - 0

and y(t-At) - 0 but y(t) - 1.0 for all other points in time

then

2
x(t) = T

Now look at x(t+At)

x(t+At) - -x(t) + K% y(t+At) - Z% y(t)
x(t+At) = - K%

The resulting oscillating waveform is illustrated in Figure 11.2. This waveform
bears little resemblance to the time derivative of a unit step, which is an

impulse function.



2.00

5 w o At
3 >
g AT 32 1.00
> >>< At
0.00
0.00 4.00 8.00 0.00
-1.00
(a) Input -2.00
0.00 4.00 8.00
TIME STEP
{(b) Output

Figure 11.2: Result of differentiation of a step function.

If this step y took 2 At to go fromy - O to y 1 then the result would look

closer to & step function as shown in Figure 11.3 since the area

(.00
At

O
oY VALUE
O

0.00 4.00 8.00
(b) Output

(a) Input

Figure 11.3: Differentiation of a slower step function.

(%E X 2At) % - 1 which is the area of a delta function.



There are two basic ways to stop or improve the problem of numerical oscillations,
one is by adding physical components the other is to add damping to the
trapezoidal method.

For example in the case of oscillations or switching out a LR load, the
oscillations that result for a step change in inductor current could be prevented
by adding small leakage capacitors in parallel with the LR load.

For the damping method a resistor is placed across all inductors of a

value Rd - E%E where o is a damping factor. When a - 0O we have normal
trapezoidal models. The error introduced by this damping resistor is shown in
Figure 11.4. We note here that even ideal trapezoidal integration (a=0) 1is

subject to error, and that the error increases with At.

COMPARATIVE ERROR ANALYSIS

ERROR

PERCENT

0.0l

0.001

0001

00l 0.1l 0.2
NORMALIZED TIME STEP At/T

Figure 11.4: Percent Error over a Single Time Step versus Normalized Time
Step for Trapezoidal Integration with Damping.
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In general, if the time step of the integration is small, both ordinary
trapezoidal and trapezoidal with damping give identical results. If the time step
is made large enough, a - 0.15 results in lower error than trapezoidal integration
(a 0). The undesirable oscillations present in the trapezoidal simulation are

eliminated after a short time, and the accuracy of the solution is excellent.

The way to implement this idea within the EMTP is to shunt every inductor (and to
put in series with every capacitor) enough resistance so that the resulting time
constant is about 6.7 times the time step At. For example if At = 50us, we would

add in parallel with a 19.72 mH resistor a resistance equal to:

Rd ~ 15At T 2630 ohms.

The error introduced by this artificial resistance is less than the error

introduced by the discretization process itself.
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Problem 11.1: Modify the EMTP data for the de-energization of the RL load to
eliminate the numerical oscillation by adding an appropriate shunt resistor. (If

you do things correctly, the new simulation would look like Figure 11.5).

SRC Bus 13

Bus 13M

Rd

CIRCUIT DIAGRAM

(a) Circuit Diagram.

Figure 11.5: The de-energization of an inductor can produce
numerical oscillations.



BEGIN NEW DATA CASE

C..ovus crsanasen vasasraseanarananas crraass vooFigure 11.5(M)...ciiennnes veen

C DeEnergization of an RL load with more detailed source model, .15 damping ]

C ————dt{———tmax< - >
50.E-6 50.E-3

C -Iprnt<{-~Iplot{~Idoubi<~KssOut<{~Max0ut {-~-~Icat

15 1 0 0 0 0

c

C Circuit dat@.eeseonrsososvoncrssasssensacssossnssnnsaossaassns treeerarasenes ..

C Bus-->Bus-->Bus~~>Bus--2>< R L< C<—~ Ignore for now--—————=-—u- >0
BUSI3 BUSI3M 22.61 0
BUS13M 19.72 0
BUS13M 2630. 0

BLANK End of circuit dataee.eoeeereerrnrersssseasonsossnsnsaronssnsnnonnvosnnss
c

C Switeh data..ov.oieieirereesocsonsosncesnovsonsvusrnssnscnsosonssrsnenrsssssnes

C Bus~->Bus-—>¢---Tclose<-~~-Topen{-——~—~— Ie 0
SRC  BUSI3 ~1.E-3 1.E-3 2

BLANK End of switch data..eeeesseveernsnserasoronsennonnssssnnsonssssnernsnnnss .

c

€ Source data.eseseessossosssssnsasssonrsnssasannsossnsosssnnonssssssansns cesernens

C Bus--><I<Amplitude<Frequency<--TO.;PhiO<~-~-0=Phi0 {~—~Tstart{~---Tstop

14SRC 56.34 60. 0 0. -1. 9999.

BLANK End of source data......cevevversennsnsennsss seserrsrsensrs s evenes ‘

c

C Nodal Output Request Data.......vevuuuse cresasareresvrerranrensrarn e ren ernae

C Bus-->Bus~~>Bus~->Bus~~>Bus-->Bus~->Bus-->Bus~->Bus-—>Bus~-->Bus~-->Bus-->Bus—->
SRC  BUS13

BLANK End of output requests...esivsccnsrenconssns cerens cerens tesesesrnn PN '
c

C Plot request Data...vveereercnenrsranensnssncnsonsnsnsssaccsnsrsnsnnnssananens
c ____ Graph type: 4(volts) B(branch volts) 9(currents) ;
c _____ Units: 1(deg) 2(cyc) 3(sec) 4(msec) Simicrosec) :
c ' Units per inch ;
c v Piot starting time :
c i ' _Plot stopping time H
€ W(- (=i~ (=== ==~ Bus—->Bus~—->Bus~~>Bus~~>Heading-~-=m-—~ >Vert axis~——~-- >

184 5. 0.0 50.-100.100.SRC  BUSI13 EnTh 200MVA.S95pfKVolits

BLANK End of Plot Request Data....ovevreservuncnocsverososnnsssossonssnssavensat

(b) Input data.

Figure 11.5: (continued).
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BEGIN NEW DATA CASE

C iietesenenssesosnusscssosnnnssssnnsssnasnannas Figure 11.5¢b) (continued)........
C DeEnergization of an RL load with more detailed source model, 1.0 damping :
€ ~~——dt{~——tmax<-—- e >
50.E-6 50.E-3
C ~Iprnt<~—Iplot{~Idoubi<-KssOut{-MaxOut {---Icat
15 1 0 0 0 0
c
CCircuit dataceer i inniieinininenssansvansososncesnsronnssasranssncssanesnssunas
€ Bus—~>Bus~~>Bus—->Bus-->{----R{—=—-L{~-——-( 0
BUS13 BUSI3M 22.61 0
BUS13M 19.72 0
BUS13M 380. 0
BLANK End of circuit data..vsineneerioanoesvnarrsssssssssssacncsssnnnnnnssnnnns :
c
C Switch data..oseeeseensvoesnsosessvnesearseonnnsssnensnssnssssersssssnssosnsnsns
€ Bus—->Bus——>{~--Tclose{-—--Topen{—————-—- Te 0
SRC BUSI3 -1.E-3 1.E-3 2
BLANK End of switch data...oesncrnrnoansossnsnssnssosssanssssnsnssnsacnncrannnns :
c
€ Source data...vsenesnssssesnnnsssesaonssssscsnssscsssnsssnnssnncasssasnnnnnnns
€ Bus~-><I<Amp!litude<Frequency<--TO!PhiQ<{~-~-~-0=Phi0 {——-Tstart{—-—Tstop
14SRC 56.34— 60. 0 0. -1. 9999.
BLANK End of source data :

c
€ Nodal Output Request Data.....vvcerervecnsnsnnnnsoesssesssasnonssnsncarnsannnnss

C Bus—->Bus—->Bus-->Bus-->Bus-->Bus—->Bus-->Bus——>Bus-->Bus-->Bus—-->Bus——>Bus—->
SRC BUSI3
BLANK End of output requests :

c

C Plot request Data......vnicrsinreersnnosnossncsearsnssssosnsvsnvensansanananns
c ______ Graph type: 4(volts) B(branch voits) S(currents) ‘
c . _____ Units: 1{(deg) 2(cyc) 3(sec) 4(msec) Simicrosec) ;
c Units per inch H
c» v _____ Plot starting time H
c v : _Plot stopping time :
€ W<{-1{—1{—~1¢(—~=~——Bus—->Bus-->Bus~->Bus——>Head ing-——————-~ >Vert axis—-—--— >

184 5. 0.0 50.-100.100.SRC  BUS13 EnTh 200MVA.S5pfKVelts

BLANK End of Plot Request Data......vvvivivennnsnesnssssnsnssonsssnanasensnnsss :

(b) Input data.

Figure 11.5: (continued).
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Section 12

RECLOSING INTO TRAPPED CHARGE
The tendency of breakers to open only zero currents virtually insures that in
capacitive circuits (including unloaded lines) the instant of breaker action will
coincide with a peak voltage condition. Thus, a breaker opening will normally
leave a capacitor (or a line) charged to its peak voltage. Unlike recovery
voltages, reclosing of breakers can occur at any random instant. Depending on the
exact instant of breaker action, overvoltages greater than 2 pu can develop.
We explain the mechanism by which these overvoltages can develop by considering
the very simple circuit in Figure 12.1. The analysis of this circuit is as
follows:
While S is closed, the phasor voltage across the C can be obtained by voltage

division from:

-1/wC
vC wh =1/uC V cos wt
v V cos wt
¢ 1 - w2LC
Define:
“n
vLC
Then:
vc - V cos wt
1 (w/wn)
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If C is small enough, then wy, >> 1 and we have:
v =V cos wt
c

We can also calculate:

Regardless of the exact time of contact parting, effective opeing of S will not
occur till the first zero current crossing. This will only happen at t K n/w, K

integer. At any of these times, the capacitor voltage "trapped" is:

v

v -
trap 1 (w/wn)2

Figure 12.2 illustrates the trapping phenomena. Assume that the breaker recloses
at a later time. Assume further that the reclosing time is exactly half a cycle
later. The transient solution that results is illustrated in Figure 12.3 It is
easy to verify that the peak voltage after breaker reclosure will be
approximately:

=3

|Vpeak| vtrap’

Vv
1—(w/wn)

This represents an overvoltage in the capacitor of 3 per unit.
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L + +
Vcos wt v CI Ve
L -

(a) The Circuit of Interest

Rdomp

L I

+
C Ve
V cos wt I’

(b) Circuit modified to use EMTP.

