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With emerging concerns over climate change and the need for reduced greenhouse gas emissions,
together with the growing awareness of the importance of the natural environment and the depletion of the
earth’s non-renewable energy resources, the generation of electricity from distributed renewable energy
resources such as solar photovoltaic (PV) and wind energy has begun to expand at a rapid pace.
Proliferation of converter-based distributed energy resources in distribution systems has introduced new
challenges in determining the maximum possible fault currents that a power system must be able to
withstand without being compromised. Therefore, it is imperative to develop the mathematical and software
simulation models that approximate the response of converter-based distributed energy resources during
a fault on the transmission or distribution system in order to determine the fault current contributions to the
electrical grid that a transmission or distribution utility needs to reflect in their connection impact

assessments.
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Chapter 1 — Introduction

1.1 Introduction

Electrical power systems are, in general, complex systems composed of a wide range of equipment devoted
to generating, transmitting, and distributing electrical power to various consumption centers. Although these
systems are designed to serve loads in a safe and reliable manner, the very complexity of these systems
suggests that failures are unavoidable regardless of how carefully these systems have been designed. The
feasibility of designing and operating a power system with zero failure rate is, if not realistic, economically
unjustifiable. A fault in a circuit is any failure that interferes with the normal flow of current to the loads [1].
In most faults, a current path develops between two or more phases, or between one or more phases and
the neutral (ground). Once this current path is established, it provides a short-circuit with relatively low
impedance resulting in excessive current flows. If uncontrolled, these excessive current flows can cause
service outage with accompanying downtime of equipment and associated inconvenience, interruption of
essential facilities or vital services, extensive equipment damage, personnel injury or fatality, and possible

fire damage [2].

The most common source of faults on high-voltage transmission lines is lightning [3]. When lighting strikes
a phase of the transmission line, it produces a very high transient voltage that can far exceed the rated
voltage of the transmission line. Although high-voltage transmission lines have strings of insulators between
each phase of the transmission line and the supporting towers that carry the transmission line, when the
voltage difference between the phase of the transmission line and the grounded structure of the
transmission tower is large enough to ionize the air around the insulators, it creates a current path from the
phase of the transmission line to the grounded structure of the transmission tower, producing an arc. The
resultant condition is known as flashover. Such faults involving a single phase and ground are called single
line-to-ground faults. Once the current starts flowing though the arc, it continues to do so even after the
lightning disappears. However, in the case of faults involving ionized current paths known as transient
faults, the transient fault will usually clear if power is removed from the transmission line for a short time

and then restored.

Faults can also occur if one phase of a transmission line breaks and comes into direct contact with the
ground, or if a string of insulators supporting the line breaks, allowing the line to sag to the ground. This
type of fault is known as a permanent fault because, in contrast to a transient fault, it will not clear even if
power is removed from the transmission line and then restored. In most power systems, approximately
three-quarters of all faults are transient or permanent single line-to-ground faults [3]. There are also several
other types of faults. Symmetrical three-phase faults occur when all three phases of a transmission line are

shorted together. This type of fault is often the most severe and it is customary to perform only symmetrical



three-phase fault simulations when determining the maximum possible fault currents. Line-to-line faults
occur when two phases of a transmission line come into direct contact or when flashover occurs between
two phases of a transmission line. Finally, double line-to-ground faults occur when two phases of a

transmission line come into direct contact with each other and with the ground.

During a fault, the high current flows in the transmission line are detected by protective relays and circuit
breakers on the affected transmission line are automatically opened for a brief period (approximately 1/3
second or 20 cycles) to isolate the faulted portion of the transmission system from the rest of the power
system and interrupt the flow of fault current in the ionized path, allowing deionization to take place and the
arc conducting the current to be extinguished. The circuit breakers are then reclosed. If the power system
fault was a transient fault caused by flashover, normal operation should be restored because the arc
conducting the current has been extinguished. If the fault is still present on the transmission line after the
circuit breakers reclose, they will open again, isolating the faulted portion of the transmission system from

the rest of the system until the permanent fault can be located and cleared by a repair crew.

Proper selection of circuit breaker sizes requires knowledge of the maximum available fault current, and
the circuit breakers used to provide overcurrent protection to power systems must be designed to operate
properly and without damage even when the maximum possible fault currents are flowing in the power
system. In addition, protective relays must be adjusted to open circuit breakers when faults occur but not
under normal full-load operating conditions. The calculation of current flows under fault conditions is called

fault analysis.

Since the occurrence of faults cannot always be prevented, a significant part of power system protection is
devoted to detecting fault conditions in a reliable manner. To that extent, considerable capital investment
is spent on interrupting equipment at all voltage levels that can withstand the maximum possible fault
currents imposed on them without being destroyed and effectively isolate the smallest possible portion of
the power system impacted by the fault in order to retain service to the rest of the system and reduce the
amount of downtime required for equipment not belonging to the faulted portion of the power system. The
selection of a circuit breaker for a power system depends not only on the current the circuit breaker must
carry under normal operating conditions, but also on the maximum current it may have to carry momentarily
immediately after a fault occurs (i.e., “withstand” capability) and the current it may have to interrupt at the
voltage of the line in which it is placed (i.e., “interrupting” capability). Therefore, it follows that fault studies
are as necessary for any power system as other fundamental system studies such as power flow studies,
transient stability studies, harmonic analysis studies, etc. [4]. Fault studies can be performed at the planning
stage to determine the maximum possible fault currents that equipment (cables, transformers, conductors,
etc.) must be able to withstand without being destroyed. The data obtained from fault studies also serve to

determine the settings of relays which control the operation of circuit breakers. For existing systems, fault



studies are necessary in the cases of added generation, installation of extra rotating loads, system layout
modifications, verification of the adequacy of existing circuit breakers, etc. “Post-mortem” analysis may also

involve fault studies in order to duplicate the reasons and system conditions that lead to the system’s failure.

Electric power systems have used and will continue to use synchronous machines in the foreseeable future
for the generation of electricity. However, with emerging concerns over climate change and the need for
reduced greenhouse gas emissions, together with the growing awareness of the importance of the natural
environment and the depletion of the earth’s non-renewable energy resources, the generation of electricity
from distributed renewable energy resources such as solar photovoltaic (PV) and wind energy has begun
to expand at a rapid pace. Generally, such generation systems either generate dc or use asynchronous
machines that generate incompatible frequencies, and therefore must be interfaced to the three-phase
power system through a power electronics converter. The combination of synchronous and converter
isolated electrical generation systems is expected to change the behaviour of three-phase power systems
following disturbances such as the occurrence of a fault on the power system. Proliferation of converter-
based distributed energy resources in distribution systems has introduced new challenges in determining
the maximum possible fault currents that a power system must be able to withstand without being
compromised. As part of a connection impact assessment for a new generation facility, utilities require
detailed information on fault characteristics of the generation sources. However, there is limited knowledge
or contradictory conclusions regarding the behaviour of converter-based distributed energy resources (e.g.,
solar PV and wind power generation stations) during faults on transmission or distribution systems. Without
accurate data and details of the fault current contributions from series converter-connected solar PV and
wind generators, it is not possible to assess the risk of connecting them and hence determining the strategy
and settings of the overcurrent protective devices that protect the power system. Therefore, it is imperative
to develop the mathematical and software simulation models that approximate the response of converter-
based distributed energy resources during a fault on the transmission or distribution system in order to
determine the fault current contributions to the electrical grid that a transmission or distribution utility needs
to reflect in their connection impact assessments. Theoretical models for converter-based distributed
energy resources and their characteristics under fault conditions have been presented in various literary

works and publications on the topic [5] - [12].



1.2 Objective of the Report

The objective of this report is to implement the theoretical models that approximate the response of
converter-based distributed energy resources during a fault on the transmission or distribution system using
a program developed in MATLAB for performing fault current analysis using conventional fault analysis
techniques, i.e., calculating the voltages and fault currents at each bus and in each transmission line in the
power system for symmetrical three-phase, single line-to-ground, line-to-line, or double line-to-ground faults

during the subtransient, transient, or steady-state periods.

The MATLAB fault current analysis program is used to perform fault analysis of a power system with
converter-based distributed energy resources in order to demonstrate how to implement these models to
approximate the fault response of converter-based distributed energy resources within the framework of
conventional fault analysis techniques and accurately simulate the fault current contributions to the
electrical grid that a transmission or distribution utility needs to reflect in their connection impact
assessments essential for the design and application of distribution and protective apparatuses used in

these systems.



1.3 Outline of the Report

The succeeding chapters and appendix comprising the remainder of the report contain the following:

The second chapter of the report, entitled “Symmetrical Faults”, begins with an introduction to fault analysis,
followed by a discussion of three-phase symmetrical faults and concludes with the formulation of a general
procedure for calculating the voltages and fault currents at each bus and in each transmission line in a
power system for symmetrical three-phase faults during the subtransient, transient, or steady-state periods.
This general procedure is then illustrated by means of an example. This chapter provides the necessary

background for subsequent chapters.

The third chapter of the report, entitled “Symmetrical Components and Unsymmetrical Faults”, beings with
an introduction to the analysis of unbalanced power systems, followed by a discussion of symmetrical
components, sequence impedances and sequence networks, positive-, negative-, and zero-sequence
equivalent circuits of generators, transmission lines, transformers, etc. and concludes with a discussion of
single line-to-ground, line-to-line, and double line-to-ground faults on an unloaded generator which is then
extended to unsymmetrical faults on more complex power systems. The relationships developed for each
type of unsymmetrical fault are used to formulate a general procedure for calculating the voltages and fault
currents in single line-to-ground, line-to-line, and double line-to-ground faults on a power system during the
subtransient, transient, or steady-state periods. These relationships are then extended to the case where
a fault occurs thorough an impedance. This chapter provides the necessary background for subsequent

chapters.

The fourth chapter of the report, entitled “Power System Modelling and Fault Analysis of Converter-Based
Distributed Energy Resources” begins with an introduction to the challenges imposed by the proliferation
of converter-based distributed energy resources and identifies the importance of developing mathematical
and software simulation models that approximate the response of converter-based distributed energy
resources during a fault on the transmission or distribution system. This is subsequently followed by both a
qualitative and quantitative analysis of the fault current contributions from converter-based distributed
energy resources in the event of a fault on the host system (information that a transmission or distribution
utility needs to reflect in their connection impact assessments). The chapter concludes with the modelling
and fault analysis of converter-based distributed energy resources in the event of a fault on the dc side of

a grid-side inverter.

The fifth chapter of the report, entitled “MATLAB Fault Current Analysis Program”, begins with an
introduction to a MATLAB program developed for calculating the voltages and fault currents at each bus

and in each transmission line in a power system for symmetrical three-phase, single line-to-ground, line-to-



line, or double line-to-ground faults during the subtransient, transient, or steady-state periods. Test data is
used to verify and validate the MATLAB program against published cases and other fault current analysis
software programs to ensure its technical accuracy. After comparing the results, the MATLAB program is
then used to perform fault analysis of a power system with converter-based distributed energy resources
in order to simulate the fault current contributions to the electrical grid that a transmission or distribution
utility needs to reflect in their connection impact assessments. The input files to the MATLAB program and
the corresponding MATLAB Command Window outputs for each set of test data are provided in the

appendix of this report.

Finally, the sixth chapter of the report is entitled “Conclusion”, followed by an appendix which contains the
entire code for the MATLAB program developed for calculating the voltages and fault currents at each bus
and in each transmission line in a power system for symmetrical three-phase, single line-to-ground, line-to-
line, or double line-to-ground faults during the subtransient, transient, or steady-state periods. The input
files to the MATLAB program and the corresponding MATLAB Command Window outputs for each set of
test data (from Chapter 5) are also provided in the appendix of this report.



Chapter 2 - Symmetrical Faults

2.1 Introduction

A fault in a circuit is any failure that interferes with the normal flow of current to the loads [1]. In most faults,
a current path develops between two or more phases, or between one or more phases and the neutral
(ground). Once this current path is established, it provides a short-circuit with relatively low impedance
allowing very high currents to flow through this current path, into the ground, and back into the power system
though the grounded wye connections of generators in the system. The most common source of faults on
high-voltage transmission lines is lightning [3]. When lighting strikes a phase of the transmission line, it
produces a very high transient voltage that can far exceed the rated voltage of the transmission line.
Although high-voltage transmission lines have strings of insulators between each phase of the transmission
line and the supporting towers that carry the transmission line, when the voltage difference between the
phase of the transmission line and the grounded structure of the transmission tower is large enough to
ionize the air around the insulators, it creates a current path from the phase of the transmission line to the
grounded structure of the transmission tower, producing an arc. The resultant condition is known as
flashover. Such faults involving a single phase and ground are called single line-to-ground faults. Once the
current starts flowing though the arc, it continues to do so even after the lightning disappears. However, in
the case of faults involving ionized current paths known as transient faults, the transient fault will usually

clear if power is removed from the transmission line for a short time and then restored.

Faults can also occur if one phase of a transmission line breaks and comes into direct contact with the
ground, or if a string of insulators supporting the line breaks, allowing the line to sag to the ground. This
type of fault is known as a permanent fault because, in contrast to a transient fault, it will not clear even if
power is removed from the transmission line and then restored. In most power systems, approximately
three-quarters of all faults are transient or permanent single line-to-ground faults [3]. There are also several
other types of faults. Symmetrical three-phase faults occur when all three phases of a transmission line are
shorted together. Line-to-line faults occur when two phases of a transmission line come into direct contact
or when flashover occurs between two phases of a transmission line. Finally, double line-to-ground faults
occur when two phases of a transmission line come into direct contact with each other and with the ground.
The various types of faults are listed on the next page in Table 2.1, in order of decreasing frequency of

occurrence.

During a fault, the high current flows in the transmission line are detected by protective circuitry and circuit
breakers on the affected transmission line are automatically opened for a brief period (approximately 1/3
second or 20 cycles) to isolate the faulted portion of the transmission line from the rest of the power system

and interrupt the flow of current in the ionized path, allowing deionization to take place and the arc



conducting the current to be extinguished. The circuit breakers are then reclosed. If the power system fault
was a transient fault caused by flashover, normal operation should be restored because the arc conducting
the current has been extinguished. If the fault is still present on the transmission line after the circuit
breakers reclose, they will open again, isolating the faulted portion of transmission line from the rest of the
power system until the permanent fault can be located and cleared by a repair crew. Proper selection of
circuit breaker sizes requires knowledge of the maximum available fault current, and the circuit breakers
used to provide overcurrent protection to power systems must be designed to operate properly and without
damage even when the maximum possible fault currents are flowing in the power system. In addition, the
protective circuitry must be adjusted to open circuit breakers when faults occur but not under normal full-

load operating conditions. The calculation of current flows under fault conditions is called fault analysis.

Type of fault Abbreviation  Category
Line-to-line LL Unsymmetrical
Double line-to-ground LLG Unsymmetrical
Symmetrical three-phase 3P Symmetrical

Table 2.1: Types of power system faults, in decreasing frequency of occurrence [3].



2.2 Fault Current Transients in Machines

As mentioned earlier, circuit breakers are designed to open when a fault is detected, clearing the fault and
allowing the remaining part of the power system to continue operating. The selection of a circuit breaker for
a power system depends not only on the current the circuit breaker must carry under normal operating
conditions, but also on the maximum current it may have to carry momentarily (i.e., “withstand” capability)
and the current it may have to interrupt at the voltage of the line in which it is placed (i.e., “interrupting”
capability). To approach the problem of calculating the initial current when a fault occurs on a power system
and develop an insight into the nature of fault currents, consider the series R-L circuit shown below in Figure
2.1. The closing of switch SW at t = 0 seconds represents a symmetrical three-phase fault occurring at
the terminals of an unloaded synchronous generator. For the time being, assume zero fault impedance,
i.e., a solid or “bolted” fault. Such faults produce the maximum possible fault currents and form the basis of
calculations for withstand capabilities on switching devices. The current is assumed to be zero before the

switch is closed, and the phase shift @ determines the magnitude of the applied voltage V.4 cos(wt + a)

when the circuit is closed at t = 0 seconds.

Vnax cos(wt + a) C

A,
2

i

[==]

Figure 2.1: Current in a series R-L circuit with ac voltage source [13].

If the instantaneous voltage is zero volts and increasing in a positive direction when the switch is closed,
then « = —m /2 rad. If the instantaneous voltage is at its positive maximum value when the switch is closed,

then a = 0 rad. The differential equation is

di
Vinax cos(wt + @) = Ri + LE (2.1)
The solution of this equation is
V
i(t) = % [cos(wt + a — 8) — e R*/Lcos(a — 0)] A (2.2)



where |Z| = \JR? + (wL)?Q and 6 = tan"!(wL/R) rad. In transmission systems, wL > R. For
example, a 100 MVA, 0.85 power factor synchronous generator may have a ratio of reactance (X) to
resistance (R), i.e., X/R ratio, of 110 and is therefore typically modeled by an internal generated voltage in
series with an inductance, while a transformer of the same rating may have an X /R ratio of 45 [14], [15].
The X /R ratios in low-voltage systems are of the order of 2-8 [14], [15]. For present discussions, assume

a high X /R ratio, i.e., 8 = /2 rad.

The first term of Equation (2.2) varies sinusoidally with time and is called the ac symmetrical component or
steady-state component of the current. The second term is nonperiodic and decays exponentially with a
time constant L/R. This nonperiodic term is called the dc component of the current. If the value of the
steady-state component is not zero when t = 0 seconds, the dc component appears in the solution to
satisfy the physical condition of zero current at the instant of closing the switch. In other words, the dc
component is created at the moment of the fault in order for the current to be continuous at that time since
a current cannot change instantaneously in an inductive circuit. Note that this term does not exist if the
switch is closed at a point on the voltage wave such that « — 8 = +m/2 rad, i.e., « = 0 or  rad. However,
if the switch is closed at a point on the voltage wave such that « — 8 = 0 rad, i.e., « = /2 rad, or a —
0 = mrad, i.e., «a = —m/2 rad, the dc component has its maximum initial value, which is equal to the
maximum value of the steady-state component (sometimes called the doubling effect [14], [15]). These two
situations are shown on the next page in Figure 2.2(a) and (b). The dc component may have any value
from 0 A to V;,.4/1Z|, depending on the instantaneous value of the ac voltage source when the circuit is
closed and on the power factor of the circuit. At the instant of closing the switch, the dc and steady-state
components always have the same magnitude but are opposite in sign to express the zero value of current
then existing. Since the instantaneous values of current at the moment of the fault are different in each
phase, the magnitude of the dc component will be different in each phase as shown on page 12 in Figure
2.3. These dc components of current decay quickly, but they initially average approximately 50 or 60
percent of the ac current flow the instant after the fault occurs. As a rule of thumb, the total asymmetrical
rms current is therefore typically 1.5 or 1.6 times the size of the subtransient currents alone [3], [16]. All
power equipment (transformers, circuit breakers, etc.) must be designed to withstand this extremely high
current level for a brief period without damage. This is known as the “withstand” capability of an equipment

or device.
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Figure 2.2: (a) Current waveform with maximum asymmetry. (b) Current waveform with no dc component [14].

11



Cunent

Current

Figure 2.3: The total fault currents as a function of time during a symmetrical three-phase fault on a synchronous
generator [3].

The ac symmetrical component of the fault current by itself is shown on next page in Figure 2.4. The ac
symmetrical component of current starts out very high, and decays to a steady-state value in two stages.
The first period of very rapid decay is called the subtransient period and it lasts only a few cycles. The ac
rms current flowing during the subtransient period is called the subtransient current. The subtransient
current is basically associated with the time constants of the amortisseur or damper windings of generators
and motors and is often as much as 10 times the size of the steady-state rms current [3]. The second period
of slower decay is called the transient period and it lasts for 0.5 to 1.0 second. The ac rms current flowing
during the transient period is called the transient current. The transient current is basically associated with
the time constants of the field windings of generators and motors and is often as much as 5 times the size
of the steady-state rms current [3]. After the transient period, the ac symmetrical component of current
reaches the steady-state period. In general, the subtransient currents are needed to specify the “withstand”
capability of any circuit breakers in the system, while the transient currents are needed to specify the

“interrupting” capability of the circuit breakers. The reactances of generators and motors in the subtransient

12



period are called subtransient reactances (X'’). The reactances of generators and motors in the transient

period are called transient reactances (X'). The reactances of generators and motors in the steady-state

period are the machines’ synchronous reactances (Xs). The resistances and reactances of transmission

lines, transformers, and other static components do not change during the fault transients.

I
Subtransient
\ envelope

\ Transient
o envelope

iy

Steady-state
envelope

Short-circuit corrent
=
I
‘L_.;._-—-

-
.\l\i' Extrapolation of
’ steady value
/ Extrapolation of

transient envelope

M\u:u:uzui\u_u_ -

>~ Actual
envelope

Figure 2.4: The ac symmetrical component of the fault current [3].
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2.3 Symmetrical Fault Analysis using the Bus Impedance Matrix

The discussion of fault current calculations thus far has been limited to simple circuits, but it will now be
extended to an N-bus power system. To solve for the fault currents in a power system, a new voltage source
will be introduced in the power system to represent the effects of a fault at a bus. By solving for the currents
introduced by this additional voltage source, it will automatically be solving for the fault currents that flow at
that bus. To understand this approach, consider the following example borrowed from [1] as shown below
in Figure 2.5. The example proceeds to develop the general equations by first creating a per-phase, per-
unit equivalent circuit of the power system using the subtransient reactance X'’ instead of the synchronous
reactance X for each synchronous machine as shown below in Figure 2.6. For simplicity, the power system
is assumed to be initially unloaded. In the absence of loads, no prefault currents flow between buses and
the voltage at every bus (and the internal voltage of each generator) will be the same as the prefault voltage

at the faulted bus, denoted by the symbol V.

rl ] | ]

@ wlu ) wy @

b b

Figure 2.5: Single-line diagram of a four-bus three-phase power system [1].