(b) Circuit modified to use EMTP

Figure 12.1: Circuit to Illustrate Reclosing into Trapped Charges
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Figure 12.2: Trapping of Charge in a Capacitor
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Figure 12.3: Reclosing into Trapped Charge
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Figure 12.4(c) illustrated the input data required to simulate the problem at hand

using the EMTP for a case where:

L 1 mH
C 10 uF
v 1

Notice that an oscillation damping resistor of value:

Rdamp (L/At)/.15 6670

was added. Without it, severe numerical oscillations would occur. However,
because of it we see a slight damping of the LC oscillations after reclosure.

Results are shown in Figure 12.4(b)
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Problem 12.1: Compare the EMTP results from Figure 12.4 with hand calculated
values.

In particular, compare:

EMTP Calculated

Vtrap

peak
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cos t C

(a) Circuit Diagram.

Figure 12.4: Trapped charge in a trivial circuit. Two breakers are used
to model opening and reclosing.
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BEGIN NEW DATA CASE

c - ———-Figure 12.4(b) ——————mmmmmmmm e e e

C Trapped charge in a trivial circuit.

C -———dt{-——tmax< — —— -—>
10.£-6 20.E-3

C ~Iprnt{--Iplot{-Idoubl{~KssOut{~-MaxOut {~--Jcat

15 1 0 0 0 2

c

C tivernnvncnsssnansnssssnnnssnse Circuit data...ocvvienerensnnsnnosssnsnnsonnsnns

C Bus-->Bus-->Bus——>Bugs—->{-——~R{~~—~L{—=~~C 0
SRC  BKR 1. 0
SRC  BKR 667. 0
CAP 10. 0

BLANK End of circuit data....ovviniiiinrenneenenrossosossncocsasoosonnracsnsns '

C

C iittieresvesnnssssnnnsssancnnss Switch data...eerseneceosenensssnnssscnsnssnnnnss

C Bus—~>Bus—->{---Tclose{----Topen{-—--—--~Je 0
BKR CaAP ~-1.E-3 1.E-3 0 0
CAP  BKR 16.67E-3 9999, 0 0

BLANK End of switch data...eereencnesusorrresssanrssnncnsaansonssnsasnssnansnas :

C

£ cvervinersnsensssnncnnsassnnncnssse Source data.....civvereirtrionenssinnnararsnnss

C Bus——><I<Amp!litude<Frequency<—~TO:iPhiO{--~0=Phi0 {~~-Tstart{~----Tstop

14SRC 1. 60. 180. 0. -1. 9999.

BLANK End of source data@...cceeeossnvecsscnnnnosssasnssssasenssssssnsssssnnnsss :

C

L iiriiriireecnnnnoccssnansnansans Output Request Data...cccovcueravsnnsoronnnrasns

C Bus—->Bus-->Bus-->Bus~->Bus~->Bus——>Bus-->Bus~->Bus-->Bus-->Bus~~>Bus-->Bus~->
BKR CaAP

BLANK End of output requests.....c.ueevernrsscecenserassnssnseonsnsroscansnsnes :
C
C Plot request Data...cieceesrersooessansorsssensssoscessssosnccssnnsnsnnsrsonss

ZTrapped charge in a very trivial circuit

c ______ Graph type: 4(volts) B{(branch volts) S{currents)

c. _____ Units: 1(degq) 2(cyc) 3(sec) 4(msec) Smicrosec)

c Units per inch

c v v Plot starting time

c i : _Plot stopping time

c v , Ve Value at bottom of vertical scale

c.i : : : _Value at top of vertical scale

c . : ' : :

C VWW({~i{-—=1{-=1{~=-=1{--Bus-~>Bus~-->Bus-->Bus—->Heading-—~—~--—- >Vert axis--—-——— >
144 2. 0.0 20. -3.0 3.0BKR CAP TrapTrivial PU Voltage

BLANK End of Plot Request..ovcreeesenesenrsssescessansnacsasnsnsnsansossnsnnnns H

BLANK End of All Cases

(b) Input data.

Figure 12.4: (continued).
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PU Voltage
(108 1)

8.300

8.225

8.150

8.075

-6.075

-6.156

~0.2%5

-6.368

TrapTrivial

Trapped charge in a very trivial circuit

8.620 10 0.660 ©0.080 0.160 6.120 6.140  6.160
09/17/85 13.39. 1
PLOT TYP 4

NODE NAM BKR CAP

(c) Capacitor voltage.

Figure 12.4: (continued).
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Using the EMTP to study reclosing into trapped charges
Use of the EMTP to calculate overvoltages due to trapped charges in practical

systems requires a number of considerations.

How to represent and trap the charge.
Selection of trapped charge values, if more than one trapped
charge is involved.

Selection of reclosing times for each phase.

There are two very different ways of trapping a charge in the EMTP:

) Use the override "initial conditions” feature of the EMTP.

Let the natural opening action of switches trap a charge.

The first method saves simulation time but is more cumbersome and less general.
We only discuss the second method. To do this, proceed to initialize the EMTP
simulation with all switches closed, and then open them in some sequence to
establish a charge. Note that for three phase systems the exact instant and

sequence of phase of breaker action will influence the amount and polarity of a

trapped charge.

12-11



Problem 12.2: Given a three phase sinusoidal Y connected source at bus SRC

connected to three Y connected capacitors at bus CAP by three switches, specify

switch opening times to trap charges of polarity:

(a)

(b)

(e)

12~-12



Trapping a charge in a transmission line is almost the same as trapping a charge
in a capacitor, except that the opening of a breaker will establish small
transients in the line before the phases settle to an average dc charge valve.
These oscillations are usually small and can be neglected. Figure 12.5
illustrates the trapping of a charge on the 120 mile line from bus 1 to bus 2,

The exact instant of reclosure of each phase affects the magnitude of the
overvoltages that result, Once a certain reclosing time is selected, a simulation
of the resulting reclosing overvoltages can be performed. Figure 12.6 illustrates
a case where this has been done.

As mentioned earlier, the exact moment of reclosure of each phase greatly
influences the magnitude of the reclosing overvoltage magnitudes. These
overvoltages cannot normally be controlled by playing with the timing of the
breaker closure, since this time is considered random. Thus it becomes possible
to ask not for a reclosing overvoltage but rather for the statistical distribution
of these overvoltages. The EMTP has capabilities to perform such statistical

studies, but these are not described here.

Problem 12.3: An important way of controlling overvoltages is the use of pre-
insertion resistors in breakers. Modify the data in Figure 12.6 to study the
effect of 300 ohm pre-insertion resistors that remain in service for half a cycle
each (8 ms) before full breaker closure occurs. If you do things right, you will

obtain the results in Figure 12.7.
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BEGIN NEW DATA CASE

C Figure 12.5(b) ~——————~=mmu—
C Trapped charge in the fine from bus 1 to bus 2. :
C ———-dt{-——tmax< — >
20.E-6 25.E-3
C ~Iprnt<——Iplot<-Idoubl<{-KssOut{-MaxOut {---Icat
15 i 0 0 0 0
C
C tiereerrenssnnssnnsssnenssnnsss Circuit data.osecrereerereeneroeecceroerenrenes
C Bus——>Bug== ¢ =mwmmme——m Y= R( | L{=m=mR{mm e L{=m=R{mm e mem L
S1THEVA BUS7A .13 23.71 0
S2THEVB BUS7B .06 39.99 0
S3THEVC BUS7C 0
S1GEN3A BUSIA 0 84.2 0
526EN3B BUS1B 0 154.4 0
S36EN3C BUSIC 0
C Bus-—>Bus—->Bus-->Bus~~>¢(~~-R'{---L’'{~~~C'{-=len 0 0 O~~~ Blank-~~~——=——-- >0
-1BKR1A BUSZ2A 0.3167 3.222.00787 193.1 0 0 0 0
-2BKR18 BUSZB 0.0243 .9238 .0126 193.1 00 0 0
-3BKRIC BUS2C 0
C Bus——>Bus—->Bus— >Bus—->{-~=R'(~~~L'¢~~-C'<-~len 0 0 O¢~--—— Blank——~~~~—cww- >0
~-1BUS7A BUS1A 0.3167 3.222.00787 144.4 0 0 0 0
~-2BUS7B BUSIB 0.0243 ,9238 ,0126 144.4 0 0 0 0
-3BUS7C BUSIC 0
C Bus-->Bus—->Bus-->Bus—->¢---R*{~~~L'¢(~=~C'¢~~len 0 0 OK~—-~- Blank-—————~~——~=~ >0
-1BUS1A B8USI12A 0.3167 3.222.00787 24.14 0 0 O 0
-2BUS1B BUS12B 0.0243 .9238 .0126 24.14 0 0 0 0
-3BUSIC BUS12C 0
C Bus-—->Bus-->Bus~->Bus-—>¢{--—-R¢{~~~-L{~~—~C 0
BUS12ABUS13A 70.16 0
BUS12BBUS13BBUS12ABUS13A 0
8US12CBUS13CBUS12ABUSI 3A 0
BUS13A 251.2 219.1 0
BUS13B BUS13A 0
BUS13C BUSI3A 0
BLANK End of circuit data...,uresscnrensnorerancecrscercersasrsosecoeeseennnses :
c
C tierrernenrsenssecnssnnsnnnnns Switch data.veeeiseersncnsensrsasnreanessesannanss
C Bus—->Bus--><---Tclose Topen< -le 0
BUS1A BKRI1A -1.E-3 1.E-3 0 1
8USIB BKRIB -1.E-3 1.E-3 0 i
BUSIC BKRiIC -1.E-3 1.£-3 0 1
BLANK End of switch data....ieererrsnonrensoseeceonecnsesronnnencensnnsrsnosnns H
c
C trerernsenennanasennssnsssnnannans Source data..vcevicarensrrrnesasensssasarsas
C Bus--><I<Amp|itude<Frequency<-—TO!Phi0<~-~-0=Phi0 {~-~Tstart{--—Tstop
14GEN3A 187.79 60. 0. 0. ~-1. 9999.
14GEN38 187.79 60. -120. 0 ~-1. 9999.
14GEN3C 187.79 60. 120. 0. -1. 9999.
14THEVA 187.79 60. 0. 0. -1, 9999.
14THEVS 187.79 60. -120. 0. ~-1. 9999.
14THEVC 187.79 60. 120. 0. ~-1. 9999,
BLANK End of source data....eeeivscscnsorssssnessnrsosensnnsonsonnconncenssceos :
C
C titereirenronncsonossncnsannnas Qutput Request Data...c.ccveinrerenccennnenens

c Bus—-)Bus-—>Bus——>Bus—~>Bus-~>Bus—~>Bus——)Bus——>Bus——>Bus—-)Bus——)Bus——)Bus-—)
BUS1A BUS2A BUSZB BUS2C
BLANK End of output requests ‘

(b) Input data.