@

j0.10 Vr
70.20 j0.20
+
Er Eg

Figure 2.6: The per-phase, per-unit equivalent circuit of the power system [1]. Note that the subtransient reactances

are used instead of the synchronous reactances for each synchronous machine.
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Since the prefault voltage at bus 2 is already V¢, a voltage source Vy can be inserted at bus 2 without
causing current to flow in the power system as shown below in Figure 2.7. If a symmetrical three-phase
fault occurs on bus 2, this is equivalent to inserting an additional voltage source —Vy in series with the
existing voltage source representing the prefault voltage V; at bus 2, making the total voltage at bus 2
become zero and thereby simulating a symmetrical three-phase fault on bus 2. With this additional voltage
source inserted, there will now be a fault current I}’. This fault current is entirely due to the insertion of the
new voltage source; therefore, superposition can be used to analyze the effects of only the new voltage

source on the power system. The resulting current flow will be the current for the entire power system,

because the other sources in the power system produced a net zero current.

Figure 2.7: The equivalent circuit with a symmetrical three-phase fault on bus 2 simulated by inserting an additional

voltage source —V in series with an existing voltage source representing the prefault voltage V; at bus 2 [1]. When
the additional voltage source —V is inserted, the voltage at bus 2 becomes zero and a fault current I]Ic’ flows. Since

there was no fault current before inserting the additional voltage source, the fault current now flowing is entire due to

the insertion of the new voltage source.

If all the voltage sources except for —V; are set to zero and the impedance values are converted to
admittances, the power system appears as shown on the next page in Figure 2.8. From this figure, it is then
possible to construct the bus admittance matrix Yy,s. The bus admittance matrix Y}, for an N-bus power

system has the following form:

Y11 Y12 YlN
Y. Y. NN ¢

Yous = | 30 7 A (2.3)
YN1 YNZ YNN
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The order of the subscripts of the elements Y;; of Yy, is effect-cause, i.e., the first subscript represents the

bus at which the current is being expressed and the second subscript represents the voltage causing this

component of current. The rules for determining the elements of Yy, are as follows:

e The diagonal elements Y;; are equal to the sum of all admittances directly connected to bus j and are

called the self-admittances (or driving point admittances) of the buses.

e The off-diagonal elements Y;; are equal to the negative of the sum of all admittances directly connected

between buses i and j and are called the mutual admittances (or transfer admittances) of the buses.

% §3.333

J3.333

Figure 2.8: The power system with all sources set to zero except for —V, and with the impedance values converted

to admittances.

The nodal equation describing this power system is

YpusV =1

(2.4)

With all other voltage sources set to zero, the voltage at bus 2 is —V¢, and the current entering bus 2 is

—l;. Therefore, the nodal equation becomes

Yl 1 Yl 2
YZ 1 YZ 2
Y3 1 Y3 2
Y4- 1 Y4-2

Yi1411AV: 0
Y24 _Vf - I],c,

= 2.5
14 IAvg 0 (25)
Yaal LAV, 0

where AV, AV;, and AV, are the changes in the voltages at those buses due to the current —I}' injected

at bus 2 by the fault. The solution to Equation (2.5) is
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_Vf Zyy Zayy Zyz Zoa||-]
AVy Z31 Zzp Zzz Z3g
AV, Zy1 Zaz Zaz Zag

AVl le ZlZ Z13 Z14- 0
f (2.7)

0
0

where Zy,s = Yb_uls. The order of the subscripts of the elements Z;; of Zy,s is effect-cause, i.e., the first

subscript represents the bus at which the voltage is being expressed and the second subscript represents
the current causing this component of voltage. Since only bus 2 has current injected at it, it is evident that
Equation (2.7) reduces to

AV1 = _lel},
—V; = —Z,,1V
Loty (2.8)
AV3 = _Z321f
AV4 = _Z421;r’

In other words, the fault current at bus 2 is simply the prefault voltage V¢ at bus 2 divided by Z5,, the self-

impedance (or driving point impedance) at bus 2.

=L (2.9)

The voltage difference at each of the buses in the power system due to the fault current can be calculated
by substituting Equation (2.9) into Equations (2.8):

Z -
" _Z—lzvf
av, “luelpoom
ave_ V| g ' (2.10)
AV~ —75,1; —Z—”vf '
AV " 22
Yo-Zaly | Zay
Zy 1]

If it is assumed that the power system was operating at no-load conditions before the faul, it is relatively
straightforward to calculate the voltages at every bus during the fault. At no load, the voltage will be the

same at every bus in the power system, hence the voltage at every bus in the power system is V. The
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change in voltage at every bus caused by the fault current —I}'c’ is given by Equation (2.10), hence the total

voltage at each bus during the fault can be calculated from

A Vi1 1AV,

VZ _ Vf AVZ
vi|= [v.|* |av; (2.11)
vl vl lav,
Z VA
V. Vf 22 Z22
v| v Y 0
2l | T4l zsy = Z32|V; (2.12)
V| = v |- 22y T -2
A\ lVJ ZZZ f ZZZ
4 f Z42V 1_@
B ZZZ f_ - ZZZ

Therefore, it is possible to calculate the voltage at every bus in the power system during the fault from a
knowledge of the prefault voltage V; at the faulted bus and the bus impedance matrix Zy,s. Once these
bus voltages are known, it is then also possible to calculate the fault current flowing in any transmission

line during the fault using the bus voltages and the bus admittance matrix Y.

The general procedure for calculating the voltages and fault currents at each bus and in each transmission

line in the power system during a symmetrical three-phase fault is as follows [3]:

1. Create a per-phase, per-unit equivalent circuit for the power system. Include subtransient reactances
X'"" of each synchronous machine if the subtransient fault currents are desired and include the transient
reactances X' of each synchronous machine if the transient fault currents are desired. Also include the
subtransient reactances of each induction motor if the subtransient fault currents are desired and ignore
the inductions motors completely if the transient fault currents are desired. (This is because when a
fault develops on a power system with a synchronous motor, the motor becomes a temporary generator
by converting its energy of rotation back into electrical power, which is supplied to the power system.
Since a synchronous motor is physically the same as a synchronous generator, it also has a
subtransient reactance X and transient reactance X' that must be considered in analyzing fault
currents flowing in the power system. In contrast, an induction motor is simply an AC machine that has
only amortisseur or damper windings on its rotor. Since damper windings are the primary source of
current during the subtransient period, the induction motors connected to a power system should be

considered in analyzing subtransient fault currents flowing in the power system. However, since the
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currents in a damper winding are of negligible importance during the transient and steady-state periods

of faults, induction motors may be ignored in analyzing fault currents after the subtransient period ends.)

2. Calculate the bus admittance matrix Yypys. Include the admittances of all transmission lines,
transformers, etc., between buses, including the admittances of the loads or generators themselves at
each bus.

3. Calculate the bus impedance matrix Z,,s. The bus impedance matrix Z,,s is the inverse of the bus

admittance matrix Yy,s. (MATLAB can be used to perform this calculation.)

4. Assume that the power system is at no-load conditions and determine the voltage at every bus. At no-
load conditions, the voltage at every bus will be the same, since otherwise a current would flow between

buses. This voltage will be the same as the internal voltage of the generators in the system. It is the

prefault voltage in the power system, denoted by the symbol V.

5. Calculate the current at the faulted bus. The current at the faulted bus can be calculated directly from

a knowledge of Vr and Zy,. If bus i is faulted, the fault current will be

\
I, = Z—f pu (2.13)

2

6. Calculate the voltages at each bus during the fault. The voltage at bus j during a symmetrical three-

phase fault at bus i is given by the equation

V; = (1 - Z_) Vr pu (2.14)

L

7. Calculate the currents in any desired transmission lines during the fault. The current flowing through a

transmission line between bus i and bus j can be calculated from the equation
Iij = _Ylj(vl - ‘,]) pu (215)

The above general procedure for calculating the voltages and fault currents at each bus and in each
transmission line in the power system during a symmetrical three-phase fault is illustrated by extending the

earlier example borrowed from [1] as follows:
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1. Create a per-phase, per-unit equivalent circuit for the power system. This step was completed on page

6. The resulting per-phase, per-unit equivalent circuit is shown in Figure 2.6.

2. Calculate the bus admittance matrix Yyys. The rules for determining the elements of Yy, was described

earlier. The MATLAB statement required to initialize Y}, is

>> Ybus = ...

[ =3*14.500 j*8.000 3*4.000 3*2.500;
3*8.000 -j*17.000 j%4.000 3*5.000;
7*4.000 Jj*4.000 -3*11.333 0
7*2.500 J*5.000 0 -3j*10.833]:

3. Calculate the bus impedance matrix Zy,s. The bus impedance matrix Zy, is the inverse of the bus

admittance matrix Yy,s. (MATLAB can be used to perform this calculation.)

>> Zbus = inv(Ybus)

Zbus =
0.0000 + 0.24361 0.0000 + 0.1938i 0.0000 + 0.15441 0.0000 4+ 0.14571
0.0000 + 0.19381i 0.0000 + 0.22951 0.0000 + 0.14941 0.0000 4+ 0.15061
0.0000 + 0.15441 0.0000 + 0.14941 0.0000 + 0.19551 0.0000 4+ 0.10461
0.0000 + 0.14571 0.0000 + 0.15061 0.0000 + 0.104ei 0.0000 + 0.19551

4. Assume that the power system is at no-load conditions and determine the voltage at every bus. For this
power system, the no-load voltage at every bus, which will be equal to the prefault voltage at the bus,
will be V¢ = 1.00£0° pu.

5. Calculate the current at the faulted bus. The current at the faulted bus is

. Vp 1.0020°

= L = —435732-90°
Fo= 7= 707295 35732 —90° pu

6. Calculate the voltages at each bus during the fault. The voltage at bus j during a symmetrical three-

phase fault at bus i is given by the equation
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V; = (1 - @) Vr = (1 - ]:0'1938> (1.00£0°) = 0.1556£0° pu
Zsy j0.2295

V, = 0.020° pu

V; = (1 - Zﬁ) Ve = (1 — ]:0'1494> (1.00£0°) = 0.349020° pu
Z5o j0.2295

Vv, = (1 - Ziz) Ve = (1 — ]:0'1506> (1.00£0°) = 0.343820° pu
Z5o j0.2295

7. Calculate the currents in any desired transmission lines during the fault. The current flowing through

transmission line 3 — 1 can be calculated from
I3; = —Y3, (V3 —V;) = (—j4.0)(0.349020° — 0.155620°) = 0.77364£ — 90° pu
The fault current contributions to bus 2 by the adjacent unfaulted buses are

From bus 1:

I, = —Y,(V; —V,) = (—j8.0)(0.1556£0° — 0.0£0°) = 1.24482 — 90° pu
From bus 3:

I3, = —Y3,(V3 — V) = (—j4.0)(0.349020° — 0.0£0°) = 1.39602 — 90° pu
From bus 4:

Iy, = =Y, (V, — V,) = (—j5.0)(0.343820° — 0.0£0°) = 1.71902 — 90° pu

Except for round-off errors, the sum of these fault current contributions is equal to I}fz as expected.
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2.4 Chapter Summary

A fault in a circuit is any failure that interferes with the normal flow of current to the loads. In most faults, a
current path forms between two or more phases, or between one or more phases and the neutral (ground).

This current path has relatively low impedance, resulting in excessive current flows.

When a fault occurs, both an ac symmetrical component of fault current and an asymmetrical dc transient
component of fault current are created. The level of the dc component of current depends on the
instantaneous current in each phase at the instance of the fault. The ac symmetrical component of current
starts out very high, and decays to a steady-state level in two stages. The first period of very rapid decay
is called the subtransient period and it lasts only a few cycles. The subtransient currents are basically
associated with the time constants of the amortisseur or damper windings of generators and motors. The
second period of slower decay is called the transient period and it lasts for 0.5 to 1.0 second. The transient

currents are basically associated with the time constants of the field windings of generators and motors.

The reactances of generators and motors in the subtransient period are called subtransient reactances
(X""). The reactances of generators and motors in the transient period are called transient reactances (X').
The reactances of generators and motors in the steady-state period are the machines’ synchronous
reactances (Xs). The resistances and reactances of transmission lines, transformers, and other static

components do not change during the fault transients.

Fault currents can be calculated from the bus impedance matrix Zy,s. A bus admittance matrix Yy s is
calculated separately for the subtransient, transient, and steady-state periods by using the appropriate
reactances, and then inverted to obtain the bus impedance matrix Zy,,s. Once the bus impedance matrix

Zy,,s has been calculated, the fault current I at a particular bus i can be found by dividing the prefault

voltage Vy at the bus by the self-impedance (or driving point impedance) of the bus.

n V
I, = L (pu) (2.16)
Zij

If the subtransient bus impedance matrix Zy,,s is used, the fault current will be the subtransient fault current
I¢. Similarly, if the transient bus impedance matrix Zy,s is used, the fault current will be the transient fault

!
current If.

If it is assumed that the power system was unloaded before the fault occurred, then the voltage at each bus
can be calculated from the equation
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V; = (1 — %) Vs (pu) (2.17)

where bus i is the faulted bus.
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Chapter 3 - Symmetrical Components and Unsymmetrical Faults

3.1 Introduction

Most faults that occur on power systems are unsymmetrical faults [1], in which the magnitude and phase
displacement between any two phases of voltages and currents in the three phases of the power system
will differ. The most common example of an unsymmetrical fault is the single line-to-ground fault, in which
there are high currents in one phase and the ground (neutral) only. Other examples include line-to-line
faults and double line-to-ground faults. In all three cases, the magnitude and phase displacement between
any two phases of voltages and currents differ for different phases of the power system. This presents a
challenge, due to that the analysis technique used to study power systems during symmetrical three-phase
faults assumes balanced fault conditions, i.e., the magnitude and phase displacement between any two
phases of voltages and currents are identical in each phase of the power system. However, in this section
a technique called the method of symmetrical components will be discussed, which will enable the analysis
of unbalanced power systems and lead to accurate predictions of power system behaviour during

unsymmetrical faults.
3.2 Symmetrical Components

In 1918, C.L. Fortescue introduced a technique for dealing with unbalanced polyphase systems called the
method of symmetrical components [17]. Fortescue’s work proves that an unbalanced system of n related
phasors can be resolved into n systems of balanced phasors called the symmetrical components of the
original phasors. The n phasors of each set of components are equal in magnitude and the phase
displacement between adjacent phasors of the set are equal. Although the method is applicable to any
unbalanced polyphase system, the present discussion will be confined to unbalanced three-phase power
systems. According to Fortescue’s theorem, three unbalanced phasors of a three-phase power system can

be resolved into three balanced systems of phasors. The balanced sets of components are:

1. A set of positive-sequence components consisting of three phasors equal in magnitude, displaced from
each other by 120° in phase, and having the same phase sequence as the original phasors.

2. A set of negative-sequence components consisting of three phasors equal in magnitude, displaced
from each other by 120° in phase, and having the opposite phase sequence from the original phasors.

3. A set of zero-sequence components consisting of three phasors equal in magnitude and phase (i.e.,
zero phase displacement from each other).
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It is customary when solving a problem by symmetrical components to designate the three phases of the
power system as a, b, and c in such a manner that the three phases peak in that order and the phase
sequence of the voltages and currents in the power system is abc. In such a power system, the positive-
sequence components will have phase sequence abc, while the negative-sequence components will have
phase sequence acbh. The zero-sequence components do not have a phase sequence, since all three
phases peak at the same time. Traditionally, the positive-sequence components of the original phasors are
designated with the subscript 1, the negative-sequence components are designated with the subscript 2,
and the zero-sequence components are designated with the subscript 0 (as shown below in Figure 3.1). If
the original phasors are the voltages in each phase of the power system and are designated Vy, V5, and
V., then the positive-sequence components of the voltages will be V,;, Vg, and V.;; the negative-
sequence components of the voltages will be V,,, Vg,, and V;,; and the zero-sequence components of
the voltages will be V44, Vgq, and V. The total voltage in each phase will be the sum of the three

components for that phase.

Vi = Vg + Vg + Vg
VB = VBl + VBZ + VBO (318)
Ve =V + Ve + Vo

The synthesis of a set of three unbalanced phasors from the three sets of symmetrical components of

Figure 3.1 is shown on the next page in Figure 3.2.

Ve Va1
Vaz /
Vio //
VBU
Vs Veo
Vb1 Ve
Posilive-sequence Negalive-sequence Zero-sequence
componenis components components

Figure 3.1: Three sets of balanced phasors which are the symmetrical components of three unbalanced phasors [1].
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Figure 3.2: Graphical addition of the components shown in Figure 3.1 to obtain three unbalanced phasors [1].

In working with the symmetrical components of an unbalanced three-phase power system, the operation of
shifting a phasor through an angle of 120° occurs repeatedly. This operation is equivalent to multiplying the
phasor by the quantity 12120°. Since multiplication by this quantity occurs so often, the constant a has
been introduced to represent it such that each multiplication by a rotates a phasor by 120° without changing

its magnitude. Therefore,

a=12120° (3.19)
a? = 14£240° (3.20)
a® =14£360°=12£0°=1 (3.21)

Figure 3.3 below illustrates the relationships among the positive and negative exponents of a.

Figure 3.3: Phasor diagram illustrating the relationships among the various exponents of a [3].

26



The symmetrical components of an unbalanced three-phase voltage can now be represented in terms of
the a constant, thereby reducing the number of unknown quantities by expressing each component of Vg
and V, as the product of a component of V, and some function of the operator a = 12120°. As mentioned
earlier, the positive-sequence components have phase sequence abc (as shown previously in Figure 3.1).

Therefore, the relationships among the positive-sequence components will be

Vg, = asz1 (3.22)
Ve = aVyq

The negative-sequence components have phase sequence ach (as shown previously in Figure 3.1).

Therefore, the relationships among the negative-sequence components will be

Vg, = aVy,
(3.23)
Veo = a?Vy,
The zero-sequence components are the same in all phases (as shown previously in Figure 3.1). Therefore,

the relationships among the zero-sequence components will be

(3.24)

It is now possible to determine the symmetrical components of an unbalanced three-phase voltage by
resolving the three unbalanced phasors into their symmetrical components. The unbalanced set of three-
phase voltages is given in terms of symmetrical components by Equations (3.1), and the relationships
between the phases of the positive-, negative-, and zero-sequence components is given by Equations (3.5)
to (3.7). Substituting Equations (3.5) to (3.7) into Equations (3.1) yields

Va=Var +Viz +Vy (3.25)
Vg = a?Vy + aVyy + Vo (3.26)
VC = aVAl + aZVAZ + VAO (327)

In matrix form, Equations (3.8) to (3.10) become

Vy 1 1 17[Vao Va0
VB = 1 aZ a vAl = A VAl (328)
\'A 1 a a?llVy Va2
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where

1 1 1
A=|1 a*> a (3.29)
1 a a?

Therefore, the symmetrical components of the unbalanced three-phase voltage can be expressed as

Va0 V,
V| =41 |vg (3.30)
Va2 Ve
Since
1 1 17" 41 1 1
Al=11 a® a =3|1 «a a? (3.31)
1 a a? 1 a? a
Equation (3.13) becomes
Vao 11 1 1 V,
Vii|=5|1 a a?||Vs (3.32)
Va2 1 a* allVg

Equation (3.15) shows how to calculate the symmetrical components of phase a of an unbalanced three-

phase voltage. In expanded form, Equation (3.15) becomes

Vi = §(VA + Vg +V¢) zero-sequence (3.33)
Vyq = %(VA + aVp + aZVC) positive-sequence (3.34)

Vyo = %(VA +a%Vgz + aV,) negative-sequence (3.35)
The symmetrical components of the other two phases can be calculated from Equations (3.5) to (3.7).

Similar results apply to line-to-line voltages simply by replacing Vy, Vg, and V. in Equations (3.16) to (3.18)

by Vag, Vgc, and V4, respectively.

Equation (3.16) shows that no zero-sequence components exist if the sum of the three unbalanced phasors
is zero. Since the sum of the line-to-line voltage phasors in a three-phase power system is always zero,

zero-sequence components are never present in the line-to-line voltages regardless of the degree of
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unbalance. The sum of the three line-to-neutral voltage phasors is not necessarily zero, and hence line-to-

neutral voltages may contain zero-sequence components.

The preceding equations could have been written for any set of related phasors, and the relationships
among unbalanced three-phase currents have the same forms as the relationships among unbalanced
three-phase voltages. The currents in each phase can be represented in terms of symmetrical components

as

Iy =14 + 102 + 1y (3.36)
IB = IBl + IBZ + IBO (337)
Ic =l¢1 + ez + 1o (3.38)

Substituting the relationships between the phases of the positive-, negative-, and zero-sequence

components yields

Iy =14 +lpz +ly (3.39)
IB = a21A1 + aIAZ + IAO (340)
IC = aIAl + azlAz + IAO (341)

and the symmetrical components can be represented in terms of the currents in each phase as

Iy = %(IA +1Iz+1;) zero-sequence (3.42)
Iy = %(IA +alp + a®1¢) positive-sequence (3.43)
Iy, = %(IA + a?lp + al) negative-sequence (3.44)

Equation (3.25) provides an important insight into the operation of unbalanced three-phase power systems.
Comparing the current in the neutral of a power system given by Iy =14 + Iz + I to Equation (3.25)

reveals that

IN = 31A0 (345)
The current in the neutral (or ground) of the power system is equal to 3 times the zero-sequence component
of current. Therefore, if a system element has no neutral current, then there can be no zero-sequence

components of currents in the element. Hence A-connected and ungrounded Y-connected elements cannot

have zero-sequence components of currents.
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3.3 Sequence Impedances and Sequence Networks

In any part of the power system, the voltage drop caused by the current of a particular sequence depends
on only the impedance of that part of the power system to current flow of that sequence [1]. In general, the
impedance of a circuit can differ for positive-, negative-, and zero-sequence currents. The impedance of a
circuit to positive-sequence current is called the positive-sequence impedance of the circuit. Similarly, the
impedance of the circuit to negative-sequence current is called the negative-sequence impedance of the
circuit, and the impedance of the circuit to zero-sequence current is called the zero-sequence impedance
of the circuit. Due to that currents of a particular sequence produce voltages drops of the same sequence
only, it is possible to create separate positive-, negative-, and zero-sequence per-unit equivalent circuits
called sequence networks. The overall behaviour of a power system during unsymmetrical faults can then

be obtained by treating each set of symmetrical components separately and superimposing the results.

As mentioned earlier, in a three-phase power system which is normally balanced, unbalanced fault
conditions generally cause unbalanced voltages and currents to exist in each of the phases. If the voltages
and currents are related by constant impedances, the system is said to be linear and the principle of
superposition applies. The voltage response of the linear system to the unbalanced currents can be
determined by considering the separate responses of each system element to the symmetrical components
of the currents and superimposing the results. For the present discussion, the system elements of interest
are the machines, transmission lines, and loads connected in A or Y configurations, although a simplifying
assumption typically made in industry-based fault studies are that load impedances are much larger than

those of network components, and thus can be neglected in system modelling [1].

Since the response of each system element depends on the symmetrical component of current being
considered, three different per-phase equivalent circuits must be constructed for each element of the three-
phase power system, one for each type of symmetrical component to reflect the separate responses of the
system elements to the currents of each sequence. The positive-sequence network is a per-phase
equivalent circuit containing only the positive-sequence impedances and sources, which means that it is
identical to the per-phase equivalent circuit used for symmetrical fault analysis covered in the previous
section. The negative-sequence network is a per-phase equivalent circuit containing only the negative-
sequence impedances, and the zero-sequence network is a per-phase equivalent circuit containing only
the zero-sequence impedances. Once the positive-, negative-, and zero-sequence networks are
constructed, they are interconnected according to the type of fault being analyzed, and the positive-,
negative, and zero-sequence components of current are calculated. These components can then be
combined by using Equations (3.22) to (3.24) to calculate the unbalanced three-phase currents flowing in

the fault and elsewhere within the power system.
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3.4 Positive-, Negative-, and Zero-Sequence Equivalent Circuits of Generators

The equivalent circuit of a Y-connected, three-phase synchronous generator grounded through an inductive
reactance is shown on page 33 in Figure 3.4. The synchronous generator as seen by positive-sequence
currents is shown on page 34 in Figure 3.5(a), together with the positive-sequence equivalent circuit for the
generator shown in Figure 3.5(b). Note that it is the same as the per-phase equivalent circuit used in the
previous section for symmetrical three-phase fault analysis. The synchronous generator is modeled by an
internal generated voltage in series with the inductive reactance of each winding in the generator to positive-
sequence current, denoted by the positive-sequence impedance Z;. For subtransient fault analysis, the

reactance is the subtransient reactance X"'. For transient fault analysis, the reactance is the transient

reactance X'. For steady-state fault analysis, the reactance is the machine’s synchronous reactance Xs.

Similarly, the synchronous generator as seen by negative-sequence currents is shown on page 34 in Figure
3.5(c), together with the negative-sequence equivalent circuit for the generator shown in Figure 3.5(d). The
negative-sequence equivalent circuit does not contain voltage sources because there are no voltage
sources inside the generator that generate negative-sequence voltages. Therefore, the synchronous
generator is modeled by the inductive reactance of each winding in the generator to negative-sequence
current, denoted by the negative-sequence impedance Z,. As mentioned earlier, the negative-sequence
currents have the opposite phase sequence to the positive-sequence currents and by changing the phase
sequence of the currents applied to a three-phase stator, the direction of rotation of the magnetic fields
produced in the machine becomes reversed. As a result, the negative-sequence currents produce a rotating
magnetic field opposite to the direction of rotation of the machine [3]. This backward rotation induces a very
high voltage in the amortisseur or damper windings of the generator and because the magnetic fields
continue to turn opposite to the rotation of the generator, this voltage doesn’t decay after a few cycles.
Therefore, the negative-sequence currents see a reactance that is approximately the size of the

subtransient reactance of the generator at all times.

Finally, the synchronous generator as seen by zero-sequence currents is shown on page 34 in Figure
3.5(e), together with the zero-sequence equivalent circuit for the generator shown in Figure 3.5(f). The zero-
sequence equivalent circuit does not contain voltage sources because there are no voltage sources inside
the generator that generate zero-sequence voltages. Therefore, the synchronous generator is modeled by
the inductive reactance of each winding in the generator to zero-sequence current, denoted by the zero-

sequence impedance Zg,. The total current flowing in the impedance Zy between the neutral and the

ground of the generator is 314, because the zero-sequence current from all three phases flows through it
and the current is identical in each phase. Therefore, the voltage drop from point a to ground will be

—3l40Zn — LaoZyo- To represent this voltage drop in the per-phase equivalent circuit, which contains only
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the zero-sequence current in phase a, an impedance 3 times larger than the physical impedance between
the neutral and the ground of the generator must be used. The total zero-sequence impedance of the

generator is

The zero-sequence impedance Z;, of each winding in the generator consists of only a relatively small
inductive reactance due to that the zero-sequence currents in all three phases increase and decrease
together, causing their magnetic fields to cancel each other out and produce only a small reactance. The
zero-sequence reactance of a generator’'s windings can be as small as one-quarter the machine’s

subtransient reactance [3].

The positive-, negative-, and zero-sequence voltages in phase a of the generator can be found by applying

Kirchhoff’'s voltage law to each of the per-phase equivalent circuits, which leads to

Va1 = Ea1 — 14124 (3.47)
VAZ = _IAzzZ (348)
VAO = _IAOZO (349)

where E4; is the positive-sequence internal generated voltage of the generator, and the impedances Z;,
Z,,and Z, are the positive-, negative-, and zero-sequence impedances of the generator, respectively. Note

that the discussion above can be applied equally to synchronous motors and synchronous generators,

since they are physically the same machine.
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Figure 3.4: A Y-connected three-phase generator grounded through an inductive reactance [3].
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Figure 3.5: (a) A synchronous generator as seen by positive-sequence currents. (b) The positive-sequence equivalent
circuit for the generator. (c) A synchronous generator as seen by negative-sequence currents. (d) The negative-
sequence equivalent circuit for the generator. (e) A synchronous generator as seen by zero-sequence currents. (f) The

zero-sequence equivalent circuit for the generator [3].
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3.5 Positive-, Negative-, and Zero-Sequence Equivalent Circuits of Transmission Lines

Due to that transmission lines consist of static components, there is no difference between how they
respond to positive- and negative-sequence currents. Therefore, the equivalent circuit for a transmission
line is identical for both positive- and negative-sequence networks. This equivalent circuit consists of simply
the series impedance of the transmission line. However, overhead transmission lines respond very
differently for zero-sequence currents compared to positive- and negative-sequence currents. The reason
being the series inductance of a transmission line increases in direct proportion to the natural logarithm of
the distance between the sending and returning conductors [3]. For zero-sequence currents, all three
phases of the transmission line carry equal currents, and the return path is either through overhead ground
wires or through the ground itself. Since both the ground wires and the ground itself are typically well
separated from the phases, the zero-sequence inductive reactance of a transmission line is generally larger
than the positive- and negative-sequence inductive reactance. For transmission lines without overhead
ground wires, the return path must be through the ground itself, and the zero-sequence inductive reactance
will be even larger because the phases are so far above the ground. The zero-sequence inductive
reactance of an overhead transmission line will be 2 to 3.5 times larger than the positive- or negative-
sequence inductive reactance, with overhead transmission lines without overhead ground wires at the
upper end of this range [1]. Note that the series resistance of the transmission line, which is often neglected
as a simplifying assumption made in creating per-phase equivalent circuits for fault current analysis,
remains the same for all three symmetrical components of current. Although the discussion thus far has
primarily focused on power systems that are normally balanced and only become unbalanced upon the
occurrence of an unsymmetrical fault, in practical transmission systems such complete symmetry is more
ideal than realized, but since the effect of the departure from symmetry is typically small, perfect balance

between phases is often assumed especially if the transmission lines are transposed along their lengths

[1].
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3.6 Positive-, Negative-, and Zero-Sequence Equivalent Circuits of Y and A Connections

Due to that Y- and A-connected loads are static devices, there is no difference between how they respond
to positive- and negative-sequence currents. Therefore, the equivalent circuit for a Y- or A-connected load
is identical for both positive- and negative-sequence networks. This equivalent circuit consists of simply the
Y- or A-connected impedance of the load. However, Y- and A-connected loads respond very differently for
zero-sequence currents compared to positive- and negative-sequence currents. As mentioned earlier, zero-
sequence currents have the same phase in all three phases of a three-phase power system, thus they can
only flow if there is a path to the ground for the return current. If there is no return path, then no zero-

sequence currents can flow.

An ungrounded Y-connected load is shown on the next page in Figure 3.6(a). Due to that there is no path
between the neutral and the ground in this load, no zero-sequence currents can flow. The corresponding
zero-sequence equivalent circuit has an impedance Z between the terminals of the load and the neutral,

and an open-circuit between the neutral and the ground.

A grounded Y-connected load is shown on the next page in Figure 3.6(b). Due to that there is a path
between the neutral and the ground in this load, zero-sequence currents can flow. The corresponding zero-
sequence equivalent circuit has an impedance Z between the terminals of the load and the neutral, and a

short-circuit between the neutral and the ground.

A Y-connected load that is grounded through an impedance is shown on the next page in Figure 3.6(c).
Due to that there is a path between the neutral and the ground in this load, zero-sequence currents can
flow. However, the current flowing in the path between the neutral and the ground is 3 times the zero-
sequence current in any single phase, thus the corresponding impedance in the zero-sequence equivalent

circuit is 3Zy. The zero-sequence equivalent circuit has an impedance Z between the terminals of the load

and the neutral, and an impedance 3Zy between the neutral and the ground.

A A-connected load is shown on the next page in Figure 3.6(d). Due to that there is no path to ground in
this load, no zero-sequence currents can flow into the load. However, any zero-sequence currents inside
the load can flow freely within the A because the phases of the A-connected load are connected head to
tail in a closed loop. The corresponding zero-sequence equivalent circuit has an open-circuit at the

terminals, and a closed loop containing the impedance Z.
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(a)

()

Figure 3.6: (a) An ungrounded Y-connected load has no path between the neutral and the ground, thus the zero-
sequence equivalent circuit has an open-circuit between the neutral and the ground. (b) A grounded Y-connected load
has a short-circuit between the neutral and the ground, thus the zero-sequence equivalent circuit has a short-circuit
between the neutral and the ground. (c) A Y-connected load grounded through an impedance. The zero-sequence
equivalent circuit has the impedance 3Z, between the neutral and the ground. (d) A A-connected load has no path to

the ground, thus no zero-sequence currents can flow into the load. However, any zero-sequence currents inside the

load can flow freely within the A [3].
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3.7 Positive-, Negative-, and Zero-Sequence Equivalent Circuits of Transformers

Due to that transformers are static devices, there is no difference between how they respond to positive-
and negative-sequence currents. Therefore, the equivalent circuit for a transformer is identical for both
positive- and negative-sequence networks. This equivalent circuit consists of simply the series impedance
of the transformer. Note that the shunt components representing the excitation branch of the transformer
are typically neglected as a simplifying assumption made in creating per-phase equivalent circuits for fault
current analysis [3]. However, transformers respond very differently for zero-sequence currents compared
to positive- and negative-sequence currents. Each side of a two-winding transformer is either Y-connected
or A-connected, thus the zero-sequence equivalent circuit of a side will appear as one of the Y- or A-
connected zero-sequence equivalent circuits shown previously in Figure 3.6. However, the current flow on
each side of a two-winding transformer is related by the turns ratio of the transformer, i.e., NpIp = Ngl;s.
Therefore, if there is no path for zero-sequence currents on one side of the transformer, there must also be

no zero-sequence currents on the other side of the transformer.

There are five possible cases of zero-sequence equivalent circuits for three-phase transformers depending

on the connections of their primary and secondary windings as shown on the next page in Figure 3.7.
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Figure 3.7: Symbols, connection diagrams, and zero-sequence equivalent circuits for various types of three-phase
transformers [3].
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3.8 Single Line-to-Ground Fault on an Unloaded Generator

An unloaded generator with a single line-to-ground fault on phase a is shown on the next page in Figure
3.8. When a single line-to-ground fault occurs on phase a of an unloaded generator, the voltage in phase

a at the location of the fault becomes zero, and the currents in phases b and ¢ remain zero.

IB = 0
I = 0 } single line-to-ground fault (3.50)
VA = 0

The symmetrical components of current in the fault are given in terms of the currents in each phase by
Equations (3.25) to (3.27). Substituting Iz = 0 and I, = 0 into Equations (3.25) to (3.27) yields

1 1
IAOZE(IA-I_O-I_O): §IA

1 1 3.51
L = 2l + a(0) + a2(0)] = 11, (3:51)
’ ’ (3.52)
Lz =3[, +a?(0) + a(0)] =z 1, (3.53)
Therefore, IAO = IA1 = IAZ = %IA (354)

Equation (3.37) shows that the symmetrical components of current are all equal in a single line-to-ground

fault. Substituting 14, = 147 and I, = 144 into Equations (3.30) to (3.32) yields

Va1 =Egn — 11y (3.55)
Vaz = 112, (3.56)
Vao = 1412 (3.57)

The voltage in phase a is given in terms of symmetrical components by Equation (3.8). Substituting
Equations (3.38) to (3.40) into Equation (3.8) yields

Vo =Va + Vo +Vyo = Egy =112y — 1412, = 1412y =0 (3.58)
Rearranging Equation (3.41) to solve for the positive-sequence current in the fault yields

E,

I, =—>= 3.59
AT 7+ 2+ 27, (3.59)
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For a single line-to-ground fault, the positive-, negative-, and zero-sequence current are all equal, and the
total impedance is the series combination of Z;, Z,, and Z,,. Note that this result is equivalent to connecting
the positive-, negative-, and zero-sequence networks in series at the terminals representing the location of

the fault, as shown on the next page in Figure 3.9.

In summary, to calculate the voltages and currents in a single line-to-ground fault on a three-phase
synchronous generator [3]:

Create the positive-, negative-, and zero-sequence networks for the generator.
Connect the sequence networks in series at the terminals representing the location of the fault.

Calculate 145 = 144 = 14, from this network.

Calculate V,4, V41, and V,, from Equations (3.30) to (3.32).

o > N =

Calculate any required voltages and currents by combining the symmetrical components calculated
above using Equations (3.8) to (3.10) and (3.22) to (3.24).

Figure 3.8: A single line-to-ground fault on phase a of an unloaded generator. The generator’s neutral is grounded

through an inductive reactance [3].

41



Reference

Lo=1Iy

Z,
Ly

Reference
L

Z

Reference

Figure 3.9: For a single line-to-ground fault, the positive-, negative-, and zero-sequence networks are connected in

series to determine the sequence voltages and currents in the fault [3].
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3.9 Line-to-Line Fault on an Unloaded Generator

An unloaded generator with a line-to-line fault between phases b and c is shown on the next page in Figure
3.10. When a line-to-line fault occurs between phases b and c of an unloaded generator, the voltages in

phases b and ¢ must be equal, and the currents in phases b and ¢ must be the negative of each other.

Vg =V
I,=0 line-to-line fault (3.60)
IB = _IC

Substituting V. = Vj into Equations (3.16) to (3.18) yields

1
Vyo = §(VA + Vg + Vp)

VAl = %(VA + aVB + aZVB) (361)
: (3.62)
VAZ = §(VA + asz + aVB) (363)

Note that Equations (3.45) and (3.46) are identical, implying that for a line-to-line fault V44 = V,,. The
symmetrical components of current in the fault are given in terms of the currents in each phase by Equations
(3.25) to (3.27). Substituting I, = 0 and Iz = —I into Equations (3.25) to (3.27) yields

1
Lo =500 =Ic +1¢)

IAl = %[0 - aIC + azlc] (364)
: (3.65)
IAZ = 5[0 - azlc + a[c] (366)

From Equations (3.47) to (3.49), it can readily be seen that I, = 0 and I, = —1,;. Substituting V4, =
Vo, 140 = 0, and Iy, = —1,4 into Equations (3.30) to (3.32) yields

Va1 = Eq1n =12y (3.67)
Va1 =112, (3.68)
Vyo = —I40Zp =0 (3.69)

From Equations (3.50) and (3.51), it can be observed that

1412, = Eg1 —Ix12; (3.70)
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[ = E4q
AT 7+ 7,

(3.71)

For a line-to-line fault, the positive-sequence current is the negative of the negative-sequence current, and
the zero-sequence current is zero (this makes sense physically because the fault is not connected to the
ground, thus there is no path to ground for the zero-sequence currents to flow through). In addition, the
positive-sequence phase voltage is equal to the negative-sequence phase voltage. Note that this result is
equivalent to connecting the positive- and negative-sequence networks in parallel at the terminals

representing the location of the fault, as shown on the next page in Figure 3.11.

In summary, to calculate the voltages and currents in a line-to-line fault on a three-phase synchronous

generator [3]:

1. Create the positive- and negative-sequence networks for the generator. The zero-sequence network is
not required.

2. Connect the positive- and negative-sequence networks in parallel at the terminals representing the
location of the fault.

3. Calculate 1, = —I4, from this network. Note that 14,5 = 0.

4. Calculate Vyq, V41, and Vy, from Equations (3.30) to (3.32).

5. Calculate any required voltages and currents by combining the symmetrical components calculated
above using Equations (3.8) to (3.10) and (3.22) to (3.24).

Figure 3.10: A line-to-line fault between phases b and c¢ of an unloaded generator [3].
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Figure 3.11: For a line-to-line fault, the positive- and negative-sequence networks are connected in parallel to

determine the sequence voltages and currents in the fault [3].
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3.10 Double Line-to-Ground Fault on an Unloaded Generator

An unloaded generator with a double line-to-ground fault between phases b and c is shown on page 48 in
Figure 3.12. When a double line-to-ground fault occurs between phases b, c, and the ground of an unloaded

generator, the voltages in phases b and ¢ must both be equal to zero, and the current in phase a must be

zero (because that phase is not shorted).

VB = 0
Vc = 0 } double line-to-ground fault (3.72)
IA = 0

Substituting Vz = V. = 0 into Equations (3.16) to (3.18) yields

1 1
VAO ZE(VA+O+O) = §VA

Vi = 2[V; +a(0) + a2(0)] =2V, 2;31;
Vg = %[VA +a?(0) + a(0)] = %VA (3.75)

Therefore, V41 = V45, = V,, for a double line-to-ground fault. Furthermore, the fault currents flowing out

through phases b and ¢ must return through the neutral, which leads to
Iy=Iz+1, (3.76)
Substituting Equations (3.23), (3.24), and (3.28) into Equation (3.59) yields

310 = (a®Iy1 + algy +140) + (alagy + a®Lyy + Iyp)
Lo = (@2 + )l + (@? + a)ly,
Lo = —Iq1 — a2 (3.77)

From Equations (3.30) and (3.31) using the fact that V,; = Vj, for a double line-to-ground fault,

Eg1 — 14121 = —1y2Z,
_ 14121 — Egq (3.78)
SR

From Equations (3.30) and (3.32) using the fact that V,; = V,, for a double line-to-ground fault,
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Egy — 14127 = —1yxoZp

L. — 14121 — Egq (3.79)
0= T
Substituting Equations (3.61) and (3.62) into Equation (3.60) yields
LnZi—En _ _ _InZi—En
Zo Al Z,
_ Eq
LY7o+ 7

For a double line-to-ground fault, V4; = V4, = Vj4, and the total impedance is the sum of Z; plus the
parallel combination of Z, and Z,. Note that this result is equivalent to connecting the positive-, negative-,

and zero-sequence networks in parallel at the terminals representing the location of the fault, as shown on
the next page in Figure 3.13.

In summary, to calculate the voltages and currents in a double line-to-ground fault on a three-phase

synchronous generator [3]:

Create the positive-, negative-, and zero-sequence networks for the generator.

Connect the sequence networks in parallel at the terminals representing the location of the fault.
Calculate 144 from this network.

Calculate Vyq, V41, and Vy, from Equation (3.30), noting that the three voltages are equal.