Figure 12.5: (continued).
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Bus2 KV
(1gzx 3)

9.800

6.660

9.400

0.260

-0.260

TrapLinel2

Trapping of Charge in the line from bus 1 to bus 2

NILLISECONDS (10% 2)

0.625 0 6.0/5 6160 0.125 0.150 0.175 6.280 6.225  0.250
09/18/85 067.46. 1
PLOT TYP 4

NODE NAN BUS2A  BUS2B  BUS2C

(c) Trapped voltages on line. Notice slight ripple.

Figure 12.5: (continued).
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BEGIN NEW DATA CASE

c Figure 12.6(b) —=mm—wmmmmam e
C Reclosing of the line from bus | to bus 2.
C ~=—=dt(~~=tmax< ———>
20.E-6 20.E-3
C ~Iprnt<~-Iplot<-Idoub|<~-KssOut{zMaxOut {--~Jcat
15 1 0 0 0 0
c
Crevnnnns seevertaracacsnssensssCircuit dataiesererreranronrasrenrsosnranns
C Bus~-~>Bus—-—>¢~~oeroucuun >{~—~=R{ L<-~~R( L (-=-=~R¢ L
S1THEVA BUS7A .13 23.71 0
S2THEVB BUS7B .06 39.99 0
S3THEVC BUS7C 0
S1GEN3A BUSIA 0 84,2 0
S2GEN3B BUSIB 0 154.4 0
S3GEN3C BUSIC 0
C Bus-~>Bus~->Bus-->Bus~=~><(~~-R'(~==L'¢-~-C'<~~len 0 0 O{~---- Blank-==—-—-—--- >0
-1BKR1A BUS2A 0.3167 3.222.00787 193.1 0 0 0 0
~-2BKR1B BUS28 0.0243 .9238 .0126 193.1 0 0 0 0
-3BKRIC BUS2C 0
C Bus~~>Bus~->Bus~~>Bus~~>¢(~=~R’'<¢-~-L'¢{~~~C'<~~len 0 0 O Blank -==>0
~-1BUS7A BUSIA 0.3167 3.222.00787 144.4 0 0 0 0
~2BUS78 BUSIB 0.0243 .9238 ,0126 144.4 0 0 0 0
-38US7C BUSIC 0
C Bus~->Bus-->Bus—->Bus~~><{~==R'¢~--L*<~--C'<--len 0 0 O(=~——- Blank-~—===~~—mem >0
-1BUSIA BUS12A 0.3167 3.222.00787 24.14 0 0 0 0
-2BUS18 BUS12B 0.0243 ,9238 .0126 24.14 0 0 O 0
-3BUSIC BUS12C 0
C Bus-->Bus—->Bus~~>Bus~~>{=~=~R{~~=-L{~~--C 0
BUS12ABUS13A 70.16 0
BUS12B8BUS138BUS12ABUS1 3A 0
BUS12CBUS 13CBUS12ABUS13A 0
BUSI3A 251.2 219.1 0
BUS138 BUSI3A 0
BUSI3C BUSI3A 0
BLANK End of circuit data....oveueiiirinrenrnrerssnrsseconsonorasonnasarracnans H
c
Coirrennnnnns e < (X T 71 T I - Y raeeresue
C Bus—->Bus~-><{--~Tclose{~~~~Topen{~~—=-~=- e 0
BUSIA BKRIA -1,E-3 1.E-3 0 1
BUS1B BKRIB -1.E-3 1.£-3 0 1
BUSIC BKRIC -1.£-3 1.£-3 0 1
BKR1A BUS1A 12.E-3 9999, 0 1
BKR1B BUS18 13.E-3 9999. 0 1
BKRIC BUSIC 14.£-3 9999, 0 1
BLANK End of switch data............ seresrassannes srsrearasanas creresenessernnan
c
C oiirrrrnesnrsonnnarns sevesesssrasasS0urce data...oniiiniiennen... seesssmsrsaunss
C Bus-~>¢I<Amplitude<Frequency{—-TO!PhiO<~~~0=Phi0 <~ ~Tstart¢(~----Tstop
14GEN3A 187.79 60. 0. 0. -1, 9999.
{4GEN3B 187.79 60. ~-120. 0. -1, 9999.
14GEN3C 187.79 60. 120. 0. -1, 9999.
14THEVA 187.79 60. 0. 0. 1. 9999,
14THEVB 187.79 60. ~-120. 0. ~-1. 9999.
14THEVC 187.79 60. 120, 0. -1, 9999,
BLANK End of source data......euvcevrernsereecrcnccans cesessereraanen sraeenrrnst
c
C oiererrerieninesnesvessassseses Output Request Data..ovcennererenennnancreennnn

C Bus~-->Bus~->Bus~->Bus-->Bus~->Bus-->Bus~->Bus-->Bus~~>Bus~->Bus~->Bus~~>Bus~~>

(b) Input data.

Figure 12.6: (continued).
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Bus2 kY
(1gsx 3)

6.800

6.600

8.400

8.200

8.000

-6.200

-0.608

-0.800

Traplinel2

Trapping of Charge in the line from bus 1 to bus 2

09/18/85 07.49. 1

PLOT TYP
NODE NAN

4
US2  BUS2D  BUs2C
(c) Reclosing overvoltages at bus 2.

Figure 12.6: (continued).
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Section 13
CAPACITOR SWITCHING
A problem closely related to reclosing into trapped charge is the entire issue of
capacitors. The capacitor switching problem is closely related to the trapped
charge problem described previously. Studies that can be performed with the EMTP

include:

Studies of currents that result upon breaker energization.
Studies of TRV on breakers under a variety of breaker operating

sequences.

Figures 13.1 to 13.3 illustrate typical voltage waveforms that result from
capacitor bank de-energization. Figure 13.1 illustrates the case of all breakers
opening correctly. Phase ¢ opens first, followed by phases a and b. Figure 13.2
illustrates what happens if the breakers in phases b and a get "stuck" and do not
open at their next zero current crossing. Figure 13.3 illustrates the case of
breaker "b" stuck. Notice the extremely large recovery voltages that can develop

in this case.

Problem 13.1: Prepare EMTP data to study in more detail the problem of
energization and de-energization of the ungrounded Y bank at bus 1.

(a) Assuming simultaneous breaker energization.

(b) Assuming a permanently stuck open breaker in one phase.

(¢) Assuming simultaneous breaker de-energization.

(d) Assuming de-energization with a stuck breaker.
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(a) Circuit diagram.

Figure 13.1: Disconnection of a three phase Y-connected capacitor
bank. Phase C opens first, followed by phases A and
B. TRV is differences between voltages.
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BEGIN NEW DATA CASE

R —— ————— fFigure 13.1(b)~~~ -

C Opening of a breaker in a capacitor bank

L ————dt{-—-tmax<{-Xopt
50.E--6 S0.E-3 60,

C ~Iprnt{-~Iploti{~Idoubl<-KssOut(-MaxOut {---Jcat

15 1 0 0 0 0

c

sseosCircuit dataseresnvocerssonsensssnnnsrarennns e

C Bus—->Bus-->Bus—->Bug~—~>{~~~~R{~=~-L {~~=C 0
SRCEA BUSA .001 0
SRCEB BUSB SRCEA BUSA 0
SRCEC BUSC SRCEA BUSA 0
BANKA BANKN 1000. 2
BANKB BANKN BANKA BANKN 2
BANKC BANKN BANKA BANKN 2
BANKN .1 0

BLANK End of circuit data........ eeessressssersaesrsrrrserrerraessesrn o anen s :

c

esssmsasarrerarrsrras Switch data....creevereseen semsrrmrrrrras sesraren

C Bus~~>Bug~~>{~~=Tclose{~=~--Topen{—==—u~- Ie 0
BUSA BANKA -1.E-3 1.E-3 0 2
BUSB BANKB -1.E-3 1.E-3 0 2
BUSC BANKC -1.E-3 I1.E-3 0 2

BLANK End of switch data........00nnes sessrrssssresssensrsearsrrrraseraanss s :

C

£ tieernnrrvcosnonronososonssrosassnne Source data....vovennerorrrncnncssrsssnnonss

C Bus——)(l(Ampl|tude<Frequency<~~1O PhiO(~~-0=Phi0 {~--Tstart{~-~—-Tstop

14SRCEA 1. 60. 0. 0. -1, 9999,

143SRCEB 1. 60. -120. 0. -1. 9999,

143RCEC 1. 60. 120. 0. -1. 9999.

BLANK End of source data....oevsssvsncessnrssnsnsrrasrsonrsnsrsnrsassasnronsass :

c

C..... eassasasassensersrrnans +».0utput Request Data.......covcvvvvnrnvnnrsonnes

C Bus-->Bus~->Bus—->Bus-->Bus~->Bus-->Bus-->Bus—-->Bus——>Bus-->Bus—->Bus~->Bus-->
SRCEA BUSA BANKA BUSE BANKB BUSC BANKC BANKN

BLANK End of output requests..cccevesesesesasesssossncrssscascssnceenscensnsoon :

c

C Plot request Data....ocecsaescecesenccnrsronnsonansoenronssesennossonrssrnnssan
2Capacitor switching problem

C _____ Graph type: 4(voits) B(branch volts) 9{currents)
c . ___ Units: 1{(deg) Z(cyc) 3(sec) 4(msec) S{microsec)
c Units per inch
ci —_Plot starting time
c i H _Plot stopping time
ci¢ 3 ’ : e Value at bottom of vertical scale
c i : ; ; _Value at top of vertical scale
c.:i : : : ; .
C W¢-i¢~=1¢{~-1{~=~ )<~ Bus—->Bus—>Bus-->Bus~-->Heading--~—-—-~>Vert axis-——--—- >
144 5. 0.0 50. -3.0 3.0BUSA BANKA CapDeEnerPhA PU Vol tage
144 5. 0.0 50. ~3.0 3.0BUSC BANKC CapDeEnerPhC PU Vol tage
144 S, 0.0 50. -3.0 3.0BUSB BANKB CapDeEnerPhB PU Vol tage
BLANK End of Plot Request...ueversnsrssssensesssesssenssnsnssnss ensrasersnnnse .t

BLANK End of All Cases

(b) Input data.