Calculate 14, and 1,, from Equations (3.31) and (3.32).

o a A~ w D=

Calculate any required voltages and currents by combining the symmetrical components calculated
above using Equations (3.8) to (3.10) and (3.22) to (3.24).
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Figure 3.12: A double line-to-ground fault between phases b, c, and the ground of an unloaded generator [3].
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Figure 3.13: For a double line-to-ground fault, the positive-, negative-, and zero-sequence networks are connected in

parallel to determine the sequence voltages and currents in the fault [3].
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3.11  Unsymmetrical Faults on Power Systems

The discussion thus far has been limited to calculating the voltages and currents in an unsymmetrical fault
on a three-phase synchronous generator. That discussion will now be extended to consider calculating the
voltages and currents in an unsymmetrical fault on a more complex power system. To approach the problem
of extending the discussion of generators to more complex power systems, consider the application of
Thevenin’s theorem which states that a linear two-terminal circuit can be replaced by an equivalent circuit
consisting of a voltage source in series with an impedance, where the voltage source is the open-circuit
voltage at the terminals and the series impedance is the input or equivalent impedance at the terminals
when the independent sources are set to zero [1]. To understand the significance of Thevenin’s theorem
as it pertains to fault analysis, consider the power system shown below in Figure 3.14. Such a power system
is sufficiently general for equations derived therefrom to be applicable to any balanced three-phase power
system regardless of the complexity. Assume that there is a hypothetical stub of wire connected to each
phase of the power system at point “x”, and that a fault occurs on that stub. If a fault occurs on the stub,

then a current I¢ will flow out of the fault. The positive-, negative-, and zero-sequence networks for this

power system are shown on the next page in Figure 3.15(a), (c), and (e), respectively, with the location of
the fault labelled on each sequence network. Note that each sequence network can be isolated from the
rest of the circuit by two terminals, one at the stub and one at the reference. Therefore, a Thevenin
equivalent circuit can be created for each sequence network, as seen from the location of the fault. The
Thevenin equivalent circuits of the positive-, negative, and zero-sequence networks are shown on the next
page to the right of the corresponding sequence network in Figure 3.15(b), (d), and (f), respectively. Note
that the Thevenin equivalent circuits of the positive-, negative-, and zero-sequence networks are identical
to the positive-, negative-, and zero-sequence equivalent circuits of a generator. Therefore, the discussion
thus far regarding unsymmetrical faults on three-phase synchronous generators will equally apply to more

complex power systems, if the power systems are represented by their Thevenin equivalent circuits.

G,

volo—o——lo g_m@\g

Y O¥ YA

Figure 3.14: A simple power system with a fault at the point indicated by the X [3].
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Figure 3.15: The positive-, negative-, and zero-sequence networks for the power system shown in Figure 3.14, together

with their Thevenin equivalent circuits. Note that V is the prefault voltage at the location of the fault [3].

For a single line-to-ground fault, the stubs of wire are connected as shown on the next page in Figure 3.16.

The following relationships exist at the fault

I =0
I, = single line-to-ground fault (3.81)
VA = 0
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These relationships are identical to those for a single line-to-ground fault on a three-phase synchronous
generator, thus the symmetrical components of the fault voltages and currents will have the same solutions

as for the three-phase synchronous generator, except that the prefault voltage V¢ replaces E,. Therefore,

the positive-sequence current 14, in the fault will be given by the equation

I Vr 3.82
M7 2o+ 7y + 7, (3.82)

where V; is the prefault voltage at the location of the fault and Z4, Z;, and Z, are the Thevenin equivalent
impedances of the positive-, negative-, and zero-sequence networks, respectively, as seen from the
location of the fault. The three sequence networks should be connected in series at the fault point P to

calculate the effects of a single line-to-ground fault on the power system, as shown on the next page in
Figure 3.17.

a l,‘l JF
B
Ic) I

Figure 3.16: Connection diagram for a single line-to-ground fault on a power system [3].
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Figure 3.17: For a single line-to-ground fault on a power system, the positive-, negative-, and zero-sequence networks

are connected in series at the point of the fault P to determine the sequence voltages and currents in the fault [3].

For a line-to-line fault, the stubs of wire are connected as shown on the next page in Figure 3.18. The

following relationships exist at the fault

VB = VC
I, =0 }line-to-line fault (3.83)
Ip =—I¢

These relationships are identical to those for a line-to-line fault on a three-phase synchronous generator,
thus the symmetrical components of the fault voltages and currents will have the same solutions as for the

three-phase synchronous generator, except that the prefault voltage V; replaces E,. Therefore, the

positive-sequence current 14, in the fault will be given by the equation

Vi

Iy =—— 3.84
=717 (3.84)
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where V; is the prefault voltage at the location of the fault and Z; and Z, are the Thevenin equivalent
impedances of the positive- and negative-sequence networks, respectively, as seen from the location of
the fault. The positive- and negative-sequence networks should be connected in parallel at the fault point

P to calculate the effects of a line-to-line fault on the power system, as shown below in Figure 3.19.

L) |
b o]
— ]

Figure 3.18: Connection diagram for a line-to-line fault on a power system [3].

La [ Li2 ]
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Figure 3.19: For a line-to-line fault on a power system, the positive- and negative-sequence networks are connected

in parallel at the point of the fault P to determine the sequence voltages and currents in the fault [3].

For a double line-to-ground fault, the stubs of wire are connected as shown on the next page in Figure 3.20.
The following relationships exist at the fault

V=0
V¢ = 0 ;¢ double line-to-ground fault (3.85)
IA = 0

These relationships are identical to those for a double line-to-ground fault on a three-phase synchronous
generator, thus the symmetrical components of the fault voltages and currents will have the same solutions

as for the three-phase synchronous generator, except that the prefault voltage V; replaces E,. Therefore,

the positive-sequence current 14, in the fault will be given by the equation
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Vy
7220 (3.86)
Lt 7,

I41 =

where V; is the prefault voltage at the location of the fault and Z4, Z,, and Z, are the Thevenin equivalent
impedances of the positive-, negative-, and zero-sequence networks, respectively, as seen from the
location of the fault. The three sequence networks should be connected in parallel at the fault point P to

calculate the effects of a double line-to-ground fault on the power system, as shown below in Figure 3.21.

Figure 3.20: Connection diagram for a double line-to-ground fault on a power system [3].

N Lo | Lo

+ IJD + ® + #
P P P
o Ya Vaz Vio
Positive- Negative- Zero-
sequence sequence sequence
network = network = network =

Figure 3.21: For a double line-to-ground fault on a power system, the positive-, negative-, and zero-sequence networks

are connected in parallel at the point of the fault P to determine the sequence voltages and currents in the fault [3].

54



3.12 Unsymmetrical Fault Analysis using the Bus Impedance Matrix

In the previous section, the positive-sequence bus impedance matrix Z,,s was used to calculate the fault
current in a symmetrical three-phase fault, as well as the voltages and currents at each bus and in any
desired transmission lines in the power system during the fault. It is also possible to create bus impedance
matrices for negative- and zero-sequence networks, which can be used to calculate the voltages and
currents for unsymmetrical faults in a power system. If a sequence network is represented by a bus
impedance matrix Zy,s, then the on-diagonal terms of the bus impedance matrix Z;; are simply the
Thevenin equivalent impedances of the network at the corresponding buses. Therefore, if a single line-to-
ground fault occurs at bus i, then the positive-sequence fault current at bus i can be calculated from the

equation

Vy
Ziix+ Ziiz + Ziio

I41 (3.87)

where Z;; ; is the impedance of element ii of the positive-sequence bus impedance matrix, Z;; , is the
impedance of element ii of the negative-sequence bus impedance matrix, and Z;; , is the impedance of

element ii of the zero-sequence bus impedance matrix.

Similarly, if a line-to-line fault occurs at bus i, then the positive-sequence fault current at bus i can be

calculated from the equation

\

=7 (3.88)
Ziin + Zii

L1

Finally, if a double line-to-ground fault occurs at bus i, then the positive-sequence fault current at bus i can

be calculated from the equation

I, =
Al Zii2Ziio (3.89)
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3.13  Faults Through an Impedance

The discussion thus far has been limited to faults with zero fault impedance, i.e., a solid or “bolted” fault.
Such faults produce the highest value of fault currents for a given type of fault and form the basis of
calculations used to determine the maximum possible fault currents that a power system must be able to
withstand without being destroyed. Although such faults result in the highest value of fault currents and are
therefore the most conservative values to use when determining the effects of anticipated faults on a power
system, the fault impedance is seldom zero [1]. Most faults are the result of insulator flashover after a
lightning strike, where the impedance between the transmission line and the ground depends on the
resistance of the arc, of the tower structure itself, and of the ground connection if there are no overhead
ground wires (e.g., the tower footing). These impedances reduce the total current flow compared to the

solid or bolted case.

A symmetrical three-phase fault through an impedance Z; is shown on page 60 in Figure 3.22(a). Note that
the three-phase power system remains balanced during the fault having the same impedance between
each phase and the common point. Since the power system remains balanced, only positive-sequence
components of voltage and current appear in the fault. With the fault impedance Z; equal in all phases, the
impedance Zy is simply connected in series with the positive-sequence network at the fault point P to

calculate the effects of a symmetrical three-phase fault through an impedance, as shown on page 62 in

Figure 3.23(a). Therefore, the positive-sequence current in the fault becomes

Vy
Iy =
Z, + Zf

(3.90)

A single line-to-ground fault through an impedance Z; is shown on page 60 in Figure 3.22(b). The following

relationships exist at the fault

IB = 0
Ic=0 single line-to-ground fault (3.91)
VA = IAZf

The symmetrical components of current in the fault are given in terms of the currents in each phase by

Equations (3.25) to (3.27). Substituting Iz = 0 and I, = 0 into Equations (3.25) to (3.27) yields
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1 1
IAO=§(IA+O+O)= EIA

’ ) 3.92
Iy = §[IA +a(0) +a*(0)] = 3 Iy ( )

; : (3.93)

I, = §[IA + a?(0) + a(0)] = 31a (3.94)

Therefore, Lo = Ta1 =12 = %IA (3:95)

Equation (3.78) shows that the symmetrical components of current are all equal in a single line-to-ground

fault through an impedance Zg. Substituting I, = 14, and I, = I,; into Equations (3.30) to (3.32) and

replacing E4; with the prefault voltage V¢ yields

Var =V =117y (3.96)
Vaz = =412, (3.97)
Vao = —la1Zo (3.98)

The voltage in phase a is given in terms of symmetrical components by Equation (3.8). Substituting
Equations (3.79) to (3.81) into Equation (3.8) yields

VA = VAl + VAZ + VAO = Vf - IA121 - IA122 - IAle = 3IA12f (399)
Rearranging Equation (3.82) to solve for the positive-sequence current in the fault yields

I Vr
M2+ Z,+ 20+ 32

(3.100)

For a single line-to-ground fault through an impedance, the positive-, negative-, and zero-sequence current
are all equal, and the total impedance is the series combination of Z;, Z,, Z,, and 3Z¢. This makes sense
physically because the impedance Z; appears in the path to ground, hence the zero-sequence components
of current can flow through it, and the zero-sequence components of current from all three phases will flow

through the same impedance Z. Therefore, the fault impedance must be connected in series with the zero-

sequence network at the fault point P in order for the zero-sequence current to flow through it, as shown
on page 62 in Figure 3.23(b). The size of the fault impedance in the sequence diagram of Figure 3.23(b)
must be 3Z; to account for the fact that the zero-sequence currents from all three phases flow through it

and the current is identical in each phase.
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A line-to-line fault through an impedance Zy is shown on page 60 in Figure 3.22(c). The following

relationships exist at the fault

VC = VB — IBZf
I,=0 line-to-line fault
IB - _IC

Substituting V. = Vg — IpZ¢ into Equations (3.16) to (3.18) yields

1
Vo = §[VA + Vg + (Vg — 15Zf)]
1
vAl = E[VA + aVB + aZ(VB — IBZf)]

Va2 = %[VA +a*Vg + a(Vp — 15Z;)]
From Equations (3.86) and (3.87),
Viz = Vi +3(a® — Q)lZ;
Substituting Equation (3.23) into Equation (3.88) yields

1
Vip = Vg + g(az —a)(a®ly; + aly, + L40)Zf

(3.101)

(3.102)
(3.103)
(3.104)

(3.105)

(3.106)

The symmetrical components of current in the fault are given in terms of the currents in each phase by
Equations (3.25) to (3.27). Substituting I, = 0 and Iz = —I into Equations (3.25) to (3.27) yields

1
Ly = 5(0 —Ic+ Ic)
IAl = %[0 - aIC + azlc]

IAZ = %[0 - aZIC + alc]

(3.107)
(3.108)
(3.109)

From Equations (3.90) to (3.92), it can readily be seen that 14, = 0 and I4, = —I4;. Substituting I, = 0

and I4, = —I,4; into Equation (3.89) yields
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1
Vi = Vg1 + g(az —a)(a®ly; — alyy)Zf
= Va1 +5(a? — )y Zf
1 .
= Vyu + 5(—]‘/§)ZIA1Zf
Va1 —La1Zy (3.110)

Substituting V4, = V41 — 14125, I = 0, and I, = —1, into Equations (3.30) to (3.32) and replacing E,;
with the prefault voltage V; yields

Var = Vr =117, (3.111)
VAl = IAIZZ + IAIZf (3112)
Vo = —I40Zy =0 (3.113)

From Equations (3.94) and (3.95), it can be observed that

IAlzZ + IAlzf = Vf - IAlzl (3114)
I Y
A1 = Zi+ 2, + Z; (3.115)

For a line-to-line fault through an impedance, the positive-sequence current is the negative of the negative-
sequence current, and the zero-sequence current is zero. In addition, the positive- and negative-sequence

voltages differ by only the voltage drop across the impedance Z; (i.e., V41 — V4o = I41Zf). Therefore, the
impedance Z;y must be inserted between the positive- and negative-sequence networks at the fault point P

such that the corresponding voltages differ by only the voltage drop across the impedance Z¢, as shown

on page 62 in Figure 3.23(c).
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Figure 3.22: Connection diagrams for various faults through an impedance on a power system: (a) Symmetrical three-
phase fault; (b) Single line-to-ground fault; (c) Line-to-line fault; (d) Double line-to-ground fault [3].

A double line-to-ground fault through an impedance Zy is shown above in Figure 3.22(d). The following

relationships exist at the fault

VB = (IB + Ic)Zf
Ve =V double line-to-ground fault (3.116)
IA =0

Substituting V. = Vjp into Equations (3.16) to (3.18) yields

1 1
Vao = 5(Va + Vg + V) = 2(V4 + 2Vp)

. L 3.117

VAl — E(VA + aVB + aZVB) = §(VA - VB) 23 118;
1 1 .

Vaz = 5(Va +a?Vp +aVp) = (Va4 — Vp) (3.119)

Therefore, Vy; = Vyp = Vyo — Vg = Vo — (Ip +1¢)Zf for this type of fault. Furthermore, the fault

currents flowing out through phases b and ¢ must return through the neutral, which leads to
Iy=Iz+1, (3.120)

From Equations (3.28) and (3.103), V1 = Vg = Vyo — InZf = V4o — 3I49Z; for this type of fault.
Substituting Equations (3.23), (3.24), and (3.28) into Equation (3.103) yields
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3l = (a®Iy1 + alyy +140) + (alyy + a?ly; + Iyp)
(a® + a)ly + (a® + a)ly,
Lo = —la1 — a2 (3.121)

From Equations (3.30) and (3.31) using the fact that V4, = V,, for this type of fault and replacing E,; with
the prefault voltage Vg,

Vf — 112y = —Iy2Z,

: 1412y =V (3.122)
A2 — Z—2

From Equations (3.30) and (3.32) using the fact that V; = Vo — 314¢Z for this type of fault and replacing
E,; with the prefault voltage Vr,

Vf - IA]_Z]_ = _IAOZO - 3IAOZf

L= L4121 — V¢ (3.123)
407 7o+ 3z

Substituting Equations (3.105) and (3.106) into Equation (3.104) yields

IAlZl—sz_ _IA1Z1—Vf
Zy+3Zf A Z,
Vy
IAl = (3124)
Z,(Z +3Z
7.+ 2( 0 f)

VU7, +Zy +3Z;

For a double line-to-ground fault through an impedance, Vj; = Vyp = Vg9 —3140Zf, and the total
impedance is the sum of Z; plus the parallel combination of Z, and Z, + 3Z¢. This makes sense physically
because the impedance Z; appears in the path to ground, hence the zero-sequence components of current
can flow through it, and the zero-sequence components of current from all three phases will flow through
the same impedance Z¢. Therefore, the fault impedance must be connected in series with the zero-

sequence network at the fault point P in order for the zero-sequence current to flow through it, as shown
on the next page in Figure 3.23(d). The size of the fault impedance in the sequence diagram of Figure

3.23(d) must be 3Z; to account for the fact that the zero-sequence currents from all three phases flow

through it and the current is identical in each phase.
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Figure 3.23: Connections of sequence networks to simulate faults through an impedance on a power system: (a)

Symmetrical three-phase fault; (b) Single line-to-ground fault; (c) Line-to-line fault; (d) Double line-to-ground fault [3].



3.14 Chapter Summary

Unbalanced three-phase voltages and currents can be resolved into their symmetrical components. There
are three sets of symmetrical components: a positive-sequence (abc) set, a negative-sequence (acb) set,
and a zero-sequence (in phase) set. Positive-sequence components peak in phase order abc, while
negative-sequence components peak in phase order acbh, and zero-sequence components all peak at the

same time. Problems are solved with symmetrical components by treating each set of symmetrical

components separately and superimposing the results.

Currents of a given sequence produce voltages of that sequence only, so it is possible to create separate
positive-, negative-, and zero-sequence per-unit equivalent circuits (called sequence networks), and to

solve for the voltage and current relationships in each one separately.

The positive-sequence network alone is sufficient to solve problems involving symmetrical three-phase
faults, because those power systems are balanced. If the power system becomes unbalanced for some

reason (such as a single line-to-ground fault), then all the phase sequences are needed.

The fault currents in a single line-to-ground fault can be calculated by connecting the three sequence

networks in series so that I, = 14, = I4,. Then, the positive-sequence current 14, in the fault becomes

\
L,=—"7 (3.125)
Zo + 71 + Z,

where V¢ is the prefault voltage on the bus where the fault occurs, and Z;, Z,, and Z, are the Thevenin

equivalent impedances of the positive-, negative-, and zero-sequence networks, respectively, at the point
of the fault.

The fault currents in a line-to-line fault can be calculated by connecting the positive- and negative-sequence

networks in parallel so that V44 = V4, and I4; = —I4,. Then, the positive-sequence current 14, in the fault
becomes
I Vr (3.126)
T+ 7, '
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where V¢ is the prefault voltage on the bus where the fault occurs, and Z; and Z, are the Thevenin

equivalent impedances of the positive- and negative-sequence networks, respectively, at the point of the

fault.

The fault currents in a double line-to-ground fault can be calculated by connecting the positive-, negative-,
and zero-sequence networks in parallel so that V,; = V4, = Vg and I4; = —I4; — I40. Then, the positive-

sequence current 144 in the fault becomes

Vi
- 7,7, (3.127)
L+ 7,

IA1

where V¢ is the prefault voltage on the bus where the fault occurs, and Z;, Z;, and Z, are the Thevenin

equivalent impedances of the positive-, negative-, and zero-sequence networks, respectively, at the point
of the fault.

In any type of fault, once the positive-sequence current 14, in the fault has been calculated, it is relatively
straightforward to calculate the negative- and zero-sequence currents 1,, and 1,4, respectively, from the

special relationships that apply to the particular type of fault. Then the actual faults currents in each phase

can be calculated from the equations

=14 +li2 +ly (3.128)
I = a?ly + aly, + 1y (3.129)
IC = aIAl + a21A2 + IAO (3130)

It is possible to create separate positive-, negative-, and zero-sequence bus admittance matrices Yy, and
bus impedance matrices Z;,,5 for a power system. Since the on-diagonal terms of the bus impedance matrix
Z;; contains the Thevenin equivalent impedance of the power system at that point, these terms can be used
in the equations for the positive-sequence current 14, to calculate the fault currents that would flow at each

bus in the power system for each type of fault.
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Chapter 4 — Power System Modeling and Fault Analysis of Converter-Based

Distributed Energy Resources

4.1 Introduction

Electric power systems have used and will continue to use synchronous machines in the foreseeable future
for the generation of electricity. However, with emerging concerns over climate change and the need for
reduced greenhouse gas emissions, together with the growing awareness of the importance of the natural
environment and the depletion of the earth’s non-renewable energy resources, the generation of electricity
from distributed renewable energy resources such as solar photovoltaic (PV) and wind energy has begun
to expand at a rapid pace. Generally, such generation systems either generate dc or use asynchronous
machines that generate incompatible frequencies, and therefore must be interfaced to the three-phase
power system through a power electronics converter. The combination of synchronous and converter
isolated electrical generation systems is expected to change the behaviour of three-phase power systems
following disturbances such as the occurrence of a fault on the power system. Proliferation of converter-
based distributed energy resources in distribution systems has introduced new challenges in determining
the maximum possible fault currents that a power system must be able to withstand without being
compromised. As part of a connection impact assessment for a new generation facility, utilities require
detailed information on fault characteristics of the generation sources. Although IEEE Std 1547-2018 [18]
provides requirements relevant to the interconnection and interoperability between power systems and
distributed energy resources, there is still limited knowledge or contradictory conclusions regarding the
behaviour of converter-based distributed energy resources (e.g., solar PV and wind power generation
stations) during faults on transmission or distribution systems. Without accurate data and details of the fault
current contributions from series converter-connected solar PV and wind generators, it is not possible to
assess the risk of connecting them and hence determining the strategy and settings of the overcurrent
protective devices that protect the power system. Therefore, it is imperative to develop the mathematical
and software simulation models that approximate the response of converter-based distributed energy
resources during a fault on the transmission or distribution system in order to determine the fault current
contributions to the electrical grid that a transmission or distribution utility needs to reflect in their connection
impact assessments. A single line diagram of a wind turbine generator together with flywheel energy
storage interfaced to the three-phase power system through a power electronics converter is shown on the
next page in Figure 4.1(a), followed by a single line diagram of a microgrid topology with solar PV and wind
power generation options together with battery bank and supercapacitor storage options interfaced to the

three-phase power system through a power electronics converter shown on the next page in Figure 4.1(b).
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Figure 4.1: (a) Series converter-connected wind turbine generator together with flywheel energy storage [5]. (b)
Microgrid topology with series converter-connected solar PV and wind power generation options together with battery

bank and supercapacitor storage options [19].
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4.2 Problem Statement

Although IEEE Std 1547-2018 [18] provides requirements relevant to the interconnection and
interoperability between power systems and distributed energy resources, there is still limited knowledge
or contradictory conclusions regarding the behaviour of converter-based distributed energy resources
during faults on transmission or distribution systems. Full-scale static converters effectively isolate the
electrical generator and its specific electrical performance characteristics from the power system in the
event of a fault on the host system [5]. Many modern static inverters tend to use insulated gate bipolar
transistor (IGBT) switches. The performance of series converter-connected generators during a fault on the
converter output terminals or elsewhere on the power system is dictated by the control strategy of the
inverter. Before a fault occurs, the inverter output current is controlled both in magnitude and phase. The
phase is typically set within minimum and maximum limits with respect to the zero crossing of the output
voltage to ensure that the inverter reactive power output is kept within corresponding minimum and
maximum limits. When a symmetrical three-phase fault occurs on the power system, the inverter’s inherent
constant current control strategy can ensure that the inverter continues to supply the same current as that
supplied in the power frequency cycle just before the occurrence of the fault. The magnitude of the inverter
fault current contribution due to the inherent constant current control strategy in the event of a symmetrical

three-phase fault at bus i can be illustrated as shown on the next page in Figure 4.2.
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Figure 4.2: Modelling the fault current contribution of a series converter-connected wind turbine generator: (a) Initial

prefault condition; (b) Fault condition; and (c) Vector diagram under fault conditions [5].
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4.3 Solution Method
4.3.1 Fault Analysis of Converter-Based Distributed Energy Resources for AC Side Bolted Faults

Figure 4.2(a) on the previous page shows a series converter-connected wind turbine generator, which may
be induction or synchronous, with the grid-side inverter connected through a transformer to a distribution
system voltage level (typically either 13.8kV or 27.6kV in Ontario). This is then connected to a higher voltage
grid system through another transformer. The largest prefault inverter current is that supplied at rated power
and reactive power output of the inverter. Assume that at bus i the inverter rated power output is P, rated
lagging reactive power output is Q and the rated lagging power factor is cos ¢. Therefore, the rated inverter

current delivered at bus i just before the occurrence of the fault is given by the equation

P—jQ i
Lirated) = 5 = [licrateay e /% (4.131)
L

The relationship between the voltage V; at bus i and the grid system voltage V; at bus s, neglecting the
transformer resistance R; as a simplifying assumption because it is much smaller than its reactance X;, is

given by the equation
Vs =V, _thli(rated) = |Vs|e_j5 (4.132)

At bus s, the grid system is represented by its Thevenin equivalent circuit. Since the grid-side inverter
continues to supply a constant, balanced three-phase current during the fault and the resultant voltage dip

atits terminals, the inverter and its transformer can be represented as a constant positive-sequence current
source as shown on the previous page in Figure 4.2(b). For a symmetrical three-phase fault at bus i, the

positive-sequence current supplied to the fault from the high voltage grid system is given by the equation

Vs Vs

I, = - ~j tan™ [(Xs+X0)/(Rs+Rp)]
Zs+Zt  J(Rg+ R)? + (Xs + X,)?

e (4.133)

In practice, (X5 + X¢)/(Rs + R;) will be dominated by the transformer X;/R; ratio, which is typically
between 14 and 30 [5] but may be as high as 45 [14], [15] depending on the rating of the transformer as
mentioned earlier. A transformer X;/R, ratio of 14 and 30 correspond to impedance phase angles
tan~1(X,/R;) of 86° and 88°, respectively. Figure 4.2(c) on the previous page shows the vector diagram

of the above voltages and currents including the current supplied to the fault from the high voltage grid
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system. The component of positive-sequence current supplied to the fault from the inverter that is in phase

with I is given by the equation

X
|Ii(sc)| = |Ii(rated)| cosf = |Ii(rated)| Cos [tan_l <R_i) —(¢— 6)] (4.134)

For example, for X, /R, = 14.3 or tan~1(X,/R,) = 86°, rated inverter lagging power factor on the high
voltage side of its transformer equal to 0.95 or ¢ = cos~1(0.95) = 18.2°, and load angle § = 6°, it can be

observed from Equation (4.4) that
[Tise)| = |Nicrateay | cos[86° — (18.2° — 6°)] = 0.28|I(ratea)| (4.135)

The total fault current at bus i is simply the sum of the high voltage grid system and inverter fault current

contributions, i.e., I ; = Is + Ij(sc).

If the inverter were operating at rated leading power factor, it can be similarly shown that

1 (Xt
[Tiso)| = [Licrateay| cos [tan 1 (R—) — (¢ + 5)] (4.136)
t

However, in this case, although the current supplied to the fault from the inverter has a larger magnitude, it
is in anti-phase with the dominate current supplied to the fault from the high voltage grid system and will
therefore act to reduce the total fault current at bus i. Equation (4.4) shows that the inherent inverter fault
current contribution in the event of a symmetrical three-phase fault at bus i is a small fraction of the inverter
rated current for a constant current control strategy which ensures that the inverter continues to supply the
same current (both in magnitude and phase) during the fault as that supplied in the power frequency cycle

just before the occurrence of the fault, i.e., Ij(rateq)-

Series converter-connected generators with a grid-side inverter can provide a controlled fault current
response during the entire fault duration [5]. Therefore, utilities typically require a larger fault current
contribution from such generators to assist power system protection in the detection of fault currents. As a
result, modern grid-side inverter controls are typically designed to supply a larger and constant value of

three-phase fault current that is related to the rated current by

[Tiso | = a|Tirateay | (4.137)
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where a < 3 for most current inverter designs [5] - [12]. The inverter can be considered to act as a positive-
sequence constant current source during the entire fault duration as given by Equation (4.7). In addition,
the inverter constant current control strategy ensures that the positive-sequence fault current supplied does

not contain a dc component of current [5].

Under unbalanced fault conditions, e.g., single line-to-ground fault, the control systems of most modern
inverters are designed to continue to supply balanced three-phase currents irrespective of the degree of
their voltage unbalance. Therefore, under unbalanced fault conditions, the inverter will only supply a
positive-sequence current to the fault with the negative- and zero-sequence currents being equal to zero
[5]. In other words, series converter-connected generators with grid-side inverters (e.g., solar PV and wind
turbine generators) that deliver an increased constant current in response to the occurrence of a fault on
the power system can be represented in industry-based fault studies by a positive-sequence equivalent
circuit consisting of a constant current source, given by Equation (4.7), and negative- and zero-sequence
equivalent circuits consisting of infinite negative- and zero-sequence impedances, respectively, i.e., open-
circuits. To overcome the difficulty of integrating a constant current source into the framework of
conventional fault analysis, it must be replaced by a voltage source behind an inductive reactance (as in
the case of synchronous generators) using a Norton-Thevenin source transformation such that the
conventional fault current calculation techniques described earlier in Chapters 2 and 3 may be employed.
However, it is generally incorrect to assume that a series converter-connected generator with a grid-side

inverter can be modeled by an internal generated voltage E, behind a positive-sequence impedance Z;
such that |Ii(sc)| = |E4|/|Z;]|. This representation will produce the correct inverter fault current contribution

for one fault location only, namely at the inverter transformer output terminals. At other fault locations on
the power system, the source transformation will produce a lower and incorrect inverter fault current
contribution than that given by Equation (4.7). Since the equivalent positive-sequence impedance varies
with the inverter transformer terminal voltage which is a function of the fault current, the equivalent positive-
sequence impedance must be determined by an iterative process to obtain the correct inverter fault current
contribution (as will be seen in Chapter 5). Furthermore, the inverter constant current control strategy is
normally very fast so that the ac symmetrical component of current does not change with time during the

fault, which means that the subtransient and steady-state inverter fault current contributions are equal [5].
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4.3.2 Fault Analysis of Converter-Based Distributed Energy Resources for DC Side Faults

The discussion thus far had been limited to modelling and fault analysis of converter-based distributed
energy resources in the event of a fault on the host system. The discussion will now be extended to include
modelling and fault analysis of converter-based distributed energy resources in the event of a fault on the
dc side of a grid-side inverter. The calculation of fault currents in dc systems is essential for the design and
application of distribution and protective apparatuses used in these systems. Although different sources of
dc fault currents may be considered, the focus of this discussion will be on battery power applications,
which are commonly used as energy storage systems in conjunction with solar PV generation systems.
Though the simplified procedures for dc fault current calculations are documented in some publications,
these are not well established [14], [15]. There is no American National Standards Institute (ANSI)/Institute
of Electrical and Electronics Engineers (IEEE) standard for the calculation of fault currents in dc systems.
A General Electric Company publication [20] and IEEE Std C37.14-2015 [21] provide some guidelines. The
International Electrotechnical Commission (IEC) standard 61660-1 [22], published in 1997, is the only
comprehensive document available on this subject. This standard addresses the calculation of fault currents
in dc auxiliary installations in power plants and substations and does not include calculations in other large
dc power systems, such as electrical railway traction and transit systems. Analogous to fault current
calculations in ac systems, the maximum possible fault currents must be considered for selecting the
withstand rating of all electrical equipment as they must be designed to withstand this extremely high current
level for a brief period without damage. To determine the maximum possible fault currents that a dc system
must be able to withstand without being destroyed, it is assumed that the battery is fully charged and the
fault current contribution of the converter is limited to a pre-set maximum value due to the current control
capability of modern converter control systems, which remove the firing pulses to the IGBTs when the
current exceeds a particular threshold in order to preserve the electronic components [6], [12], [14], [15].
Note that the ac system contributes to a dc fault current only when the converter operates in rectifier mode,
and the fault current contribution only becomes significant when the rectifier is either without grid control
(such converters have become obsolete) or the controls for limiting the rectifier current are not effective.
Therefore, in the case of solar PV generation with battery bank storage connected through a grid-side
inverter, only the fault current contribution of the storage batteries to a fault on the dc side of the grid-side
inverter will be considered since the ac system will not contribute to the dc fault current when the converter
operates in inverter mode. The remainder of this discussion will consider the fault current contribution of
fully charged lead-acid storage batteries during a fault on the dc side of a grid-side inverter by comparing
the results of two different approaches for calculating the dc fault current, beginning with the guidelines
provided in the General Electric Company publication [20] subsequently followed by the procedures outlined
in IEC standard 61660-1 [22].
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The equivalent circuit of a lead-acid storage battery for evaluating fault current is shown below in Figure
4.3 and consists of a voltage source (Eg), two resistances (Rg and R¢), and an inductance (L¢). The

magnitude of the voltage source is determined based on two volts per cell or

Eg = 2.0 V/cell X number of cells (V) (4.138)

One of the resistances in the equivalent circuit of Figure 4.3 represents the internal resistance (Rg) of the
battery and its magnitude is equal to the battery internal voltage (2 V per cell) divided by 100 times the 8-

hour ampere rating of the battery, i.e.,

Eg

Rg=———
B 7100 Igpr

Q) (4.139)

The other resistance (R¢) in the equivalent circuit of Figure 4.3 represents the conductors which connect
the cells together. The magnitude of this resistance must be based on a knowledge of the conductor size,
length, and composition. The inductance (L¢) in the equivalent circuit of Figure 4.3 represents the
inductance of the circuit which is created by the conductors connecting the cells together. The cells
themselves are considered to have no internal inductance. The physical arrangement of a 60-cell lead-acid

storage battery mounted in three rows is shown on the next page in Figure 4.4.

AMMN—TTT— AW —=

Rg Le Re
Ga BATTERY
TERMINALS
o
Rp = Battery internal resistance = Ep (Q)
100 Igyr

Ep = Battery internal voltage = 2.0 V/cell x number of cells (V)
R = Resistance of cell connectors (Q)
L¢ = Inductance of cell circuit (H)

Igyr = 8-hour ampere rating of battery (A)

Figure 4.3: Equivalent circuit of battery for calculating fault current [20].
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Figure 4.4: Physical arrangement of 60-cell lead-acid storage battery mounted in three rows [20].

The differential equation describing the equivalent circuit of Figure 4.3 is given by

di
The solution of this equation is given by
s = B [1 - e~ (RatRO/LC)E] () (4.141)
® 7 (Rg + R0 '
The maximum fault current can be calculated from the equation
s, = —F— (A 4.142
B(SC)—RB_l_RC() (4.142)
The initial maximum rate of rise of the fault current is given by dig/dt at t = 0 seconds, i.e.,
—=—1(A 4.143
=L W9 (4.143)

The fault current vs. time profile for the battery will be a simple exponential curve since all the circuit

parameters remain constant during the transient.
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As an example of the guidelines provided in the General Electric Company publication [20] outlined above,
consider the 60-cell lead-acid storage battery mounted in three rows as shown on the previous page in
Figure 4.4. The battery is rated 200 Ah (ampere hour) based on an 8-hour rate of discharge to 1.75 V per
cell at 20°C. The battery internal voltage according to Equation (4.8) is

Eg = 2.0V/cell X 60 cells =120V

The battery internal resistance according to Equation (4.9) is

120V

Rp=———— =0.0480Q
B~ 100 x25A 0.048

The cell connections consist of a total of approximately 7.9248 meters (26 feet) of No. 2 copper conductor:

Rc =7.9248 m X 0.162 ohms/304.8 m X = 0.004 Q

304.8

The inductance of the cell circuit is determined from the configuration shown previously in Figure 4.4. The
total conductor length is approximately 26.2128 meters (86 feet). The battery cells constitute 18.288 meters
(60 feet) of this conductor length and the No. 2 copper conductor constitutes the remaining 7.9248 meters
(26 feet). The circuit inductance can be determined by referring to appropriate 60-cycle reactance data and
dividing the inductive reactance by 2nf = 2m(60 Hz) = 377 rad/s. To calculate the inductance for the
battery cells, assume that the cells are the equivalent of a 15.24 cm (six-inch) conductor spaced 60.96 cm
(24 inches) from the return conductor. The 60-cycle reactance data shown on the next page in Figure 4.5
for bus-bar circuits is sufficiently accurate for representing the battery cells. From Figure 4.5, for 15.24 cm
(six-inch) channels spaced 60.96 cm (24 inches) apart:

X =160.76 Xx 107 Q/m

_ 160.76 x 107 Q/m
a 377 rad/s

L =18288mx0.4264x 10"*H/m=7.8x%x10"%H

= 0.4264 x 1076 H/m

Similarly, the 60-cycle reactance data shown on page 77 in Figure 4.6 can be used to represent the No. 2

copper conductor on 60.96 cm (24-inch) spacing:

X =0.126Q0/304.8m
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0126 2/304.8 m

= 0.00033 H/304.8 m

377 rad/s
L =79248m x 0.00033 H/304.8 m X =86x10"°H
304.8
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Figure 4.5: Bus-bar reactance in ohnms per 0.3048 meters (per foot) for each conductor at 60 cycles [20].
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Figure 4.6: Transmission line resistance and reactance per single conductor in ohms per 304.8 meters (1000 feet) at
60 cycles [20].

The total inductance for the battery circuit is then equal to
Lc=(78+8.6)x10"°H=16.4%x10"°H

The equivalent circuit for this battery appears as shown on the next page in Figure 4.7. The maximum fault

current according to Equation (4.12) is

120V

I = =2310A
BSO = 50248 0+ 00040 2oL0

The initial maximum rate of rise of the fault current according to Equation (4.13) is

dig 120V 73 %106 A
—_— =—=7.3X

dt  164x 106 H /s

The fault current-time profile for this example is shown on the next page in Figure 4.8. The time constant

for this circuit is equal to

Lc  164x10°H
Rg+Rc 0.048Q + 0.004 Q

= 0.32 ms
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In other words, the fault current will equal 63% of 2310 A (or equivalently 1450 A) at 0.32 milliseconds after
the fault is initiated.

Rg Le Re
AMNWN—TTIT—AW—2
0.048 Q 16.4 x 105 H 0.004 Q

GQ 120 V BATTERY
TERMINALS

0

Figure 4.7: Equivalent circuit for example calculation [20].
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Figure 4.8: Fault current-time profile of battery for example calculation [20].

The typical fault current-time profile of a lead-acid storage battery and the standard approximate functions
as per |IEC standard 61660-1 [22] are both shown on the next page in Figures 4.9 and 4.10, respectively.
The following definitions apply to the procedures outlined in IEC standard 61660-1 [22]:

Ixg = quasi steady-state fault current (A)

ipng = peak fault current (A)
Txg = fault duration (s)
tpe = time to peak (s)
T,g = rise time constant (s)

T,g = decay time constant (s)

The standard approximate functions shown on the next page in Figure 4.10 are described by the following
equations:
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1— e_t/TlB

i2(8) = tpp T (A) (4.144)

i2(t) = ipp [(1 — @)e~(t-tpB)T2B | a] (A), t = typ (4.145)

a = Ig/ips (4.146)

The quasi steady-state current, Ixg, is conventionally assumed as the value at 1 second after the fault is

initiated.

iy

PB

[ t

Figure 4.9: Fault current-time profile of battery [22].

i(t)
iy(t)

Figure 4.10: Standard approximation of fault function [22].

To calculate the maximum fault current or the peak current according to IEC standard 61660-1 [22], the
battery internal resistance Rg is multiplied by a factor of 0.9. All other impedances shown previously in
Figure 4.3 remain unchanged. Also, if the open-circuit voltage of the battery is unknown, then the battery

internal voltage Eg = 1.05U,3 is used, where U,g = 2.0 V/cell for lead-acid batteries. The peak fault

current is given by the equation
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Eg

Rpp

ipB (A) (4.147)

where i is the peak fault current from the battery and Rggp, is the total equivalent resistance up to the fault

location in the battery circuit, with Rg multiplied by a factor of 0.9, i.e., Rggy = 0.9Rg + R (2). The time
to peak and the rise time constant are read from the curves shown on the next page in Figure 4.11, based

on 1/6, which is defined by the equation
8 Repr 1 ) (4.148)

The time constant Ty is specified as equal to 30 milliseconds and Lgg, is the total equivalent inductance
up to the fault location in the battery circuit. The decay time constant 7,5 is considered to be 100

milliseconds. The quasi steady-state fault current is given by the equation

__ 0956 A) (4.149)
KB ™ Rpgr + 0.1Rp '
Note that Equation (4.19) considers that the battery voltage falls and the internal cell resistance increases

after the occurrence of a fault (a discharged battery will have a higher cell resistance).

As an example of the procedure outlined in IEC standard 61660-1 [22], consider the same 60-cell lead-acid
storage battery mounted in three rows used in the previous example. The total equivalent resistance in the
battery circuit is Rggr = 0.9Rg + R¢c = 0.9 X 0.048 + 0.004 = 0.0472 Q. The battery nominal voltage of
120 V is multiplied by a factor of 1.05. Therefore, the peak fault current according to Equation (4.17) is

_ 1.05x 120V
"B =047z 20704

This is approximately 15.6% higher compared to the calculation of the previous example. From Equation
(4.18),

5 004720 1 = 0.7 ms

164X 10°H T 30x 1035
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From Figure 4.11, the time to peak t,g = 2 milliseconds and the rise time constant 7,5 = 0.35

milliseconds. These results are consistent with those of the previous example. The quasi steady-state fault

current according to Equation (4.19) is

Lo 0.95 x 120V — 2192 A
kB ™ 0.04720+0.1x 0.0480Q
ms
100
T 50 /
Ly 20 —
B 10 //_E/—"‘ //
5 . pB o
2 ,..f-v""'"’/ //
1.0 T
0.2
0'10,5 1 2 5 10 ms 20
1/0 —»

Figure 4.11: Time to peak ¢, and rise time constant 7, for fault of a battery [22].
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4.4 Chapter Summary

Series converter-connected generators with a grid-side inverter effectively isolate the electrical generator
and its specific electrical performance characteristics from the power system in the event of a fault on the
host system and can provide a controlled fault current response during the entire fault duration [5].
Therefore, utilities typically require a larger fault current contribution from such generators to assist power
system protection in the detection of fault currents. As a result, modern grid-side inverter controls are
typically designed to supply a larger and constant value of three-phase fault current that is related to the

rated current by
|Ii(sc)| = a|li(rated)| (4.150)

where @ < 3 for most current inverter designs [5] - [12]. The inverter can be considered to act as a positive-
sequence constant current source during the entire fault duration as given by Equation (4.7). In addition,
the inverter constant current control strategy ensures that the positive-sequence fault current supplied does
not contain a dc component of current [5].