Figure 13.1: (continued).
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0.225

0.156

6.675

6.000

-8.075

-6.150

-0.225

-0.360

8.225

8.150

-0.075

-0.150

-6.225

-6.300

MILLISECO SCloxx 2)
6.500

05/15/86 ©67.26. |
PLOT TYP 4
NODE NaM BUSA  BANKA

(c). Voltages across phase a.

NIL SECONDS (10xx 2)

0.050 6. 00 6.150 0.450 6.500
85/15/86 07.15, 1
PLOT TYP 4

NODE NAM BUSH BANKB

(d) Voltages across phase b.

Figure 13.1: (continued).
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.225

.150

.075

.000

.075

.150

.225

.300

0.050 6.1006 6.1 0.200  6.250

95/15/86 07.21. i
PLOT TYP 4
NODE NAM BUSC  BANKC

(e) Voltages across phase c.

Figure 13.1l: (continued).
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BEGIN NEW DATA CASE
- -— - wmm——=Figure 13.2(b)~=—-m-mmmmmm e
C Opening of a breaker in a capacitor bank

C ———~dt{--~tmax<-Xopt

S0.E-6 S$0.E-3 60,
C ~Iprnt<—lploti-Idoubl<-KssOut{-MaxOut {~--]cat

15 | 0 0 0 0

c
C toesnsveessononsssessccansnnnes Circuit data....oiiiniinneiniasnsvnnnonnanennns
C Bus—>Bus-->Bus—->Bug——3{~~~—R(~=~~L{~-—-C

SRCEA BUSA -001

0
0
SRCEB BUSB SRCEA BUSA 0
SRCEC BUSC SRCEA BUSA 0
BANKA BANKN 1000, 2
BANKB BANKN BANKA BANKN 2
BANKC BANKN BANKA BANKN 2

0

BANKN .1
BLANK End of circuit data..eeeereceincinsnrnaroescconsnsoscsssansosssnnnsonnes
C
£ tiereerrconcnssscnnsssnssnnse Switch data....ivnreninsernnerconsonncosnnnnnsns
C Bus——->Bus——>¢~—~Tclose{~—-~Topen{ -~~~ Ie 0
BUSA BANKA -1.E-3 8.E-3 0 2
BUSB BANKB -1.E-3 8.E-3 0 2
BUSC BANKC ~1.E-3 1.E-3 0 2
BLANK End of switch data....ovveveennenenssssecensssnonnsnsveonssasasnonsssnnsns ‘
c
£ tirseosncnnsnsssssanacsssssononnss Source data..cceeeenssrssranancnsssnsssassnne
£ Bus—-—><I<Amplitude<Frequency<-~T0iPhi0{-~--0=Phi0 {~—-Tgtart{~-~—-~Tstop
143RCEA 1. 60. 0. 0. -1. 9999.
14SRCEB 1. 60, -120. 0. ~1. 8993,
143RCEC 1. 60. 120. 0. ~1. 9999.
BLANK End of source data....scieiiersvvncnssnescncssocrocssssconnsnonnonnsnsonns H
C
C tttrenrrrecsnnsnssnsnnsansonasns Output Request Data......covveerrrnnnnarnesnnns

C Bus—->Bus-->Bus—-->Bus-->Bus-->Bus—~>Bus—~>Bus-->Bus—~>Bus—->Bus—->Bus—-~>Bus-->
SRCEA BUSA BANKA BUSB BANKB BUSC BANKC BANKN

BLANK End of output requests......ouvcniienincinncescscnnsessanssscnconsssns eset

C

CPlot request Data...c.cieinnennncrnsereoecenccsnsossscsacnnssnanssossansnscnnns
2Capacitor switching problem, phases B and A stuck

C . Graph type: 4{(volts) B(branch volts) 9(currents)
C _____ Units: 1(deg) 2(cyc) 3(sec) 4(msec) S(microsec)
Ci  ________Units per inch
c ___FPlot starting time
ci ' _Plot stopping time
cii H : ———__Value at bottom of vertical scale
g : : : Value at top of vertical scale
c i : : : ! .
C W(~-i{~=i{~-~1{~=~i{—~1Bus——>Bus-->Bus-->Bus~->Heading-~—~————~ >Vert axig-—————- >
144 5. 0.0 50, -3.0 3.0BUSC BANKC CapDeEnerfhC U Voltage
144 S5, 0.0 50, -3.0 3.0BUSB BANKB CapDeEnerPhB PU Voltage
144 5. 0.0 50. -3.0 3.0BUSA BANKA CapDeEnerfhA PU Vol tage
BLANK End of Plot Request....ccveiererenrevoranncesssnsesasonsosnsonssnsnnsnsnnes :

BLANK End of All Cases
(a) Input data.

Figure 13.2: Same as 13.1, but breakers for phases
A and B stuck.
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0.225

0.150

8.075

6.000

~8.075

-8.150

~0.225

-0.308

0.225

8.150

-0.075

-0.150

-0.225

-0.308

MILLISECO S(1B==x 2)

0.856 0.100 6.150  0.20 9.250 300 0.356 0.400 0. 6.500
45/15/86 07.49. 1
PLOT TYP 4

NODE NaM BUSA  Bankd

(b) Phase a voltages.

SECONDS (10xx  2)

8.056 0. 6.150  0.200  6.250  0.300 356 0.460  0.4586  0.500
05/15/88 07.56, 1
PLOT TYP 4

NODE Nad BUss BANKE

(c) Phase b voltages.

Figure 13.2: (continued).
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6.225

6.150

6.075

6.008

-0.075

-0.150

-0.225

-0.304

0.05 0.100 0.1

2

05/15/86 07.53. 1
PLOT TYP 4 )
NODE NaM BUSC  Banké

(a)

6.200 0.250 0.300 0.350

Phase ¢ voltages.

Figure 13.2: (continued) .
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BEGIN NEW DATA CASE

c ————- ———= —Figure 13.3¢b}—~--——-mmmmm e
€ Opening of a breaker in a capacitor bank

C -—~=—dt{-——tmax<-Xopt
c

50.E-6 50.E-3 60.

~Iprnt{—=Iplot{-Idoubl<-KssOut<-MaxOut {---Icat
15 1 0 0 0 0
c
C iiivrrrcronancnssssnnrnessssssslircuit datac.esneeeennscnossnrcccranssnenss .
€ Bus-->Bus——>Bus—->Bus——><{-=--R{ —==~L{~==~C 0
SRCEA BUSA .001 0
SRCEB BUSB SRCEA BUSA 0
SRCEC BUSC SRCEA BUSA 0
BANKA BANKN 1000. 2
BANKB BANKN BANKA BANKN 2
BANKC BANKN BANKA BANKN 2
BANKN .1 0
BLANK E£nd of circuit data...ovuvenersvencnnsosnssanes essrsarnenes erssseaassana :
C
C tivervnnroceronnsonssnssensseWiteh data..ooveieennsrsnsnncnansesanesannunnnes
C Bus——>Bus——><{~--Tclose{~~~-Topen{--——-~-le o
BUSA BANKA -1.E~3 1.E-3 0 2
BUSB BANKB -1.E-3 8.E-3 0 2
BUSC BANKC -1.E-3 1.E-3 0 2
BLANK E£nd of switch data......... b srssenusesesassessararessraensanerennn eront
C
C tinereerrsnsasnssssnsnsansscononsns Source data.....coinneserssnnncrsssonessnass
c Bus——)(l(Amplltude<Frequency<-<10 PhiQ<-——0=PhiQ {-- Tstart(————Tstop
14SRCEA 1. 60. 0. 0. -1. 9999.
14SRCEB 1. 60. -120. 0. ~-1. 9999.
143RCEC 1. 60. 120. 0. -1, 9999,
BLANK End of source data....... Swrsesesmssrssasesssesssassessasasssasnnns saeeant
C
rereerras cesrrnes Output Request Data.......o0vvvrnennnse cavrrens

C Bus~—>Bus—«>Bus—*ﬁBus«~>Bus——>8us——>Bus——38us~->Bus~—>Bus—~>Bus——WBus—->Bus-->
SRCEA BUSA BANKA BUSB BANKB BUSC BANKC BANKN

BLANK End of output requests.cicsvsnccncassnss tescsamavene erervsutaseeannne vesant
c
C Plot request Data......oviinerrnencrnsnncrsccsnsnsseasnonesssnannnonsnns cesens

2Capacitor switching problem, breaker B stuck

c ______ Graph type: 4{volts) 8B{branch volts) 9{currents)
c. _____ Units: 1{deg) Z{cyc) 3(sec) 4{msec) S(microsec)
(D e eeo___Units per inch
c:i Plot starting time
c . ; Plot stopping time
c: : I Value at bottom of vertical scale
c . H ; : _Value at top of vertical scale
ci ; ; ; ) .
C W(-i1{——1€{~=1{~==1<{~=1Bus—~>Bus——Bus-->Bus-->Heading---—-———~ Vert axis~——--——- >
144 5. 0.0 50. -3.0 3.0BUSC BANKC CapDeEnerPhC PU Vol tage
144 5. 0.0 50. -3.0 3.0BUSB BANKB CapDebnerlPhi3 PU Vol tage
144 5. 0.0 50. -3.0 3.0BUSA BANKA CapDeEnerPhA PU Vol tage
BLANK End of Plot Request....ovevenss heesssstssasssrsesnsssssasennanns ereensueat

BLANK End of All Cases
(a) Input data.

Figure 13.3: Same as 13.1, but breaker for phase B stuck.
Notice pu TRV in excess of 3 pu on phase C.
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8.225

8.159

0.975

0.600

-0.075

-0.150

-9.225

-8.304

8.225

9.150

8.075

0.008

-0.975

-8.150

-0.225

-8.308

0.050 8.100 8.150  9.20 0.259 L300 9.350

05/15/88 o7.37.
PLOT TYP 4 3
NODE NaM BisA  “BaNka

(b) Phase a voltage.

8.050 0. 08 8.159 0.200 0.250  0.369 359

05/15/88 067.40, 1
PLOT TYH 4
NODE NN BUSH  BaNkB

(c) Phase b voltage.
Figure 13.3: (continued).
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0.225

0.150
9.075
ILLISECONDS( 08z 2)
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(d) Phase c voltage.