Under unbalanced fault conditions, e.g., single line-to-ground fault, the control systems of most modern
inverters are designed to continue to supply balanced three-phase currents irrespective of the degree of
their voltage unbalance. Therefore, under unbalanced fault conditions, the inverter will only supply a
positive-sequence current to the fault with the negative- and zero-sequence currents being equal to zero
[5]. In other words, series converter-connected generators with grid-side inverters (e.g., solar PV and wind
turbine generators) that deliver an increased constant current in response to the occurrence of a fault on
the power system can be represented in industry-based fault studies by a positive-sequence equivalent
circuit consisting of a constant current source, given by Equation (4.7), and negative- and zero-sequence
equivalent circuits consisting of infinite negative- and zero-sequence impedances, respectively (i.e., open-
circuits). To overcome the difficulty of integrating a constant current source into the framework of
conventional fault analysis, it must be replaced by a voltage source behind an inductive reactance (as in
the case of synchronous generators) using a Norton-Thevenin source transformation such that the
conventional fault current calculation techniques may be employed. However, it is generally incorrect to
assume that a series converter-connected generator with a grid-side inverter can be modeled by an internal
generated voltage E, behind a positive-sequence impedance Z; such that |Ii(sc)| = |E4|/1Z1]. This
representation will produce the correct inverter fault current contribution for one fault location only, namely
at the inverter transformer output terminals. At other fault locations on the power system, the source
transformation will produce a lower and incorrect inverter fault current contribution than that given by
Equation (4.7). Since the equivalent positive-sequence impedance varies with the inverter transformer

terminal voltage which is a function of the fault current, the equivalent positive-sequence impedance must
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be determined by an iterative process to obtain the correct inverter fault current contribution. Furthermore,
the inverter constant current control strategy is normally very fast so that the ac symmetrical component of
current does not change with time during the fault, which means that the subtransient and steady-state

inverter fault current contributions are equal [5].
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Chapter 5 — MATLAB Fault Current Analysis Program

5.1 Introduction

The discussion of the previous chapter identified the importance of developing mathematical and software
simulation models that accurately approximate the response of converter-based distributed energy
resources during a fault on the transmission or distribution system. In this chapter, a MATLAB program
developed for such a purpose, i.e., calculating the voltages and fault currents at each bus and in each
transmission line in the power system for three-phase, single line-to-ground, line-to-line, or double line-to-
ground faults during the subtransient, transient, or steady-state periods, is verified and validated against
published cases and other fault current analysis software programs to ensure its technical accuracy. After
comparing the results, the MATLAB fault current analysis program is then used to perform fault analysis of
a power system with converter-based distributed energy resources in order to simulate the fault current
contributions to the electrical grid that a transmission or distribution utility needs to reflect in their connection

impact assessments. The source code for the MATLAB program is provided in the appendix of this report.

The input data for the MATLAB fault current analysis program is placed in an input file, which can be created
using any available text editor (e.g., notepad, wordpad, etc.). The input file may contain up to six different

types of input lines used to describe the power system:

A SYSTEM line to define the power system study name and base apparent power of the power system

(in MVA).

e Two or more BUS lines to define the bus names and prefault bus voltage.

e One or more LINE lines to define the transmission lines connecting the various buses together. Note
that transformers at the sending and receiving ends of transmission lines are treated additional
"transmission lines".

e One or more GENERATOR lines to define the impedances of generators in the power system.

e Zero or more MOTCR lines to define the impedances of motors in the power system.

e A FAULT line to specify the location, type, and time period (subtransient, etc.) of the fault.

A sample input file is shown on the next page in Figure 5.1. This input file contains all six different types of

input lines, including comment lines that begin with a $ symbol in column 1.

84



% name
SYSTEM Sample_Format
%

% name volts
BUS One 1.00
BUS Two 1.00
%

% from to
LINE One Two
%

% bus R
GENERATOR One 0.
%

% bus R
MOTOR Two e.
%

% bus Calc
FAULT Two SLG

1

Type

baseMVA
108

Rse Xse Gsh Bsh Xe Vis
0.000 ©.180 ©0.000 ©.000 0.343 3

Xs Xp Xpp X2 Xe
2.9 ©.20 ©0.10 ©.10 ©.e5

Xs Xp Xpp X2 Xe
1.1 @.3e @.18 ©.15 @©.1e

Calc_time (©-All;1-Subtransient;2-Transient;3-Steady-state)
il

Figure 5.1: Sample input file to the MATLAB fault current analysis program.

The format of a SYSTEM line is shown below, and the values in the line are defined in Table 5.1.

% name

SYSTEM Sample_Format

Field Description

SYSTEM Line identifier

baseMVA
100

name Power system study name (spaces are not allowed within the name)

baseMVA | Base apparent power of the power system, in MVA

Table 5.1: Fields defined on the SYSTEM line.

The format of a BUS line is shown below, and the values in the line are defined in Table 5.2.

% name volts
BUS One 1.00
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Field Description

BUS

Line identifier

name

Bus name (spaces are not allowed within the name)

volts

Prefault bus voltage, in per unit

Table 5.2: Fields defined on the BUS line.

The format of a LINE line is shown below, and the values in the line are defined in Table 5.3.

% from
LINE One

Field
LINE

to Rse Xse Gsh Bsh X0 Vis
Two 0.0 ©.180 ©0.000 ©.000 0.343 3
Description

Line identifier

from

Bus where transmission line begins

to

Bus where transmission line ends

Rse

Transmission line series resistance, in per unit

Transmission line series reactance, in per unit

Transmission line shunt conductance, in per unit

Transmission line shunt susceptance, in per unit

Zero-sequence series reactance, in per unit (set to 0 for symmetrical

three-phase faults)

Vis

Zero-sequence visibility flag (set to 0 for symmetrical three-phase
faults):

0 — Visible to neither bus

1 — Visible to the “from” bus only

2 — Visible to the “to” bus only

3 — Visible to both buses

Table 5.3: Fields defined on the LINE line.
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The formats of GENERATOR and MOTOR lines is shown below, and the values in the lines are defined in

Table 5.4.

%
GENERAT

%
MOTOR

bus R Xs Xp Xpp X2 X0
OR  One 0.1 0.9 .20 ©.106 ©.106 0.5
bus R Xs Xp Xpp X2 X0
Two 0.1 1.1 ©0.30 ©.18 ©.15 ©.10
Field Description
GENERATOR | Line identifier
MOTOR Line identifier
bus Bus that machine is connected to
R Machine resistance, in per unit
Xs Machine synchronous reactance X, in per unit
Xp Machine transient reactance X', in per unit
Xpp Machine subtransient reactance X", in per unit
X2 Negative-sequence reactance X, in per unit (set to 0 for symmetrical
three-phase faults)
X0 Zero-sequence reactance X, in per unit (set to 0 for symmetrical
three-phase faults)

Table 5.4: Fields defined on the GENERATOR and MOTOR lines.

The format of a FAULT line is shown below, and the values in the line are defined in Table 5.5.

%
FAULT

Calc
SLG

bus
Two

Calc_time (@-All;1-Subtransient;2-Transient;3-Steady-state)
1

Type
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Field Description

FAULT Line identifier

bus Fault location

calc_type | Fault type:

3P — Symmetrical three-phase fault
LG — Single line-to-ground fault

LL — Line-to-line fault

DLG — Double line-to-ground fault

calc_time | Time period for fault analysis:
0-Al

1 — Subtransient period

2 — Transient period

3 — Steady-state period

Table 5.5: Fields defined on the FAULT line.

To perform fault analysis using this MATLAB program, the per-unit impedances and admittances of all
components must first be calculated to a common system base, and then an input file can be created
containing all those input parameters used to describe the power system being studied. Note that
transformers at the sending and receiving ends of transmission lines are treated additional "transmission
lines". As mentioned earlier, the prefault voltages should be generally assumed to be a constant value

(typically 1.0) to correspond to prefault no-load conditions.
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5.2 Test Data 1

The following is a comparison of the MATLAB simulation results against published results using
PowerWorld Simulator [13]. The fault analysis is performed on a 5-bus power system whose single-line
diagram is shown below in Figure 5.2. Input data are given below in Tables 5.6, 5.7, and 5.8. The input files
to the MATLAB program and the corresponding MATLAB command window outputs are provided in the
appendix of this report. Note that the neutrals of both transformers and the generator connected to bus 1
are solidly grounded, as indicated by a neutral reactance of zero for all these equipment. However, a neutral
reactance = 0.0025 per unit is connected to the neutral of the generator connected to bus 3. The prefault
voltage is 1.05 per unit. The fault is a single line-to-ground fault at Bus 1, then Bus 2, and so on to Bus 5.
The comparison between the MATLAB simulation results and those published using PowerWorld Simulator

[13] are shown on the next page in Table 5.9. Note that the results are identical with zero percent error.

T2

1 5 4 800 MVA
i, , 345/15 kV 520 MW
Line 3
&l 345 kV B4 83 p—
50 km ( )
400 MVA 8Y¥ .EY A BOO MVA
15 kV = B62 B42 = l: | 15 kY
400 MVA
16/345 kV = | 345k 40 Mvar 80 MW
M5 kv | @| 200 km
100 km|= o
821 [Js22

2
280 Mvar,l' l 800 MW

Figure 5.2: Single-line diagram for test data 1 [13].

X;=X" X, Xo Neutral Reactance X,
per unit per unit per unit per unit

1 0.0450 0.0450 0.0125 0.0000

3 0.0225 0.0225 0.0050 0.0025

Table 5.6: Synchronous machine data for test data 1 (p.u., 100MVA) [13].
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Bus-to-Bus X, =X, Xo
per unit per unit
2-4 0.1000 0.3000
2-5 0.0500 0.1500
4-5 0.0250 0.0750

Table 5.7: Transmission line data for test data 1 (p.u., 100MVA) [13].

Low-Voltage High-Voltage

Neutral Reactance

(connection)

(connection) Leakage Reactance

bus bus per unit per unit
1 1(A) 5(Y) 0.0200 0.0000
3 3(A) 4(Y) 0.0100 0.0000

Table 5.8: Transformer data for test data 1 (p.u., 100MVA) [13].

PowerWorld MATLAB MATLAB MATLAB MATLAB
Single Single Positive- Negative- Zero-

Line-to- Line-to- Sequence Sequence Sequence

Ground Ground Thevenin Thevenin Thevenin

Fault Current Fault Current Equivalent Equivalent Equivalent

(Phase A) (Phase A) % Error Impedance Impedance Impedance
per unit per unit per unit per unit per unit

1 46.02 46.02 0.00 j0.027973 j0.027973 j0.012500
2 14.14 14.14 0.00 j0.056952 j0.056952 j0.108939
3 64.30 64.30 0.00 j0.018243 j0.018243 j0.012500
4 56.07 56.07 0.00 j0.023619 j0.023619 j0.008939
5 42.16 42.16 0.00 j0.029474 j0.029474 j0.015758

Table 5.9: Comparison of MATLAB simulation results against published results using PowerWorld Simulator [13].
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5.3 Test Data 2

The following is a comparison of the MATLAB simulation results against both published results from IEEE
Standard 399-1997 [4] as well as published results from an ETAP short-circuit verification and validation
company document [23] used to verify and validate ETAP’s technical accuracy by comparing results with
comprehensive test cases, including the example from IEEE Standard 399-1997 [4]. The fault analysis is
performed on a 44-bus industrial system whose single-line diagram is shown on the next page in Figure
5.3. The system is a composed of circuits of several voltage levels, local generation, a utility
interconnection, and a variety of rotating loads typical of an industrial system operating near to full capacity.
The system contains both synchronous and induction motors. The utility is operating at 69kV and the local
generators at 13.8 kV. Input data are given on pages 93-95 in Tables 5.10, 5.11, and 5.12. The input file to
the MATLAB program and the corresponding MATLAB command window output are provided in the
appendix of this report. The fault is a symmetrical three-phase fault at Bus 19. The comparison between
the MATLAB simulation results and those published from IEEE Standard 399-1997 [4] and the ETAP short-
circuit verification and validation company document [23] are shown on page 96 in Table 5.13. Note that

the results are identical with zero percent error.
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Figure 5.3: Single-line diagram for test data 2 [4].
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To

To

Crkt #
bus# | bus# e | o laean| ™ KV T
I 3 1 00313 | 05324 | 00 | 6900 | 13800 | 100
2 4 1 00313 | 05324 | 00 | 6900 | 13800 | 1.00
5 39 1 04314 | 34514 | 00 1380 | 4160 | 1.00
5 49 ' 05918 | 35510 | 00 13.80 480 | 100
6 3 1 05575 | 36240 | 00 1380 | 2400 | 1.00
6 19 ! 01218 | 14616 | 00 1380 | 2400 | 1.00
12 17 ' 06843 | 44477 | 00 13.80 480 | 100
13 18 ' 05829 | 37888 | 0.0 13.80 480 | 100
15 20 I 01218 | 14616 | 00 1380 | 2400 | 1.00
16 21 I 15036 | 75178 | 00 1380 | .480 1.00
25 28 I 05829 | 37888 | 0.0 1380 | 480 1.00
26 29 I 05829 | 37888 | 0.0 1380 | 480 1.00
27 30 I 05829 | 37888 | 0.0 1380 | 480 1.00
31 36 1 02289 | 22886 | 00 1380 | 2400 | 1.00
32 37 1 10286 | 56573 | 00 1380 | .480 1.00
50 51 1 06395 | 3779 | 00 1380 | .480 1.00
3 5 1 00075 | 00063 | 00
3 6 1 00109 | 00091 | 00
3 9 1 00150 | 00125 | 00
3 26 1 00157 | 00131 | 00
4 8 1 00076 | 00092 | 00
4 15 1 00227 | 00189 | 00
4 2% 1 00118 | 00098 | 00
4 16 1 00274 | 00229 | 00
4 27 1 00143 | 00119 | 00
9 12 I 00038 | 00032 | 00
9 25 I 00424 | 00353 | 00
10 13 1 00046 | 00039 | 00
10 27 1 00110 | 00091 | 00
17 2 1 03813 | 02451 | 00
18 23 1 03813 | 02451 | 00

Table 5.10: Positive-sequence system branch data (p.u., 10MVA) [4].
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buh | busk | Crit W oww | T
R(puw) | X(pu) | R(pu)

24 31 1 00079 00065 0.0
24 32 1 00112 00093 0.0
28 33 1 03813 02451 0.0
28 41 1 03429 02105 0.0
29 34 1 03813 02451 0.0
29 38 1 08024 07732 0.0
29 38 2 08024 07732 0.0
30 35 1 03813 02451 0.0
50 3 1 00243 00485 0.0
50 3 2 00243 0485 0.0
100 1 1 00139 00296 0.0
100 2 1 00139 00296 0.0

Table 5.10: Positive-sequence system branch data (p.u., 10MVA) (Continued) [4].

Generator S—— -
bus # Bus kV
Rld rd R"d Xlld
-4 13.80 0.003 0.102 0.003 0.102
50 13.80 0.002 0.072 0.002 0.072
100 69.00 0.000 0.010 0.000 0.010

Table 5.11: Generator impedances for momentary and interrupting duty (p.u., 10MVA) [4].
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Mok - Motor Motor Motor impedances

bus # Type MVA Ry X, Rier X
11 2.40 M 0.4750 0.352 4219 0.879 10.547
17 0.48 M 0.8242 0.338 3.384
17 0.48 M 0.5000 0.802 4.008 2.004 10.020
18 0.48 M 0.8242 0.338 3.384
18 0.48 M 0.5000 0.802 4.008 2.004 10.020
19 2.40 M 1.1250 0.057 1.484 0.085 2227
19 2.40 M 2.3750 0.047 0.703 0.070 1.055
20 2.40 M 1.6625 0.067 1.005 0.100 1.507
20 240 M 1.8000 0.060 1.556 0.090 2333
2] 0.48 M 0.7273 0.320 3835
22 0.48 M 0.1425 1.398 19.571
23 0.48 M 0.1425 1.398 19.571
28 0.48 M 0.5000 0.697 6972
28 0.48 M 0.4000 0.802 4.008 2.004 10.020
29 0.48 ™M 0.6250 0.321 3.206 0.802 8.016
29 0.48 M 0.4650 1.199 5.998
30 0.48 M 0.3879 0431 5.166 1.077 12.916
30 0.48 M 0.5000 L.116 5.578
i3 0.48 ™M 0.2875 0.809 9.701
34 0.48 M 0.1100 3621 25.354
i5 0.48 M 0.2875 0.809 9.701
36 2.40 M 2.2500 0.025 0.818 0.062 2.045
37 0.48 M 0.6788 0.246 2952 0.615 7.381
37 0.48 M 0.3000 1.859 9.296
39 4.16 M 1.6625 0.034 1.005 0.051 1.507
49 0.48 IM 1.2500 0.264 2.640
51 (.48 IM 0.2000 1.432 10.020 3.579 25.050
51 0.48 IM 0.5700 0.408 4.893
8 13.80 SM 9.0000 0.006 0.222 0.010 0.333

Table 5.12: Motor impedances for momentary and interrupting duty (p.u., 10MVA) [4].
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IEEE Std.

399-1997
Fault at Bus 19 Example MATLAB % Error*
Prefault Voltage (kV) 2.40 2.40 2.40 0.00
Fault current (p.u., T0MVA) 7.67 - 7.67 0.00
Fault current (kA) 18.449 18.453 18.449 0.00
Voltage-to-ground during fault (p.u.) 0.00 0.00 0.00 0.00
Fault contribution from Bus 6 (p.u.) 5.57 - 5.57 0.00
Fault contribution from Bus 6 (kA) 13.418 13.422 13.418 0.00
Voltage-to-ground at Bus 6 (p.u.) 0.82 0.82 0.82 0.00
Fault contribution from motors (p.u.) 2.09 - 2.09 0.00
Fault contribution from motors (kA) 5.03 5.03 5.03 0.00

Table 5.13: Comparison of MATLAB simulation results against published results from IEEE Std. 399-1997 [4] and an

ETAP short-circuit verification and validation company document [23].

*Percent Error is between the MATLAB simulation results and those published from IEEE Standard 399-1997 [4].
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5.4 Test Data 3

The MATLAB fault current analysis program will now be used to perform fault analysis of a power system
with converter-based distributed energy resources to demonstrate how to model the fault current
contributions to the power system within the framework of conventional fault analysis techniques. The fault
analysis is performed on the same system as in the previous set of test data from IEEE Standard 399-1997
[4], except that the 12.5 MVA local synchronous generator identified by “GEN 2” on the single-line diagram
shown earlier in Figure 5.3 is replaced with an equivalent 12.5 MVA series converter-connected generator
with a grid-side inverter (e.g., solar PV and wind turbine generators with energy storage) connected through
a transformer to the distribution system voltage level (13.8 kV) as shown on page 100 in Figure 5.4. As in
the previous set of test data from IEEE Standard 399-1997 [4], the system base apparent power is 10 MVA.
The input file to the MATLAB program and the corresponding MATLAB command window output are
provided in the appendix of this report. The fault is a symmetrical three-phase fault at Bus 4, i.e., the inverter

transformer output terminals. The MATLAB simulation results are shown on page 101 in Table 5.14.
The rated output current of the inverter on the high-voltage side of the transformer can be calculated from

12.5 MVA

— =523A
V3 x 13.8kV

Iinv(rated)l =

As mentioned in Chapter 4, series converter-connected generators with a grid-side inverter effectively
isolate the electrical generator and its specific electrical performance characteristics from the power system
in the event of a fault on the host system and can provide a controlled fault current response during the
entire fault duration [5]. Therefore, utilities typically require a larger fault current contribution from such
generators to assist power system protection in the detection of fault currents. As a result, modern grid-side
inverter controls are typically designed to supply a constant value of three-phase fault current that is related

to the rated current by
linveso)| = @|Tinvcrated (5.151)

where a < 3 for most current inverter designs [5] - [12]. For this set of test data, we will use a = 2. In this

case, the correct inverter fault current contribution is given by
[Tinveso| = 2 X523 A=1,046 A

In per unit,
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I _ 1,046 A _ 1,046 A 1,046 A _ 1,046 A
[linveso)| = Ioase Shase T~ 10MVA ~ 4184A
V3X Vippase V3 x13.8kV

=25pu

To overcome the difficulty of integrating a constant current source into the framework of conventional fault
analysis, it must be replaced by a voltage source behind an inductive reactance (as in the case of
synchronous generators) using a Norton-Thevenin source transformation such that the conventional fault
current calculation techniques described earlier in Chapters 2 and 3 may be employed. However, it is
generally incorrect to assume that a series converter-connected generator with a grid-side inverter can be

modeled by an internal generated voltage E, behind a positive-sequence impedance Z; such that
|Iinv(sc)| = |E4|/|Z,]|. This representation will produce the correct inverter fault current contribution for one

fault location only, namely at the inverter transformer output terminals. At other fault locations on the power
system, the source transformation will produce a lower and incorrect inverter fault current contribution than
that given by Equation (5.1). Since the equivalent positive-sequence impedance varies with the inverter
transformer terminal voltage which is a function of the fault current, the equivalent positive-sequence
impedance must be determined by an iterative process to obtain the correct inverter fault current
contribution at all other fault locations on the power system (as will be seen in the next set of test data).

Therefore, the inverter fault current contribution can be calculated from

Eal — [V
|linv(sc)| - |Z—1|

(5.152)
where V,; is the positive-sequence terminal voltage of the inverter transformer. For a fault at the inverter

transformer output terminals, i.e., V4; = 0 per unit, this simplifies to

|Eal

[linvsey| = 1z (5.153)

To obtain the desired inverter fault current contribution, the equivalent positive-sequence impedance can

be calculated according to Equation (5.3)

|[E4]  1.0pu
|linv(sc)| 2.5 pu

|Z1| =

But
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1Z4| = \/Rlz +X,%= \/th + (X¢ + Xiny)? = 0.4 pu

which leads to

J(0.00313 pu)? + (0.05324 pu + Xiny)? ~ 0.05324 pu + X;py = 0.4 pu

Hence, to obtain the desired inverter fault current contribution, the series converter-connected generator
with a grid-side inverter (including the inverter transformer) can be modelled by an equivalent voltage
source behind a subtransient reactance of 0.4 per unit. From the MATLAB simulation results shown on
page 101 in Table 5.14, the inverter fault current contribution from Bus 52 to the symmetrical three-phase
fault at Bus 4, i.e., the inverter transformer output terminals, is the calculated desired value of 2.5 per unit
or 1,046 A as expected. This result verifies and validates the MATLAB model of the series converter-
connected generator with a grid-side inverter, thereby ensuring the technical accuracy of the model within

the framework of conventional fault analysis techniques.
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Correct

Calculated

Fault at Bus 4 MATLAB Value % Error
Prefault Voltage (kV) 13.8 - -
Fault current (p.u., T0MVA) 25.944 - -
Fault current (kA) 10.855 - -
Voltage-to-ground during fault (p.u.) 0.000 - -
Fault contribution from Bus 2 (p.u.) 15.257 - -
Fault contribution from Bus 2 (kA) 6.384 - -
Voltage-to-ground at Bus 2 (p.u.) 0.814 - -
Fault contribution from Bus 8 (p.u.) 4.484 - -
Fault contribution from Bus 8 (kA) 1.876 - -
Voltage-to-ground at Bus 8 (p.u.) 0.005 - -
Fault contribution from Bus 15 (p.u.) 1.315 - -
Fault contribution from Bus 15 (kA) 0.550 - -
Voltage-to-ground at Bus 15 (p.u.) 0.004 - -
Fault contribution from Bus 16 (p.u.) 0.217 - -
Fault contribution from Bus 16 (kA) 0.091 - -
Voltage-to-ground at Bus 16 (p.u.) 0.001 - -
Fault contribution from Bus 24 (p.u.) 1.304 - -
Fault contribution from Bus 24 (kA) 0.546 - -
Voltage-to-ground at Bus 24 (p.u.) 0.002 - -
Fault contribution from Bus 27 (p.u.) 0.878 - -
Fault contribution from Bus 27 (kA) 0.367 - -
Voltage-to-ground at Bus 27 (p.u.) 0.002 - -
Fault contribution from Bus 52 (p.u.) 2.500 2.500 0.00
Fault contribution from Bus 52 (kA) 1.046 1.046 0.00
Voltage-to-ground at Bus 52 (p.u.) 0.133 - -

Table 5.14: Comparison of MATLAB simulation results against calculated inverter fault current contribution.

For comparison, the fault analysis performed above for a symmetrical three-phase fault at Bus 4 is repeated
on the same system used in the previous set of test data from IEEE Standard 399-1997 [4], with the original
12.5 MVA local synchronous generator identified by “GEN 2” on the single-line diagram shown earlier in
Figure 5.3. The input file to the MATLAB program and the corresponding command window output are

provided in the appendix of this report. The MATLAB simulation results are shown on the next page in Table
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5.15. From the MATLAB simulation results shown in Table 5.15, it is evident that the fault current
contribution during the symmetrical three-phase fault at Bus 4 from the original 12.5 MVA local synchronous
generator identified by “GEN 2” on the single-line diagram shown earlier in Figure 5.3 is significantly greater
than the fault current contribution from the 12.5 MVA series converter-connected generator with a grid-side

inverter identified by “GEN 2” on the single-line diagram shown earlier in Figure 5.4.

12.5 MVA 12.5 MVA
Synchronous Grid-side
Fault at Bus 4 Generator Inverter
Prefault Voltage (kV) 13.8 13.8
Fault current (p.u., TOMVA) 33.244 25.944
Fault current (kA) 13.909 10.855
Voltage-to-ground during fault (p.u.) 0.000 0.000
Fault contribution from Bus 2 (p.u.) 15.257 15.257
Fault contribution from Bus 2 (kA) 6.384 6.384
Voltage-to-ground at Bus 2 (p.u.) 0.814 0.814
Fault contribution from Bus 8 (p.u.) 4.484 4.484
Fault contribution from Bus 8 (kA) 1.876 1.876
Voltage-to-ground at Bus 8 (p.u.) 0.005 0.005
Fault contribution from Bus 15 (p.u.) 1.315 1.315
Fault contribution from Bus 15 (kA) 0.550 0.550
Voltage-to-ground at Bus 15 (p.u.) 0.004 0.004
Fault contribution from Bus 16 (p.u.) 0.217 0.217
Fault contribution from Bus 16 (kA) 0.091 0.091
Voltage-to-ground at Bus 16 (p.u.) 0.001 0.001
Fault contribution from Bus 24 (p.u.) 1.304 1.304
Fault contribution from Bus 24 (kA) 0.546 0.546
Voltage-to-ground at Bus 24 (p.u.) 0.002 0.002
Fault contribution from Bus 27 (p.u.) 0.878 0.878
Fault contribution from Bus 27 (kA) 0.367 0.367
Voltage-to-ground at Bus 27 (p.u.) 0.002 0.002
Fault contribution from GEN 2 (p.u.) 9.789 2.500
Fault contribution from GEN 2 (kA) 4.096 1.046

Table 5.15: Comparison of fault current contributions from a 12.5 MVA synchronous generator and a 12.5 MVA series

converter-connected generator with a grid-side inverter.
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5.5 Test Data 4

The MATLAB fault current analysis program will again be used to perform fault analysis of a power system
with converter-based distributed energy resources, except that the location of the fault on the power system
will be other than the inverter transformer output terminals to demonstrate the iterative process used to
obtain the correct inverter fault current contribution at all other fault locations on the power system. The
fault analysis is performed on the same system used in the previous set of test data shown earlier in Figure
5.4. The input file to the MATLAB program and the corresponding MATLAB command window output are
provided in the appendix of this report. The fault is a symmetrical three-phase fault at Bus 20. The MATLAB

simulation results are shown on pages 109 and 110 in Tables 5.16 and 5.17, respectively.
The rated output current of the inverter on the high-voltage side of the transformer can be calculated from

12.5 MVA

—  =523A
V3 x 13.8kV

Iinv(rated)l =

As mentioned earlier, series converter-connected generators with a grid-side inverter effectively isolate the
electrical generator and its specific electrical performance characteristics from the power system in the
event of a fault on the host system and can provide a controlled fault current response during the entire
fault duration [5]. Therefore, utilities typically require a larger fault current contribution from such generators
to assist power system protection in the detection of fault currents. As a result, modern grid-side inverter
controls are typically designed to supply a constant value of three-phase fault current that is related to the

rated current by Equation (5.1), where a < 3 for most current inverter designs [5] — [12]. For this set of test

data, we will use @ = 2. In this case, the correct inverter fault current contribution is given by
[Tinvse| = 2% 523A=1,046 A

In per unit,

1,046 A  1,046A 1,046 A 1,046 A

Tonse Spase TOMVA _ ~ 4184A
V3X Vipase V3 x13.8kV

|Iinv(sc)| = 5 pu

To overcome the difficulty of integrating a constant current source into the framework of conventional fault
analysis, it must be replaced by a voltage source behind an inductive reactance (as in the case of
synchronous generators) using a Norton-Thevenin source transformation such that the conventional fault

current calculation techniques described earlier in Chapters 2 and 3 may be employed. However, it is
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generally incorrect to assume that a series converter-connected generator with a grid-side inverter can be

modeled by an internal generated voltage E, behind a positive-sequence impedance Z; such that
|Iinv(sc)| = |E4|/|Z;|. This representation will produce the correct inverter fault current contribution for one

fault location only, namely at the inverter transformer output terminals. At other fault locations on the power
system, the source transformation will produce a lower and incorrect inverter fault current contribution than
that given by Equation (5.1). Since the equivalent positive-sequence impedance varies with the inverter
transformer terminal voltage which is a function of the fault current, the equivalent positive-sequence
impedance must be determined by an iterative process to obtain the correct inverter fault current
contribution at all other fault locations on the power system. Therefore, the inverter fault current contribution
can be calculated from Equation (5.2), where V,; is the positive-sequence terminal voltage of the inverter
transformer. For a fault at the inverter transformer output terminals, i.e., V44 = 0 per unit, this simplifies to
Equation (5.3) as seen in the previous set of test data. However, at all other fault locations on the power
system, Equation (5.3) will produce a lower and incorrect inverter fault current contribution than that given
by Equation (5.1). To obtain the desired inverter fault current contribution at all other fault locations on the
power system, the equivalent positive-sequence impedance must be determined by an iterative process

until it produces an inverter fault current contribution that converges to the desired value.

For the first iteration, we will assume V4, = 0 per unit as an initial estimated value for the inverter
transformer terminal voltage during the fault on the power system. This value will then be used to calculate
the equivalent positive-sequence impedance according to Equation (5.2), which will be supplied as input
data to the MATLAB program. The output of the MATLAB program will be observed to determine if the
desired value of the inverter fault current contribution matches the MATLAB simulation results based on
the estimated values of the inverter transformer terminal voltage and the equivalent positive-sequence
impedance. If any mismatch exists, subsequent iterations are performed until the desired value of the
inverter fault current contribution matches the MATLAB simulation results. During each subsequent
iteration, the starting value for the inverter transformer terminal voltage during the fault on the power system
will be updated based on the MATLAB simulation results of the previous iteration and the process described
above will be repeated until the corresponding equivalent positive-sequence impedance calculated from
Equation (5.2) produces the desired inverter fault current contribution. Substituting V,; = 0 per unit into

Equation (5.2) yields

|E4] 1.0 pu
|Z,] = =5z = 0.4 pu
|Iinv(sc)| -0 pu

But
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1Z4| = \/Rlz +X,%= \/th + (X¢ + Xiny)? = 0.4 pu

which leads to

J(0.00313 pu)? + (0.05324 pu + Xiny)? ~ 0.05324 pu + X;py = 0.4 pu

From the MATLAB simulation results shown on page 109 in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 0.536 per unit or 224 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.

For the second iteration, we will use |E4| — |V41| = 0.21440 per unit as a starting value based on the

MATLAB simulation results from the previous iteration, i.e.,
|Eal = V41| = |Tinvso| X 1211 = 0.536 pu x 0.4 pu = 0.21440 pu
Repeating the process described above with this updated value yields

|E4| — [V41]  0.21440 pu
|Z1| = = 25
|Iinv(sc)| -0 pu

= 0.08576 pu

which leads to

1Z,| = /Rlz + X% = X; = X, + Xipy = 0.05324 pu + X, = 0.08576 pu

From the MATLAB simulation results shown on page 109 in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 1.934 per unit or 809 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.

For the third iteration, we will use |E,| — |V,1| = 0.16586 per unit as a starting value based on the

MATLAB simulation results from the previous iteration, i.e.,

|Eal = Va1 | = |Linvso | X 1211 = 1.934 pu % 0.08576 pu = 0.16586 pu
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Repeating the process described above with this updated value yields

|E4| — [V4;]  0.16586 pu
|Z1| = = 2
|Iinv(sc)| -0 pu

= 0.06634 pu

which leads to

1Z,| = /Rlz + X% = X, = X, + Xipy = 0.05324 pu + X, = 0.06634 pu

From the MATLAB simulation results shown on page 109 in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 2.305 per unit or 964 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.

For the fourth iteration, we will use |E4| — [V441] = 0.15291 per unit as a starting value based on the

MATLAB simulation results from the previous iteration, i.e.,
|Eal = Va1 | = |TLinvso | X 1211 = 2.305 pu % 0.06634 pu = 0.15291 pu
Repeating the process described above with this updated value yields

[Ea| — [Vay| 015291 pu

|Z | = =
! |linv(sc)| 2.5 pu

= 0.06117 pu

which leads to

1Z,| = /Rlz + X% = X; = X; + Xiny = 0.05324 pu + Xj,, = 0.06117 pu

From the MATLAB simulation results shown on page 109 in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 2.430 per unit or 1,017 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.

For the fifth iteration, we will use |E4| — |V, | = 0.14864 per unit as a starting value based on the MATLAB

simulation results from the previous iteration, i.e.,
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|Eal = Va1 | = |Linvso | X 1211 = 2.430 pu % 0.06117 pu = 0.14864 pu
Repeating the process described above with this updated value yields

|E4| — |V4y| 0.14864 pu
|Z1| = = 25
|Iinv(sc)| -0 pu

= 0.05946 pu

which leads to

1Z,| = /Rlz + X2 = X; = X, + Xipy = 0.05324 pu + X;,,y, = 0.05946 pu

From the MATLAB simulation results shown on page 109 in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 2.474 per unit or 1,035 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.

For the sixth iteration, we will use |E4| — |V41| = 0.14710 per unit as a starting value based on the

MATLAB simulation results from the previous iteration, i.e.,
|Eal = Va1 | = |Linveso | X 1211 = 2.474 pu x 0.05946 pu = 0.14710 pu
Repeating the process described above with this updated value yields

E .l — |V 0.14710 pu
1z, = Eal = Wl _ P~ 0.05884 pu
|Iinv(sc)| 2.5 pu

which leads to

1Z,| = /Rlz + X2 = X; = X, + Xipy = 0.05324 pu + X;,, = 0.05884 pu

From the MATLAB simulation results shown on page 109 in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 2.490 per unit or 1,042 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.
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For the seventh iteration, we will use |E,| — [V4,] = 0.14651 per unit as a starting value based on the

MATLAB simulation results from the previous iteration, i.e.,
|Eal — Va1l = |TLinvso | X 1Z1] = 2.490 pu x 0.05884 pu = 0.14651 pu
Repeating the process described above with this updated value yields

|Es| — |Vyy|  0.14651 pu
1211 = T 25
|Iinv(sc)| -0 pu

= 0.05860 pu

which leads to

1Z,| = /Rlz + X2 = X; = X, + Xipy = 0.05324 pu + X;,, = 0.05860 pu

From the MATLAB simulation results shown on the next page in Table 5.16, the inverter fault current
contribution during the symmetrical three-phase fault at Bus 20 is 2.495 per unit or 1,044 A. As a result, the
equivalent positive-sequence impedance must be further adjusted by recalculating Equation (5.2) until it

produces an inverter fault current contribution that converges to the desired value.

For the eighth iteration, we will use |E4| — [V41| = 0.14621 per unit as a starting value based on the

MATLAB simulation results from the previous iteration, i.e.,
|Eal = Va1 | = |Linvso | X 1211 = 2.495 pu x 0.05860 pu = 0.14621 pu
Repeating the process described above with this updated value yields

|E4| — [V41]  0.14621 pu
|Z1| = = 25
|Iinv(sc)| -0 pu

= 0.05848 pu

which leads to

1Z,| = /Rlz + X2 = X; = X, + Xipy = 0.05324 pu + X;,, = 0.05848 pu

From the MATLAB simulation results shown on the next page in Table 5.16, the inverter fault current

contribution during the symmetrical three-phase fault at Bus 20 is the calculated desired value of 2.5 per
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unit or 1,046 A as expected. As a result, the equivalent positive-sequence impedance need not be further
adjusted by recalculating Equation (5.2) due to that the calculated inverter fault current contribution has
converged to the desired value and no further iterations are required. Hence, to obtain the desired inverter
fault current contribution, the series converter-connected generator with a grid-side inverter (including the
inverter transformer) can be modelled by an equivalent voltage source behind a subtransient reactance of
0.05848 per unit. This result verifies and validates the MATLAB model of the series converter-connected
generator with a grid-side inverter, thereby ensuring the technical accuracy of the model within the

framework of conventional fault analysis techniques.

Inverter Inverter
Fault Fault
Contribution Contribution
Fault at Bus 20 (p-u., 10MVA) (kA) % Error
Iteration 2 1.934 0.809 22.64
Iteration 3 2.305 0.964 7.80
Iteration 4 2.430 1.017 2.80
Iteration 5 2474 1.035 1.04
Iteration 6 2.490 1.042 0.40
Iteration 7 2.495 1.044 0.20
Iteration 8 2.500 1.046 0.00

Table 5.16: Comparison of MATLAB simulation results against calculated inverter fault current contribution.

For comparison, the fault analysis performed above for a symmetrical three-phase fault at Bus 20 is
repeated on the same system used in test data 2 from IEEE Standard 399-1997 [4], with the original 12.5
MVA local synchronous generator identified by “GEN 2” on the single-line diagram shown earlier in Figure
5.3. The input file to the MATLAB program and the corresponding command window output are provided
in the appendix of this report. The MATLAB simulation results are shown on the next page in Table 5.17.
From the MATLAB simulation results shown in Table 5.17, it is evident that the fault current contribution
during the symmetrical three-phase fault at Bus 20 from the original 12.5 MVA local synchronous generator
identified by “GEN 2” on the single-line diagram shown earlier in Figure 5.3 is less than the fault current
contribution from the 12.5 MVA series converter-connected generator with a grid-side inverter identified by
“GEN 2” on the single-line diagram shown earlier in Figure 5.4. This result emphasizes the need to develop
mathematical and software simulation models that approximate the response of converter-based distributed
energy resources during a fault on the transmission or distribution system in order to determine the fault

current contributions to the electrical grid that a transmission or distribution utility needs to reflect in their
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connection impact assessments essential for the design and application of distribution and protective

apparatuses used in these systems.

12.5 MVA 12.5 MVA

Synchronous Grid-side

Fault at Bus 20 Generator Inverter

Prefault Voltage (kV) 2.40 2.40
Fault current (p.u., 10MVA) 7.188 7.373
Fault current (kA) 3.007 3.085
Voltage-to-ground during fault (p.u.) 0.000 0.000
Fault contribution from Bus 15 (p.u.) 5.554 5.739
Fault contribution from Bus 15 (kA) 2.324 2.401
Voltage-to-ground at Bus 15 (p.u.) 0.815 0.842
Fault contribution from motors (p.u.) 1.634 1.634
Fault contribution from motors (kA) 0.684 0.684
Fault contribution from GEN 2 (p.u.) 1.702 2.500
Fault contribution from GEN 2 (kA) 0.712 1.046

Table 5.17: Comparison of fault current contributions from a 12.5 MVA synchronous generator and a 12.5 MVA series

converter-connected generator with a grid-side inverter.
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5.6 Chapter Summary

Based on the testing results presented in this chapter, it can be concluded that the desired inverter fault
current contribution, given by |Ijse)| = @|ligateay|, Was successfully obtained by modelling the series
converter-connected generator with a grid-side inverter (including the inverter transformer) by an equivalent
voltage source behind an inductive reactance using a Norton-Thevenin source transformation such that
conventional fault current calculation techniques were able to be employed. These results verify and
validate the MATLAB model of the series converter-connected generator with a grid-side inverter, thereby
ensuring the technical accuracy of the model within the framework of conventional fault analysis techniques.
Furthermore, based on the testing results presented in this chapter, it can also be concluded that the fault
current contribution from a series converter-connected generator with a grid-side inverter during a fault at
the inverter transformer output terminals is significantly less than the fault current contribution from an
equivalent local synchronous generator at the same fault location on the power system. However, at other
fault locations on the power system, it was concluded that this is not necessarily the case and for a given
fault location on the power system, the fault current contribution from the series converter-connected
generator with a grid-side inverter was greater than the fault current contribution from the equivalent local
synchronous generator. These results emphasize the need to develop mathematical and software
simulation models that approximate the fault response of converter-based distributed energy resources
within the framework of conventional fault analysis techniques and accurately simulate the fault current
contributions to the electrical grid that a transmission or distribution utility needs to reflect in their connection
impact assessments essential for the design and application of distribution and protective apparatuses used

in these systems.
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Chapter 6 — Conclusion

6.1 General

In summary, electrical power systems are complex systems composed of a wide range of equipment
devoted to generating, transmitting, and distributing electrical power to various consumption centers.
Although these systems are designed to serve loads in a safe and reliable manner, the very complexity of
these systems suggests that failures are unavoidable regardless of how carefully these systems have been
designed. The feasibility of designing and operating a power system with zero failure rate is, if not realistic,
economically unjustifiable. A fault in a circuit is any failure that interferes with the normal flow of current to
the loads [1]. In most faults, a current path develops between two or more phases, or between one or more
phases and the neutral (ground). Once this current path is established, it provides a short-circuit with
relatively low impedance resulting in excessive current flows. If uncontrolled, these excessive current flows
can cause service outage with accompanying downtown of equipment and associated inconvenience,
interruption of essential facilities or vital services, extensive equipment damage, personnel injury or fatality,

and possible fire damage [2].

Electric power systems have used and will continue to use synchronous machines in the foreseeable future
for the generation of electricity. However, with emerging concerns over climate change and the need for
reduced greenhouse gas emissions, together with the growing awareness of the importance of the natural
environment and the depletion of the earth’s non-renewable energy resources, the generation of electricity
from distributed renewable energy resources such as solar photovoltaic (PV) and wind energy has begun
to expand at a rapid pace. Proliferation of converter-based distributed energy resources in distribution
systems has introduced new challenges in determining the maximum possible fault currents that a power
system must be able to withstand without being compromised. As part of a connection impact assessment
for a new generation facility, utilities require detailed information on fault characteristics of the generation
sources. Without accurate data and details of the fault current contributions from series converter-
connected solar PV and wind generators, it is not possible to assess the risk of connecting them and hence
determining the strategy and settings of the overcurrent protective devices that protect the power system.
Therefore, it is imperative to develop the mathematical and software simulation models that approximate
the response of converter-based distributed energy resources during a fault on the transmission or
distribution system in order to determine the fault current contributions to the electrical grid that a

transmission or distribution utility needs to reflect in their connection impact assessments.
From the analysis in the report body, it was concluded that full-scale static converters effectively isolate the

electrical generator and its specific electrical performance characteristics from the power system in the

event of a fault on the host system. The performance of series converter-connected generators during a
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fault on the converter output terminals or elsewhere on the power system is dictated by the control strategy
of the inverter. Before a fault occurs, the inverter output current is controlled both in magnitude and phase.
The phase is typically set within minimum and maximum limits with respect to the zero crossing of the
output voltage to ensure that the inverter reactive power output is kept within corresponding minimum and
maximum limits. When a fault occurs on the power system, the inverter’s inherent constant current control
strategy can ensure that the inverter is able to provide a controlled fault current response during the entire
fault duration. Therefore, utilities typically require a larger fault current contribution from such generators to
assist power system protection in the detection of fault currents. As a result, modern grid-side inverter
controls are typically designed to supply a larger and constant value of three-phase fault current that is

related to the rated current by |I;s¢)| = @|licratea)|, Where a < 3 for most current inverter designs [5] — [12].