Figure 13.3: (continued).
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Section 14

REPRESENTATION OF LIGHTNING ARRESTERS AND OTHER NONLINEARITIES
It is of some interest to learn how the EMTP represents nonlinearities and time-
dependent devices (Figure 14.1). The two examples of greatest interest are
lightning arresters and transformer saturation. 1In these cases the EMTP
constructs a Thevenin network as seen from the terminals of the nonlinear device
(Figure 14.2). This gives a single linear equation on two variables: (ek - em)
and ikm' The nonlinearity itself provides the other equation. A simultaneous
iterative solution of these two equations gives the conditions at the nonlinear
element.
One minor observation about this process is that it is possible that in some cases
no solution may exist to the problem. This usually indicates an inadequate model.
In other cases there may be more than one solution. The EMTP will "track" one of
these, but that may not be the correct physical solution (Figure 14.3). Initial

conditions become very important.



NONLINEAR ELEMENTS

100

ARRESTERS

VOLTS KV

10
1 10 1°10°10'16° 16°1d 1S’ 10
CURRENT AMPS

(a) Ordinary nonlinearity.

S TRANSFORMER
< SATURATION
2 CURVE
(TR

CURRENT

(b) DNonlinear inductance.

Figure 14.1: The variable characteristic devices handled by the EMTP.
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Load R (t)

TIME DEPENDENT LOADS
R (1)

Time
(c) Time-dependent resistance.

Figure 14.1: (continued).
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(GEK"GA‘)<:

EMTP NONLINEAR METHODS

K i_K,M
Linear ___Nonlinear
Network Element
M
Linear Nonlinear
'km K _'km
(€,- V) ikm S
M i M
Y
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|
Thevenin Eq v
I KM KM
L Th : e e
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(VR @ igy= O
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Figure 14-2. How the EMTP represents nonlinearities.

14-4



EMTP SOLUTION

NL
\'
€x-Ey=Tligy
eK-eM L
e!-e “yTH o A
||< M~ YKM “SKkm kM
SOLUTION kM
SOLVING TWO
SIMULTANEOUS EQUATIONS
FOR
PROBLEMS NL

€k ~ €M

Figure 14.3:

3 SOLUTIONS

'kMm

Nonlinearities may lead to multiple solutions.
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Time-dependent loads are handled the same way, except that in this case both
equations are linear, no iterations are required and no multiple solutions may

exist. (Figure 14.4).

TIME DEPENDENT R

R
: €= €M =VKkM— ZKM iKM
Tk
R (1)

Figure 14.4: Time-dependent resistances.
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A direct consequence of the manner in which the EMTP handles nonlinearities is
that you may only have one nonlinearity per subnetwork (Note: some capability for
3 phase nonlinearities now exists for Zn0 arresters). There are two ways of
breaking up an otherwise connected network into subnetworks (Figure 14.5 and
14,6): by using ideal sources or by using distributed lines. A distributed line
uses past history information from the other end of the line. During any one time
step, whatever happens at one end of the line is not influenced by current events

at the other end.
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2 OR MORE NONLINEAR ELEMENTS
~3 ARRESTERS

CAN NOT MAKE A SIMPLE
THEVENIN EQUIVALENT

ITERATIVE SOLUTION IS REQUIRED

—_—
— EMTP: ONE N.L.ELEMENT

— PER NETWORK
Y]
/) EACH NETWORK
A o -
"/ CAN HAVE ONE
o / N.L. ELEMENT
/

Figure 14.5: Two or more linearities cannot be solved by the EMTP unless
they are in different subnetworks.
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TYPES OF SUBNETWORKS

Network Network
A B
A1 B1
Network Net k
A2 B2 etwor
A B
Lossless
Line

By Trapezoidal Rule

|
A1 B1

A2 B2

IA(t—'r) la(t-r)

Known at Time t

Figure 14.6: How to seperate nonlinearities.
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The consequence of all this is that users must be careful not to use more than one

nonlinearity at the time in a given subnetwork. If this is not possible, a user

must:
Introduce some artificial short (at least 1 At) lines to separate
nonlinearities.
° Use EMTP "pseudo—nonlinear" elements. These are elements where a

one time step delay is introduced. They are less accurate and

less reliable, but do not require separation.
Finally, representing nonlinear inductances is done by first reducing the
nonlinear inductance to a nonlinear resistance. Figure 14,7 illustrates the
reduction process.
The discussion now centers around the practical issues of representing lightning

arresters on the EMTP. There are two fundamental ways:

Use of point-by-point nonlinearities.

Use of the built-in ZnO arrester model.

Point by point nonlinearities are specified by selecting either a type 92 (true
nonlinearity) or a type 99 (a pseudo-nonlinearity). You need at least the

following information:

The fixed series minimum resistance value of the branch.
The flashover voltage.
The set of v—i points describing the characteristices of the

device. Symmetry around the origin is not assumed.

This device goes into conduction when v > V flash, stops conduction when the

current crosses zero.
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NONLINEAR INDUCTANCE

FLUX @ (1) = £ (i epy(t)
t
Y () = j; 6 (1) ~e, (t)dt + (0)

By Trapezoidal Rule
t t-At
Y (0 =[(g,afthdt + [lec€,)dt+y(0)
t-At 0

OR

vt =5, ) -] +4lC t-at
History

Yy =1a,) Term

M e, @) €, 1) =Sl - C (t-at)

(@ e @ =€ ® = Ven— Zumixm

Figure 14.7: Reducing a nonlinear inductance to a nonlinear resistance.
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Point by point nonlinearities are easy to use but should be used with care, since
they do not necessarily reproduce accurately the true behavior of gapped
arresters.

The other way to represent lightning arresters is using a built-in model of a ZnO

arrester., The built-in model uses the following equation:

V_\q
7 )
ref

i~ p(

For the sake of efficiency, the EMTP uses a very large resistance until V exceed

some Vmin fractions of its nominal voltage.

To use this model you need to know:
The nominal voltage Vref'
The exponent q.

The coefficient p.

Figure 14.8 illustrates a simple 200 mile line terminated by a ZnO arrestesr with:

p ~ 2500

q - 26

Vr‘ef - 778 kV

The enclosed coding sheets give details on the formats for both kinds of ways of

representing lightning arresters.
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SEND REC

\Z20 war

184.§ v

(a) Circuit diagram.

Figure 14.8: Energization of line 1-2 from ideal source.
terminated in ZnO arrester.
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BEGIN NEW DATA CASE
c

- - ----Figure 14.8 -
€ Model of a pure single phase ZnU gapless arrester at the end of 120mi Line .
€ trnrerrcennrsnsosssesnsnsnes eressserssersressasereasonsserrarrser s a0 nrs .
C
€ ~——=~dt{-——tmax
50.E-6 20.E-3
c
C ~Iprnt<—Iplot< Ignore---~—=--=—==3¢--~Icat{---Ignore----->
1S 1 0
c
€ trrrrevenceseorennsnsossonnsens Circuit data...osserenrecnnnnocrronncenenssnnes
€ Bus-->Bus-->Bus——>Bus~~>{~==~R{~~=~L (=== -L{mmmnmn Ignore for now——-——r—me———- >0
SEND 1. 0
€ Bus-->Bus—->Bus-->Bus--3(~--R'{~=~L ' ¢-~~C'¢(~1len 0 0 0 0
~-1SEND REC 0.3167 3.222.00787 193.1 0 0 O 0
€ Bus-->Bus——3{==mmmmmm Zn0 model~--—-- > 5555, (~~mrmmmes Ignore for now-———m—=—=m——-— >0
92REC 5555, 1
C - —-=VREF< - ~-~-V¥f fash{ — Vzero
206600, 0. 0.
c p<- g - Vmin
1500, 26. .5
9999.
BLANK End of circuit data...veevnensn. saessssesssessesansanensssaasserssnnnns .ot
c
Switch data...ccucessnnnrsensnnsnssannssnosansnes
€ Bus—->Bus—-->{--~Tclose{---Topen{~————m—=mmmmemm—- Ignore for now >0
BLANK End of switch data..ceerssreesscsssnnsssnsoascessosnssavsssnosonannannsns :
c
€ tirreercanrenssnensnnssesssosssrssJource data...... eessssssesnennsransronnns .
C Bus-->CI<Amplitude<Frequency<—~TOPhiO{---0=FPhi0 «~=-Tstart{-—~-Tstop
14SEND 187790. 60. 0 0. 0. 9999.
BLANK End of source data.....ceseceresncesanrconssnsssnnscscnsssanssersananannns H
c
C ttirnronnsssennsssssenssarnansns Output Request Data..ouevssnsccrossssonnnssnnae

C Bus~--»Bus-->Bus-->Bus~->Bus—-->Bus-->Bus-->Bus~->Bus-->Bus—-->Bus-->Bus-->Bus-->
SEND REC

BLANK End of output requests....c.cereerreercnrcerssensacccsnssnccrseranncnsens :
c
C Plot request Data.c..crereenenessereansssonsnsnonsssnnonnsscansnsnsnssssnsannnsss
C __.___ Graph type: 4(volts) B¢branch volts) 9(currents)
€ ____Units: 1(deg) 2(cyc) 3(sec) 4(msec) S(microsec)
c e Units per inch
c:i ——___Plot starting time
c i 3 ' _Plot stopping time
c . : : .
€ W(=)({-—i<{~ : Bus-->Bus-->Bus-~->Bus-->Heading—-————~-~ >Vert axig~=——=- >
144 2. 0.0 2 SEND REC ZnoArrester REC KV
194 2 0.0 20. REC ZnoArrester ArrCurr
BLANK End of Plot Request....cveserarcncrarsnsossnssssnsansssnnssnssssnsssnsans ‘

BLANK End of All Cases

(b) Input data.

Figure 14.8: (continued).
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REC KV Znofrrester
(10s% @)

8.200

8.150

9.100

6.950

MILLISECONDS (1032 2)

6.626 0.0 0.140 6.169 9.189

-0.0850

-9.100

-8.150

65/16/86 69.31.
PLOT TP 4
—0.208  NODE NAM  SEND  REC

(c) Arrester voltage.

AreCurr ZnofArrester
(10=x 3)

8.460

8.300

9.200

8.180

9609 6.620 8.649 8.9 8.120 0.140 @8.160  0.180

-9.180

~8.290

-8.300

95/16/86 68.39. 1
PLOT TYP 9
-g.405  MNODE NaW  REC  TERRA

(d) Arrester current.

Figure 14.8: (continued).
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SEND REC.

\20 wai
199.4 kv @
0N

(a) Circuit diagram.

Figure 14.9: Energization of same line, but terminated in

a SiC gapped arrester.
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BEGIN NEW DATA CASE

C e e e ek e s e Figure 14.9--——rermmmemmannn
C Mode!l of a Gapped SiC arrester at the end of line 1-2 using exact nonlin H
c [T EEEENEFNEENENEN NN NN I N I N I I N A W A A I A AN I R A R NRY B B A BN R N R N A R RE NI AR A B A B L B IR A N I Y ]

C -——-dt<-——tmax
50.E-6 20.E-3

C
C -lprnt<--Iplot« lgnore--=-~=~=—m— > ~--lcat<-~-Ignore~———- >
15 l 0
€ vvevvoncnnnnnnnnsennscsnsssasssCircuit dataceserecencrercenncnnnens sesasesnas
C Bus-->Bus—->Bus-->Bus~—><{~~--R¢ L< C< Ignore for now——=—=-—===—== >0
SEND I. 0
C Bus-->Bus-->Bus—->Bus—->¢~——=R’'¢=~~L*'¢(~~=L'<~~len 0 0 O 0
-1SEND REC 0.3167 3.222.00787 193.1 0 0 0 0
C True Multi-phase Gapped Nonlinearity Model
C ~1: gap flashes, stays closed
C 1__0: gap flashes on and off
C y__1: gap flashes, clears once
C Bus--~>Bus—->Bus——>Bus—~>{----, 4444 _.<-Code in Coi 40--44 0
92ReC 4444,
c Rlin< Vflagh{~—=——~—=—=mmm o Vzero
0. 234740. 0.
C ~mmmmmmmmm o Current<- - Vol tage
16.1 150000.
94.5 200000,
167.3 220000.
282.1 240000.
455.0 260000,
711.2 280000,
1076.0 300000,
6046.6 400000,
9999.
BLANK End of circuit datd..eseceesorccecessncocansansness verssssssssesssanes soat
D sesesessssssnssnsssSwitch dataceesoreennens hresasessasasrracansernan
C Bus-->Bus—)>¢<-~-Tclose{-—-Topen<——-~—~-——-—-—=== Ignore for now--=--———-—m—-—u- >0
BLANK End of switch data....eevvereenenss sesuss Mesrresesrsasesssessssresnses oot
C ierrrnnenrnsnnnns weessrsssvsseesssSource data.o.enene., teesesesesserasssrenans
C Bus-->(I<Amplitude<Frequency<--10:PhiO<~~-0=Phi0 <-—-1start<————Tstop
14SEND 187790. 60. 0 0. 0. 9999.
BLANK End of source data....coeeveeccoccnccsscersonsnvcrssoncssascassncononsne .ot
C
C tivvncersvevsavensennsonasncans Output Request Data....cvovevcveeccnvsoonnnnnes

C Bus-->Bus~->Bus—-->Bus—->Bus-->Bus-->Bus—->Bus-->Bus-->Bus—~->Bus~~>Bus~~>Bus-->
SEND REC
BLW End of output r.quests.........D......l...............-. lllllllll ........:

CPlot request Datas.ooeenenennrnnnrenenenennennnnnnns
______ 6raph type: 4(volts) 8(branch volts) S(currents;..........
_____ Units: 1(deg) 2(cy¢) 3(sec) 4(msec) S(microsec)
_________ Units per inch
—-._Plot starting time
_Plot stopping time

OO0

O T TN
N
~

- Bus-->Bus-->Bus~->Bus—->Heading-—~=—=-—-
20, SEeND RES s us——>Heading

(b) Input data.

>Vert axig-~-——- >
6ap SiC arresterREC Volts

e

Figure 14.9: (continued).
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REC Yolts Gap SiC arrester
(10xz §)

0.400
0.300
8.200

0.100

MILLISECONDS (10%% 2)
0.008 0.020 0.140 0.160  0.100 0.200
-0.100

-8.200 Voltage spike not accurate

because of overly trivial
-0.08 gap model,

05/16/88 12.17. 1
pLOT TYP 4
-9. 406 NODE NAM SEND REC

(c) Voltage across arrester.

ArrCure GapSiCarrester
(1022 3)

0.200
0.150
0.100

0.050

MILLISECONDS (10%= 2)
0.020 0.060  0.980 6.100 0.120 0.149 0.169 0.180  0.200

-9.050
-0.100

-0.15¢

05/16/86 12.08. |
PLOTTYF 9
-9.208  MNODE NAN  REC  TERRA

(d) Arrester current.

Figure 14.9: (continued).

14-18



SEND REC

\VZO war
w
‘gqoqu -t
N
- -

(a) Circuit diagram.

Figure 14.10: Same as 14.9, but using the pseudo-nonlinear
arrester model.
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BEGIN NEW DATA CASE

€ mmmrm e e e e -~Figure 14.10

C Model of a gapped SiC arrester at end of 120Mi line using pseudo-nonlin wodel.
C oiriirennnonsanonnannes sesesmsessrassssssnsserarecrbransnnnns cennen sererrensens
c

C -—--dt{--—-tmax

S0.E-6 20.E-3

c
C -Iprnt{-~Iplot{-=—m——mmem——mm o em Ignore——-————m-—- > ~=-lcat{---Ignore-———— >
15 i 0
C
C oiinnnnnnneens A Circuit data...... sessesenenasarsrsssenenne vess
C Bus-->Bus-~>Bus—->Bus—->{~=-==R{ === -L{ ~=-=C{ -~ Ignore for pow-—=———===m===30
SEND 1. 0
C Bus—->Bus-—>Bus——>Bus——>{-~~R'¢{-~-~L ' {=-~L'{~-len 0 0 O 0
-1SEND REC 0.3167 3.222.00787 193.1 0 0 0 0
C Pseudo Nonlinear Resistance Model
c
C Bus-->Bus-->Bus—>Brus--><Vf Ish<1dely{-Jump<Vseal
99REC 235.E3
C ---———-Current{-—-~--—~- Voltage
16.1 150000,
94.5 200000.
167.3 220000,
282.1 240000.
455.0 260000.
711.2 280000,
1076.0 300000.
6046.6 400000.
9999.
BLANK End of circuit data..voveneeeerevencensns tessresssssesrsssanmrenrrsanse vent
c
C vevonannnsocssssnansssssnses.OWitch dataseeseen..... seeserserrerraransaasanrnn
C Bus-->Bus—->¢{---Tclose{---Topen{~——=—-vo——m—or—- Ignore for now——-—=m-mmemm———— >0
BLANK End of switch data.......civeevvvenanennnnees sevrrresssansareessann R
c
€ oiiiiiirnesnersenssenassmonnens sevsS0urce data...neriiieiiiiiietrteeerraeenonns
C Bus-—)(l(Amplltude<Frequency<——T0 PhiO{~--0=Phi0 {-—-Tstart{----Tstop
14SEND 187790. 60. 0 0. 0. 9999.
BLANK End of source data.....ccceeeevrvenrenns sesesessassasanensrsrssannenne peoi
c
C ttverrecennnessonosnnnannes ....0utput Request Data.......coverinnnicennnnen .

C Bus-—)Bus——)Bus—~>Bus——5Bus-->Bus——>Bus——>Bus-~)Bus——>Bus——$Bus—-5Bus——>Bus——>
SEND REC

BLANK End of output requests.......cccvvnvrnnn.. caeevsearsnrasranrrennranan -
c
CPlot request Data......cviviinrnnrenencereeccnncnencnn srerresessssrsannenne reees
C _____ _Graph type: 4(volts) B(branch volts) G{currents)
cC . _____ Units: 1(deg) 2(cyc) 3(sec) 4(msec) S{microsec)
cy Units per inch
c it 3 _._Plot starting time
c . Plot stopping time
c. o ; : .
C V(= ¢ 14-~, Bus-->Bus-->Bus~->Bus-->Heading-———~--~- >Vert axis——---- >
194 2. 0.0 20. REC Gap SiC arr ps ArrCurr
144 2. 0.0 20. SEND REC Gap SiC arr ps REC Volts
BLANK End of Plot Request....ccvceeevernrncrrnnncens teenssvsssanesnncsns sreeos vt

BLANK End of All Cases

(b) Input data.

Figure 14.10: (continued).
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REC Volts Gap SiC arrester
(10 6)

0.408
0.308
0.200

0.108

MILLISECONDS (10x2 2)

0.068 8.620 8.140 0.160 0.180  0.200

-6.168
-8.208

~0.308

08/16/88 12.39, |
PLOTTYP 4
-9.499  MODE NA®  SEND  ReC

(c) Arrester voltage.

ArrCurp Gap SiC arr ps
(102 3)

0.200
6.150
0.100

0.058

MILLISECONDS (1022 2)

0-908 0.020 0.046 0.148 6.166  ©6.180 0.208

-8.058
~g. 108

-8.15¢
85/16/88 12.37. i
PLOT TYP 9

-0.208 NODE NaM REC TERRA

(d) Arrester current.

Figure 14.10: (continued).
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END
S REC.

\20 wa;
184.4 xv

(a) Circuit diagram.

Figure 14.11: Same, with gapless SiC arresters.
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BEGIN NLN DATA CASE
¢ : Figure 14.11
C Model of a Gappless SiC arrester at the end of line 1-2Z using exact nonlin !

B Y N Ny N N N Y Y N N Y R R RN NN

c
C -=~~dt{-~tmax
$0.E-6 20.E-3
c
C -lprnt<—-iplot Ignore X-=-lcat(---lgnore~—===>
15 1 0

c ......-.....--.-......-........Circuit dlta..-...-....----.-...-.....-.....---

C Bus~-)Bus——>Bus-->Bus=-->¢~===R¢====L{~===C{~—--~=-Ignore for now >0
SEND i. 0
C Bus-->Bus~—-)>Bus——>Bus~->¢===R'¢~=~L ‘{~==-C'¢~~len 0 0 O 0
-1SEND REC 0.3167 3.222.00787 193.1 0 0 0 0
C True Multi-phase Gapped Nonlinearity Model
C _-1: gap flashes, stays closed
C i__0: gap flashes on and of f
C {__1: gap flashes, clears once
C Bus~->Bus-->Bus-—>Bus—>¢{--—-} 4444.<¢-Code in Col 40-44 0
92REC 4444,
C Riing - ~==Vf |ash¢{--~ ~Vzero
0. -1. 0.
c Current< Vol tage
16.1 150000,
94.5 200000.
167.3 220000.
282.1 240000.
455.0 260000.
711.2 280000.
1076.0 300000,
6046.6 400000.
9899,

BLANK End of circuit datleeececceecressoccsacsoscserassonrsosnossssssssasasnsanet

c -...........--.....--.....-..3Hitch dlta-.....................................
C Bus—-)Bus-->¢~~-Telosel-~-Topenl———————m—scmmeu Ignore for now >0
BLANK End of switch datBceecceecasccsosecesosssasscnarasscasssosssssassasnvesant
C tovvvocesccecscsccansnrsssonscaanssS0urce dataocsceascoerseccooncocscssnsscanas
C Bus--><1<Amp|itude<Fregquency{-~-TO!PhiO¢---0=Phi0 (~--Tstart(-——Tstop
14SEND 187790. 60. 0 0. 0. 9999.
&‘m E"d of source datl....-......---.....--................................-_.:

g é....;é;....é.....é............Output Request Data.e.oevrieesececrcnosonsoonnss
us=-->Bus-->Bus-->Bus-->Bus-->Bus-->Bus-->Bus-->Bus-->Bus-->Bus-~->Bus-- —
Seno Rec [ s-->Bus-->Bus-=>

BLANK End of output requests....cceieceeeececvereoansarcessasnsnssesosonnssnssst

o
°
-]
g
=
[

£
[
[
"
-
[=
]
o
o
.

.

.
v

:

.

.

.

.

.

.

.

L

.

______ Graph type: 4(volts) B(branch volts) 9(currents)

ecoUnits: 1(deg) 2(cyc) 3I(sec) 4(msec) S(microsaec)
Units per inch
______ Plot starting time

_Plot stopping time

: ——-_VYalue at bottom of vertical scale

H H _Value at top of vertical scale
:<---:(-—:Bus--)Bus--)an--)Bus-—)Heading -------- Wert axig-----—-

OOOOO0OO0

2

>
(b) Input data.

Figure 14.11: (continued).
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REE Volts 310 drrester
(1028 @»

g.400
9.300
9.200

8.109

KILLISECONDS (1042 2)

6.000 0.6 0.0 8. 40 0.160 0.130  0.200

-6.100
-8.200

-6.300
05/18/88 14, 444- i

pLOT TYF
_0.408  NOOE NAW  SENO  eS

(c) Arrester voltage.

ArrCuprr $16 arrasten
(1022 3 {

9.200
g.150
0.100

g.956

3]

9.008 0.0 0.0 0. 49 0.160 0. 80 6200

-0.050
-0.100

-9. 150

ACs S
_g.09  NOOE NAW  REC  fERNA

(d) Current through arrester. Notice unacceptably
large current during normal operation.

Figure 14.11: (continued) .

14-24



Problem 14.1: Prepare the data for a more comprehensive case where you energize
all three phases of line 1-2, use a better model for the systems, and you use Zn0

arresters in all three phases. Determine the energy dissipated in each arrester.

Problem 14.2: Using the methods outlined in a paper by a recent IEEE Working
Group (*), describe how you could use the EMTP to determine the outage rate of

line 1-2.

(*) Working Group on Lightning Performance of Transmission Lines, "A Simplified
Method for Estimating Lightning Performance of Transmission Lines", IEEE
Transactions on Power Apparatus and Systems, Vol PAS-104, April 1985, pp.

919-927.
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Section 15
REPRESENTATION OF TRANSFORMERS

Models for transformers
Representation of transformers for transient studies depend on the intended nature
of the study. For slower switching type transients a conventional transformer
model such as shown in Figure 1a can be used. For faster transients, brushing and
winding capacitances may have to be included and may in fact dominate this
behavior. Only models for slower transients, are considered here.
A major issue in the representation of the magnetization branch. We describe this
issue in a separate sub section.
Consider a two winding single phase transformer with a voltage rating KV1:KV2, a

power rating MVA, and a leakage impedance of X%. We first can calculate:

X%
pu 100

This reactance must somehow be divided among both windings. This is not a simple
issue, and it gets more complicated for three winding transformers. However, it
can be assumed for simplicity that on a pu basis, the impedance is split evenly

among the windings. Then:

The actual ohmic values for these impedances are:

Q1 pu 1 b1
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Q2 Xpu 2 b2

where

2 2
(Kv1) (sz)

2y MVA Zoo2  Mva

Finally, the impedance values should be converted to RL values.
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ideal

(a) Ideal transformer plus equivalent circuit model.

(b) Mutual coupled inductances.

Figure 15.1: Representations of a two winding transformer for slow
transients.
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Implementing the transformer models in the EMTP
There are three ways of representing transformers in the EMTP. We will only learn
one way here: the built-in TRANSFORMER model. This model requires as a minimum
the following information:

The voltage rating of each winding.

The leadage impedance of each winding.

Transformer connectivity information.
In addition, you may also have the magnetization current characteristics of the
transformer, which may be nonlinear.
TRANSFORMER model require several data lines to describe. The first data line has
the keyword "TRANSFORMER". It also gives the transformer a unique name. All
other data fields are optional. The optional fields can be used to specify the
steady state RMS magnetization flux (in volt-seconds) and current (in amps) as
seen from winding #1, and the magnetization core loss resistance Rmag'
Following the first data line naming of the transformer are the data lines
describing the saturation curve of the transformer as points in a "current" versus
"flux" curve. This curve is generally not directly available, but must be
calculated from given data; the next sub section emplains how. The magnetization
curve data is terminated with a data line with a "9999" in columns 13-16. If no
magnetization branch is desired, put the 9999 data line immediately after the
first transformer data line.
Following the magnetization data is the winding data. Each winding must be
numbered, starting with 01. Each winding is connected to two nodes. As before,
if one of the nodes is ground, the default name for ground is " " (6 spaces).
In each winding data line put the winding resistance, leakage reactance and
voltage. All windings except the first are allowed to have zero impedance.
The exact format of all this information is best illustrated in the enclosed

coding sheets.
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Problem 15.1: Prepare the data to represent a 200 MVA 230:69 KV grounded Y to
Delta transformer, X = 10%.
The high side nodes are BUS12A, BUS12B and BUS12C and the low side node names are

BUS13A, BUS13B and BUS13C.
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Calculation of Saturation Curves [¥]
Normally, saturation curves supplied by manufacturers show RMS values (effective
values) Vpmg @8 a function of Ipys. Conversion to flux versus current curves is
easy if:

(1) hysteresis and eddy current losses in the iron-core are ignored,

(2) resistance in the winding is ignored, and if

(3) the filux-current curve is to be generated point by point at such

distances that linear interpolation is acceptable between points.

For the conversion it is necessary to assume that the flux varies sinusoidally as
a function of time. With assumption (2), v - -dy/dt. Therefore, the voltage will
also be sinusoidal and the conversion of VRMS values to flux values becomes a

simple re-scaling:

v
v RMSY2 -
VRMS v
N
D N
D E
8 B C linear interpolation
only disgrete points between points
use 1 .
A RMS A i

‘e

Figure 15.2: Recursive conversion of VRMS/IRMS curve into y/i-curve.

L*] This sub section is mostly replicated from some notes by H. Dommel.

[#] H. Dommel
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The rescaling of currents is more complicated, except for point iB at the end of
the linear region A-B:

ip - IRMS—B/E' (2)
The following points ic, iD, ... are found recursively (Figure 15.2): Assume that

iE is the next value to be found. Assume further that the sinusoidal flux just

reaches the value wE at its maximum,

¥ g sin wt. (3)

Within each segment of the curve already defined by its end points, in this case
A-B, B-C and C-D, i is known as a function of y (namely piecewise linear), and
with (3) is then also known as a function of time. Only the last segment is
undefined inasmuch as 1p is still unknown. Therefore, i f(t,iE) in the last

segment. If the integral needed for RMS-values,
P2 [ i2acut) )
™
is evaluated segment by segment, the result will contain iE as an unknown
variable. With the trapezoidal rule of integration (reasonable step width - 1°),
F has the form

F a + biE + ci (5)

, - 2
with a,b,c known. Since F must be equal to IRMS-E

solved for the unknown value iE. This process is repeated recursively until the

by definition, Eq. (5) can be

last point iN has been found. If the y/i-curve thus generated is used to
recompute a VRMS/IRMS-curve it will match the original VRMS/IRMS—curve, except for

possible round-off errors.

15-8



The EMTP has a supporting program "SATURATION"™ to do precisely these calculations
for you. The input data required is a number of RMS points for voltage values and
current values at no load. The output is a printout (and a file) containing the
necessary flux-current data.

The input format for the SATURATION routine is illustrated in the corresponding
coding sheet. As an example consider the calculation of the flux curve for the

following problem:

IRMS (%) VRMS(pu)
.5 .9

.8 1.0

1.5 1.1
5.0 1.2
15.0 1.25

Assume that the transformer RMS voltage base is 230/v3, and the power base is
200/3. Input data for this problem is illustrated in Figure 15.3(c), and the

output results are shown in Figure 15.3(b).
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Problem 15.2: Modify the data in Figure 15.3 so the output will be directly in KA

and KV-s without further corrections needed.
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Using the saturation curves

We illustrate two cases of the effect of saturation that show how to use the
saturation data. The first case considers the plotting of the time-domain
magnetization current as the voltage is stepped up from 0.9 pu to 1 pu to 1.1 pu
to 1.2 pu every two cycles. This example serves to illustrate the shape of the
time-domain magnetization current actually produced by the EMTP. Figure 15.4
1llustrates this case. Notice in particular that the saturation curve from Figure
15.3(b) was converted from Amps and Volt-seconds to KAmps and KVolt-seconds.

As a second example of how to use the saturation data and the effect that
saturation may have on overvoltages, consider the circuit in Figure 15.5(a), the
operation of line 1-12 at no load conditions using a very simple source Thevenin
model. Consider the case of operation at 15% overvoltage conditions, which can

easily occur in a load rejection study, that is:

Veney 230 /2« 1.15 - 215.96 kv
V3
This study discusses the effect that source side resonances may have. The
resonances will be more pronounced when the voltage-improving 80 MVAR capacitor
bank is in service at bus 1. The capacitance of this bank is approximately 4
microfarads per phase. We will study three steady state cases. Figure 15.5(b)

contains input data for the second of these cases.

The capacitor in service, the transformer magnetization
represented as a linear branch. The results are illustrated in
Figure 15.5(c).

The capacitor in service, the transformer magnetization
represented as a nonlinear branch. This case is shown in Figure

15.5(d), its data in Figure 15.5(b).
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The transformer magnetization represented as a nonlinear branch,
the capacitor out of service. The results are shown in Figure

15.5(e).

Observe that ignoring saturation has a pronounced effect on the voltage

waveform. Also observe that the presence or absence of the capacitor influences

the amount of harmonics present, even when saturation is represented.
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BEGIN NEW DATA CASE

C Caicuiation of the current vs fiux saturation curves from the knowledge
C of the RMS magnetization current of the transformer.

c
C tuteacccananssasannassusasanussnnsnsssasassssnascnasnaasnsnesssssscossscanssnscs
c
SATURATION
C -~freq<-Kvbase<MVAbase<-Ipunch<-kthird
60. 132.791 66.667 0 0

C Notice that we are working in KV not in V in the EMTP runs.
C ~~===e-- Irms<{-~==-=nmmum Vrms

0.005 0.9

0.008 1.0

0.015 1.1

0.050 1.2

0.150 1.25

9999

BLANK End of Saturation Cases
BEGIN NEW DATA CASE
BLANK End of Run

(a) Input data.

DERIVED SATURATION CURVE GIVING PEAK CURRENT VS. FLUX

ROW CURRENT (AMP) FLUX (VOLT-SEC)
1 0.0000000000 (.0000000000
2 3.5499911727 448.3271397704
3 7.9501053958 492,1412664117
4 15.9271283023 647,95563930529
5 61.4854155098 597 . 7695196941
6 219.1499933591 622.6765830147
9999

(b) Portion of output results.

Figure 15.3: Calculations of saturation curves using the EMTP.
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169 coswt
'
18.8 coswtu(t-1)
vl
18.8 coswtu(t-21)
'

18.8 cos wtu(t-37)
'

CIRCUIT DIAGRAM T = 33 ms

(a) Circuit diagram.

Figure 15.4: Illustration of steady state magnetization current as the
voltage is stepped from .9 pu to 1.1 pu every 2 cycles.
Parallel voltage sources are actually in series, by EMTP
convention.
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BEGIN NEW DATA CASE

c AN RN T IO ES S ST T TS STsETSn. :————::::————::::::F'gure ls.4(b P-4 — NP 2
C Testing of nonlinear transformer under ideal voltage source conditions
Civivernnnens thesrensaaanass crrreasaranase trrersesanansaranss tersrasssesennnas .
c
C ~———dt{——-tmax
50.£-6 100.E-3
c
C ~Iprnt<—-Iplot
15 1
c
C iirririeranansenses crressnans +oCircuit data.eserserneninsninnsnnsnnsnsvnssnnes
C TRANSFORMER-ref-->¢~--~>¢-~Iss(~-PhiName->(-Rmag{-—~--~--- Ignore~—-=-~m=v---- >0
TRANSFORMER .00355.44833XFMRA 0
.0035499911727 .4483271397705
.0079501058958 .4981412664117
.0159271288023 .5479553930520
.0614854155098 .5977695196940
.2191499933591 .6226765830146
9999 0
C Bus—~>Bus—->¢{--Ignore-->¢———-R{=~~~L{~Vol t{~——mmmmmmvuan Ignore————-wmmmununan >0
1BKR 0. 35.08 132.8 1
2l.OAD 0. 9.471 69,00 0
BLANK End of circuit data...oseverercnasoresasotcnosssocsessrasnsrosnrarssnness :
c
C ittt erestesessasnssarennas Switch data.....v0uvsn.ns resreusraasusrrraraesan
c Bus—-)Bus--)(-——TcIose(—-—Topen 0
SRC  BKR ~-1.E-3 9999. 1
BLANK End of switch data........ reesann teerresreassearsrrasesesrrananaas verreaad
c
C ittsiesresnssessasassssansasansanss Source data...vesusssssunsreesvennnsesnnsnses
C Bus—-><I<Amp!|itude<fFrequency<{-~TO.Phi0{~---0=Phi0<-Ignore- ><—~-Tstart<—-——Tstop
14SRC 169.014 60. 0. 0. ~-1. 0.
143RC 18.779 60. 0. 0. .03333 0.
143RC 18.779 60, 0. 0. . 06667 0.
143RC 18.779 60. 0. 0. . 10000 0.
C peak Line to ground voltage for a 230 KV RMS line to line source is 187.79KV |
BLANK End of source data....... tesraseaseraasans Chrrsessasasessrrasaassnnns st
C ............................ Output Request Data....... besesssresaeraarrenas

C Bus—-)Bus--)Bus——)Bus——>Bus-->Bus-—)Bus-->Bus-—>Bus-—>Bus-->Bus—~\Bus——>Bus—-3
SRC BKR LOAD

BLANK End of output requests............ b e srreseesesareaseeresrrarane s nn '
[
C Plot request Data.......... sasssressararenares sresressarrarsaansasnunnn N

211 lustration of magnetization current as voltage increases

c _____ Graph type: 4(volts) B(branch volts) 9(currents)

c _____ Units: 1(deg) 2(cyc) 3(sec) 4(msec) S(microsec)

c i e Units per inch

c v Plot starting time

c. ' _Plot stopping time

c. ) ; .

C WK-i(-=i¢~=] Bus-->Bus-~>Bus-->Bus-->Heading—~~~~--~ >Vert axig--—--- >
19410, 0.0100. SRC  BKR ImagTrivial Bkr KA

BLANK End of Plot Request.....ovnvrenreeeronnennnns tereseusserrraserannnrnrannn H

BEGIN NEW DATA CASE
BLANK End of data

(b) Input data.

Figure 15.4: (continued).
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Bker KA InagTrivial
(10mz -1)
06.200 Illustration of magnetization current as voltage increases

0.158

6. 108

0.650

LISEC DS(iesx 2)

8.666 0.160 0.200 0.30 0.40 - 6.766 0.86 6.90

-8.050

~0. 100

-0.150

09/19/85 88.62. 1
PLOTTYP 9
-0.200  NODE NAM  SRC  BKR

(c) Magnetization current.

Figure 15.4: (continued).
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BEGIN NEW DATA CASE

C o e e - - - -~-Figure 15.5(b) --~~~=~mor—-
C Energization of line 1-12 with a nonlinear transformer, no load, 15% OV

C capacitor at bus 1. Resonance at Sth harmonic occurs.
c

-—=—=dt{-—~tmax{-~ e e e e L e e >
20.E-6 40.E-3
C -Iprat<-—Iplot<~Idoubl<~-Kss0ut<{~MaxOut (--~Icat
1S 1 0 0 0 0
c
C iitii sttt ittt Circuit data...ciniernnirninrerenseccnnraronns

C Bus-->Bus-->Bus—->Bus-->{~-—-R{~-—-L¢~~~-C
THEVA SRC1A 0.714 70.68
THEVB SRC1B THEVA SRCI1A
THEVC SRCIC THEVA SRC1A

SRCIA 4.00
SRC1B SRC1A
SRCIC SRCIA
C Bus-->Bus——>Bus~->Bus-->¢{-~~R'{~-~L'{-~-C'<~-1en 0 0 O
-1BUS1A BUS12A 0.3167 3.222.00787 24.14 0 0 O
~-2BUS1B BUS12B 0.0243 ,9238 .0126 24.14 0 0 0
-3BUSIC BUS12C
C
C TRANSFORMER~ref ~~>{~~-->{~-1s8<{~-PhiName~><{-Rmag
TRANSFORMER . 00355, 44833XFMRA

.0035499911727 .448327139770S
.0079501058958 .4981412664117
.0159271288023 .5479553930520
.0614854155098 .5977695196940
.2191499933591 .6226765830146

9999
C Bus—->Bus—->¢{--lgnore~—>¢{~==~R{~~~~L ¢(-Voit
1BUS12A 0. 35.08 132.8
2BUS13ABUS13B 0. 9.471 69.00
c
C TRANSFORMER-ref--><~~~->¢(~-1ss<{-~PhiName~-><{-Rmag
TRANSFORMER XFMRA XFMRB
1BUS128B
2BUS138BUS13C
c
C TRANSFORMER-ref~=>¢~=~=>¢{~~Isg{~~PhiName~><-Rmag
TRANSFORMER XFMRA XFMRC
18US12C
2BUS13CBUS13A
BLANK End of circuit data...overeveeecnrereennnnecnsernonns
c
C titeerrevsnnncsnrssnrsnsansuns Switch data....ovovvinnnnns
€ Bus—->Bus—->¢{---Tclose{—---Topen{—-~=--~- e
SRC1A BUSIA -1.E~3 9999. 0
SRCiB BUSIB -1.E-3 9999, 0
SRCIC BUSIC -1.E-3 9999. 0
BLANK End of switch data.....iovnrierereenrenrensecennnnnes
c
C ttirritennticerersoncsannsonnvannns Source data.....ccun0ns
C Bus—-><I<Amplitude<Frequency<--TO:!Phi0{---0=Phi0
14THEVA 215.963 60. 0. 0.
14THEVB 215.963 60. -120, 0.
14THEVC 215.963 60. 120, 0.
BLANK End of source data....vvvivenrneesocavrsovevsornncnns

(b) Input data.

Figure 15.5: (continued).
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P CInatariap
(loss 3)
0.300 Line 1-12 Linear Xfar no load Cap al bus 1| Resonance at Sth harn

/ /0

(10m 2)
0.400

s

09/19/85 12.%2. 1
PLOY TV 4
NODC WM Misi2a BusI2b  WUSLIC

(c) Capacitor at bus 1, linear transformer.

Busl2 k¥ EnarioniinXfars
(i 31
9.300 Enargize Line 1-12 Nodiles Sth Harn Nonlin Xfar

S(igss 2
0.

09719783 12.42. 1
[LUTIR 1 4
HOUL MM USI2A BUSIZB  WSLZC

(d) Capacitor at bus 1, nonlinear transformer.

hus12 KY Enerdion] 1nXfarS
Cloma 3)
0.300 Energize Line 1-12 NodRes 5ih Hare Monlin Xfar

el 2)
0.

09/13/85 13.01, 1
PLo1 v 1
L WSI2A BUSIZE  WSI2C

(e) No capacitor at bus 1, nonlinear transformer.

Figure 15.5: (continued).
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