In addition, most modern inverters are designed to continue to supply balanced three-phase currents
irrespective of the degree of their voltage unbalance and are therefore considered to act as positive-
sequence constant current sources during the entire fault duration [5]. Furthermore, the inverter constant
current control strategy ensures that the positive-sequence fault current supplied does not contain a dc
component of current and is normally very fast so that the ac symmetrical component of current does not
change with time during the fault, which means that the subtransient and steady-state inverter fault current

contributions are equal [5].
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6.2 Chapter Wise Summary

The preceding chapters and succeeding appendix comprising the entirety of the report can be summarized

by the following:

The second chapter of the report, entitled “Symmetrical Faults”, begins with an introduction to fault analysis,
followed by a discussion of three-phase symmetrical faults and concludes with the formulation of a general
procedure for calculating the voltages and fault currents at each bus and in each transmission line in a
power system for symmetrical three-phase faults during the subtransient, transient, or steady-state periods.
This general procedure is then illustrated by means of an example. This chapter provides the necessary

background for subsequent chapters.

The third chapter of the report, entitled “Symmetrical Components and Unsymmetrical Faults”, beings with
an introduction to the analysis of unbalanced power systems, followed by a discussion of symmetrical
components, sequence impedances and sequence networks, positive-, negative-, and zero-sequence
equivalent circuits of generators, transmission lines, transformers, etc. and concludes with a discussion of
single line-to-ground, line-to-line, and double line-to-ground faults on an unloaded generator which is then
extended to unsymmetrical faults on more complex power systems. The relationships developed for each
type of unsymmetrical fault are used to formulate a general procedure for calculating the voltages and fault
currents in single line-to-ground, line-to-line, and double line-to-ground faults on a power system during the
subtransient, transient, or steady-state periods. These relationships are then extended to the case where
a fault occurs thorough an impedance. This chapter provides the necessary background for subsequent
chapters.

The fourth chapter of the report, entitled “Power System Modelling and Fault Analysis of Converter-Based
Distributed Energy Resources” begins with an introduction to the challenges imposed by the proliferation
of converter-based distributed energy resources and identifies the importance of developing mathematical
and software simulation models that approximate the response of converter-based distributed energy
resources during a fault on the transmission or distribution system. This is subsequently followed by both a
qualitative and quantitative analysis of the fault current contributions from converter-based distributed
energy resources in the event of a fault on the host system (information that a transmission or distribution
utility needs to reflect in their connection impact assessments). The chapter concludes with the modelling
and fault analysis of converter-based distributed energy resources in the event of a fault on the dc side of

a grid-side inverter.

The fifth chapter of the report, entitled “MATLAB Fault Current Analysis Program”, begins with an

introduction to a MATLAB program developed for calculating the voltages and fault currents at each bus
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and in each transmission line in a power system for symmetrical three-phase, single line-to-ground, line-to-
line, or double line-to-ground faults during the subtransient, transient, or steady-state periods. Test data is
used to verify and validate the MATLAB program against published cases and other fault current analysis
software programs to ensure its technical accuracy. After comparing the results, the MATLAB program is
then used to perform fault analysis of a power system with converter-based distributed energy resources
in order to simulate the fault current contributions to the electrical grid that a transmission or distribution
utility needs to reflect in their connection impact assessments. The input files to the MATLAB program and
the corresponding MATLAB Command Window outputs for each set of test data are provided in the

appendix of this report.

Finally, the sixth chapter of the report is entitled “Conclusion”, followed by an appendix which contains the
entire code for the MATLAB program developed for calculating the voltages and fault currents at each bus
and in each transmission line in a power system for symmetrical three-phase, single line-to-ground, line-to-
line, or double line-to-ground faults during the subtransient, transient, or steady-state periods. The input
files to the MATLAB program and the corresponding MATLAB Command Window outputs for each set of

test data (from Chapter 5) are also provided in the appendix of this report.
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6.3 Contribution and Conclusions

In this report, theoretical models for converter-based distributed energy resources that have been presented
in various literary works and publications on the topic [5] - [12] are implemented using a program developed
in MATLAB for performing fault current analysis of a power system using conventional fault analysis
techniques, i.e., calculating the voltages and fault currents at each bus and in each transmission line in the
power system for symmetrical three-phase, single line-to-ground, line-to-line, or double line-to-ground faults
during the subtransient, transient, or steady-state periods. The MATLAB fault current analysis program was
used to perform fault analysis of a power system with converter-based distributed energy resources in order
to demonstrate how to implement these models to approximate the fault response of converter-based
distributed energy resources within the framework of conventional fault analysis techniques and accurately
simulate the fault current contributions to the electrical grid that a transmission or distribution utility needs
to reflect in their connection impact assessments essential for the design and application of distribution and

protective apparatuses used in these systems.

It was discussed that series converter-connected generators with grid-side inverters (e.g., solar PV and
wind turbine generators) that deliver an increased constant current in response to the occurrence of a fault
on the power system can be represented in industry-based fault studies by a positive-sequence equivalent
circuit consisting of a constant current source, given by |I;is)| = @|Iirateay|, @nd negative- and zero-
sequence equivalent circuits consisting of infinite negative- and zero-sequence impedances, respectively,
i.e., open-circuits. To overcome the difficulty of integrating a constant current source into the framework of
conventional fault analysis, it was replaced by a voltage source behind an inductive reactance (as in the
case of synchronous generators) using a Norton-Thevenin source transformation such that the
conventional fault current calculation techniques described earlier in Chapters 2 and 3 may be employed.
However, it was discussed that it is generally incorrect to assume that a series converter-connected
generator with a grid-side inverter can be modeled by an internal generated voltage E4 behind a positive-
sequence impedance Z; such that |Ii(sc)| = |E4|/|Z;]. This representation will produce the correct inverter
fault current contribution for one fault location only, namely at the inverter transformer output terminals. At
other fault locations on the power system, the source transformation will produce a lower and incorrect
inverter fault current contribution than that given by |Ijse)| = @|Liratea)|- Since the equivalent positive-
sequence impedance varies with the inverter transformer terminal voltage which is a function of the fault
current, the equivalent positive-sequence impedance must be determined by the iterative process
described in Chapter 5 until it produces an inverter fault current contribution that converges to the desired

value at all other fault locations on the power system.

Based on the testing results from Chapter 5, it can be concluded that the desired inverter fault current

contribution, given by [I;se)| = @|liratea)|, Was successfully obtained by modelliing the series converter-
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connected generator with a grid-side inverter (including the inverter transformer) by an equivalent voltage
source behind an inductive reactance using a Norton-Thevenin source transformation such that
conventional fault current calculation techniques were able to be employed. These results verify and
validate the MATLAB model of the series converter-connected generator with a grid-side inverter, thereby
ensuring the technical accuracy of the model within the framework of conventional fault analysis techniques.
Furthermore, based on the testing results from Chapter 5, it can also be concluded that the fault current
contribution from a series converter-connected generator with a grid-side inverter during a fault at the
inverter transformer output terminals is significantly less than the fault current contribution from an
equivalent local synchronous generator at the same fault location on the power system. However, at other
fault locations on the power system, it was concluded that this is not necessarily the case and for a given
fault location on the power system, the fault current contribution from the series converter-connected
generator with a grid-side inverter was greater than the fault current contribution from the equivalent local
synchronous generator. These results emphasize the need to develop mathematical and software
simulation models that approximate the fault response of converter-based distributed energy resources
within the framework of conventional fault analysis techniques and accurately simulate the fault current
contributions to the electrical grid that a transmission or distribution utility needs to reflect in their connection

impact assessments.
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% name baseMVA
SYSTEM PowerWorld 100
% name volts

BUS One 1.05

BUS Two 1.05

BUS Three 1.05

BUS Four 1.05

BUS Five 1.05

% from to Rse
LINE One Five 0.000
LINE Two Four 0.000
LINE Two Five 0.000
LINE Three Four 0.000
LINE Four Five 0.000
% bus Xs
GENERATOR One 0.00 0.0
GENERATOR Three 0.00 0.0
% bus Calc Type

FAULT One

SLG

Calc_time

Xse

.020
.100
.050
.010
.025

O O O O O

xp
0.00
0.00

Gsh

.000
.000
.000
.000
.000

o O O O O

Xpp
0.045
0.0225

Bsh

.000
.000
.000
.000
.000

O O O O O

X2
0.045
0.0225

.020
.300
.150
.010
.075

O O O O O

X0
0.0125
0.0125

w N W w N -

(0-All;1-Subtransient;2-Transient;3-Steady-state)



MATLAB Command Window

Page 1

>> short circuit PowerWorld

Input data summary statistics:
23 total lines in input file
1 SYSTEM lines

5 BUS lines
5 LINE lines
2 GENERATOR lines
0 MOTOR lines
1 TYPE lines
Zbusl =
30.027973 30.017703 30.008514 30.012297 30.020405
30.017703 30.056952 30.013649 30.019715 7j0.025571
70.008514 70.013649 30.018243 30.016351 30.012297
30.012297 3j0.019715 30.016351 70.023619 3j0.017763
30.020405 30.025571 30.012297 30.017763 70.029474
Zbus2 =
30.027973 30.017703 370.008514 30.012297 70.020405
30.017703 30.056952 30.013649 30.019715 7j0.025571
70.008514 70.013649 30.018243 30.016351 30.012297
30.012297 30.019715 30.016351 70.023619 3j0.017763
30.020405 30.025571 30.012297 30.017763 30.029474
Zbus0 =
30.012500 30.000000 30.000000 30.000000 30.000000
30.000000 30.108939 350.000000 30.004394 30.011212
30.000000 30.000000 30.012500 30.000000 30.000000
30.000000 30.004394 30.000000 30.008939 30.002121
30.000000 30.011212 30.000000 30.002121 30.015758
Results for System Name "PowerWorld"
Single Line-to-Ground Fault at Bus One
Calculating Subtransient Currents
|- Bus Information-----————————————-— | —————= Line Information------ |
| Bus P Volts / angle Amps / angle | To | P Amps / angle |
| no Name h (pu) (deg) (pu) (deg) | Bus | h (pu) (deg)
| T s |
1 One a .000/ 0.00 46.022/ -90.00
b .954/-107.55 0.000/ 0.00
c .954/ 107.55 0.000/ 0.00
Five a 11.609/ 90.00
b 5.805/ -90.00
c 5.805/ -90.00
2 Two a .507/ 0.00 0.000/ 0.00
b .944/-105.57 0.000/ 0.00
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c 0.944/ 105.

Three a 0.789/ 0.
b 0.991/-113.

c 0.991/ 113.

Four a 0.673/ 0.
b 0.970/-110.

c 0.970/ 110.

Five a 0.424/ 0.

b 0.934/-103.
c 0.934/ 103.

57

00
45
45

00
30
30

00
12
12

.000/

.000/
.000/
.000/

.000/
.000/
.000/

0.000/
0.000/
0.000/

.00

.00
.00
.00

.00
.00
.00

0.00
0.00
0.00

Four

Five

Four

Two

Three

Five

One

Two

Four

Q O Q 0w

o

Q 0O M Q0o Q0w

Q09 Q0 Q0w
BN O O O Ul O

O O O o -

11.609/ -90.00
805/ 90.
805/ 90.

5.
5.

.658/  90.
.829/ -90.
.829/ -90.
.658/ -90.
.829/ 90.
.829/  90.

00
00
00
00
00
00

00
00

1.658/ -90.00

0.829/ 90.00
0.829/ 90.00
11.609/ 90.00
5.805/ -90.00
5.805/ -90.00
9.951/ -90.00
4.975/ 90.00
4.975/ 90.00

11.609/ -90.00

.805/ 90.
.805/  90.
.658/  90.
.829/ -90.
.829/ -90.
.951/ 90.
.975/ -90.
.975/ -90.

00
00
00
00
00
00
00
00



O J o U b w DN
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% name baseMVA
SYSTEM PowerWorld 100
% name volts

BUS One 1.05

BUS Two 1.05

BUS Three 1.05

BUS Four 1.05

BUS Five 1.05

% from to Rse
LINE One Five 0.000
LINE Two Four 0.000
LINE Two Five 0.000
LINE Three Four 0.000
LINE Four Five 0.000
% bus Xs
GENERATOR One 0.00 0.0
GENERATOR Three 0.00 0.0
% bus Calc Type

FAULT Two

SLG

Calc_time

Xse

.020
.100
.050
.010
.025

O O O O O

xp
0.00
0.00

Gsh

.000
.000
.000
.000
.000

o O O O O

Xpp
0.045
0.0225

Bsh

.000
.000
.000
.000
.000

O O O O O

X2
0.045
0.0225

.020
.300
.150
.010
.075

O O O O O

X0
0.0125
0.0125

w N W w N -

(0-All;1-Subtransient;2-Transient;3-Steady-state)
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>> short circuit PowerWorld

Input data summary statistics:
23 total lines in input file
1 SYSTEM lines

Information

P Amps / angle
(deg)

h  (pu)

a 3.707/
.854/
c 1.854/

o
s

.151/
.113/
.113/
.984/
.113/
.113/

Qoo 0 o0 w
O O o o WU

a 5.716/
2.858/
c 2.858/

o

.151/
.113/
.113/
.716/
.858/
.858/

-90.
90.
90.

90.
-90.
-90.

90.

90.

90.

-90.
90.
90.

-90.
90.
90.
90.

-90.

-90.

00
00
00

00
00
00
00
00
00

00
00
00

00
00
00
00
00
00

5 BUS lines
5 LINE lines
2 GENERATOR lines
0 MOTOR lines
1 TYPE lines
Results for System Name "PowerWorld"
Single Line-to-Ground Fault at Bus Two
Calculating Subtransient Currents
| === ———— Bus Information-------—-———————-——-— | ===—=- Line
| Bus P Volts / angle Amps / angle | To |
| no Name h (pu) (deq) (pu) (deqg) | Bus |
|--—------ - - =~~~ ————— |
1 One a 0.883/ 0.00 0.000/ 0.00
b 1.011/-115.90 0.000/ 0.00
c 1.011/ 115.90 0.000/ 0.00
Five
2 Two a 0.000/ 0.00 14.135/ -90.00
b 1.192/-130.26 0.000/ 0.00
c 1.192/ 130.26 0.000/ 0.00
Four
Five
3 Three a 0.921/ 0.00 0.000/ 0.00
b 1.019/-116.87 0.000/ 0.00
c 1.019/ 116.87 0.000/ 0.00
Four
4 Four a 0.844/ 0.00 0.000/ 0.00
b 1.016/-116.47 0.000/ 0.00
c 1.016/ 116.47 0.000/ 0.00
Two
Three
Five

.636/
.675/

o Q0 0 e o 0w
o N NN OO oW

-90.
90.

00
00
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Five a
b
c

0.756/ 0.00
1.018/-116.70
1.018/ 116.70

0.000/
0.000/
0.000/

0.00
0.00
0.00

One

Two

Four

QO ® Q0o Q0w
O ONO O R P W

.675/

90.

00



O J o U b w DN

NS I R N R N e = = T = R e
WNRFE O WIS WN P o W

% name baseMVA
SYSTEM PowerWorld 100

% name volts

BUS One 1.05

BUS Two 1.05

BUS Three 1.05

BUS Four 1.05

BUS Five 1.05

% from to Rse
LINE One Five 0.000
LINE Two Four 0.000
LINE Two Five 0.000
LINE Three Four 0.000
LINE Four Five 0.000

% bus Xs
GENERATOR One 0.00 0.0
GENERATOR Three 0.00 0.0

% bus Calc Type Calc_
FAULT Three SLG 1

Xse

.020
.100
.050
.010
.025

O O O O O

xp
0.00
0.00

time

Gsh

.000
.000
.000
.000
.000

o O O O O

Xpp
0.045
0.0225

(0-All;1-Subtransient;2-Transient;3-Steady-state)

Bsh

.000
.000
.000
.000
.000

O O O O O

X2
0.045
0.0225

.020
.300
.150
.010
.075

O O O O O

X0
0.0125
0.0125

w N W w N -
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>> short circuit PowerWorld

Input data summary statistics:

Information

P Amps / angle
(deg)

h  (pu)

a 8.110/
4.055/
c 4.055/

o

.159/
.579/
.579/
.159/
.579/
.579/

Qoo 0 o0 w
O O r O O K

a 8.110/
4.055/
c 4.055/

o

.159/
.579/
.579/
.110/
.055/
.055/

-90.
90.
90.

-90.
90.
90.
90.

-90.

-90.

90.
-90.
-90.

90.
-90.
-90.
-90.

90.

90.

00
00
00

00
00
00
00
00
00

00
00
00

00
00
00
00
00
00

23 total lines in input file
1 SYSTEM lines
5 BUS lines
5 LINE lines
2 GENERATOR lines
0 MOTOR lines
1 TYPE lines
Results for System Name "PowerWorld"
Single Line-to-Ground Fault at Bus Three
Calculating Subtransient Currents
| === ———— Bus Information-------—-———————-——-— | ===—=- Line
| Bus P Volts / angle Amps / angle | To |
| no Name h (pu) (deq) (pu) (deqg) | Bus |
|--—------ - - =~~~ ————— |
1 One a 0.685/ 0.00 0.000/ 0.00
b 0.972/-110.64 0.000/ 0.00
c 0.972/ 110.64 0.000/ 0.00
Five
2 Two a 0.465/ 0.00 0.000/ 0.00
b 0.939/-104.34 0.000/ 0.00
c 0.939/ 104.34 0.000/ 0.00
Four
Five
3 Three a 0.000/ 180.00 64.303/ -90.00
b 0.994/-113.84 0.000/ 0.00
c 0.994/ 113.84 0.000/ 0.00
Four
4 Four a 0.349/ 0.00 0.000/ 0.00
b 0.926/-100.86 0.000/ 0.00
c 0.926/ 100.86 0.000/ 0.00
Two
Three
Five

.952/
.476/

o Q0 0 e o 0w
W o w O O R

90.
-90.

00
00
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Five a
b
c

0.523/ 0.00
0.946/-106.04
0.946/ 106.04

0.000/
0.000/
0.000/

0.00
0.00
0.00

One

Two

Four

QO ® Q0o Q0w
W W oo O

.476/

-90.

00



O J o U b w DN

NS I R N R N e = = T = R e
WNRFE O WIS WN P o W

% name baseMVA
SYSTEM PowerWorld 100

% name volts

BUS One 1.05

BUS Two 1.05

BUS Three 1.05

BUS Four 1.05

BUS Five 1.05

% from to Rse
LINE One Five 0.000
LINE Two Four 0.000
LINE Two Five 0.000
LINE Three Four 0.000
LINE Four Five 0.000

% bus Xs
GENERATOR One 0.00 0.0
GENERATOR Three 0.00 0.0

% bus Calc Type Calc_
FAULT Four SLG 1

Xse

.020
.100
.050
.010
.025

O O O O O

xp
0.00
0.00

time

Gsh

.000
.000
.000
.000
.000

o O O O O

Xpp
0.045
0.0225

(0-All;1-Subtransient;2-Transient;3-Steady-state)

Bsh

.000
.000
.000
.000
.000

O O O O O

X2
0.045
0.0225

.020
.300
.150
.010
.075

O O O O O

X0
0.0125
0.0125

w N W w N -
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>> short circuit PowerWorld
Input data summary statistics:
23 total lines in input file
1 SYSTEM lines
5 BUS lines
5 LINE lines
2 GENERATOR lines
0 MOTOR lines
1 TYPE lines
Results for System Name "PowerWorld"
Single Line-to-Ground Fault at Bus Four
Calculating Subtransient Currents
| === ———— Bus Information-------—-———————-——-— | ===—=- Line
| Bus P Volts / angle Amps / angle | To |
| no Name h (pu) (deq) (pu) (deqg) | Bus |
|--—------ - - =~~~ ————— |
1 One a 0.590/ 0.00 0.000/ 0.00
b 0.956/-107.98 0.000/ 0.00
c 0.956/ 107.98 0.000/ 0.00
Five
2 Two a 0.231/ 0.00 0.000/ 0.00
b 0.940/-104.70 0.000/ 0.00
c 0.940/ 104.70 0.000/ 0.00
Four
Five
3 Three a 0.439/ 0.00 0.000/ 0.00
b 0.935/-103.56 0.000/ 0.00
c 0.935/ 103.56 0.000/ 0.00
Four
4 Four a 0.000/ 0.00 56.073/ -90.00
b 0.943/-105.41 0.000/ 0.00
c 0.943/ 105.41 0.000/ 0.00
Two
Three
Five

Information------ |
P Amps / angle
h  (pu) (deg)
a 10.216/ -90.00
b 5.108/ 90.00
c 5.108/ 90.00
a 1.743/ -90.00
b 0.446/ 90.00
c 0.446/ 90.00
a 1.743/ 90.00
b 0.446/ -90.00
c 0.446/ -90.00
a 27.167/ =-90.00
b 13.583/ 90.00
c 13.583/ 90.00
a 1.743/ 90.00
b 0.446/ -90.00
c 0.446/ -90.00
a 27.167/ 90.00
b 13.583/ -90.00
c 13.583/ -90.00
a 10.455/ 90.00
b 2.679/ -90.00
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c 2.679/ -90.00
5 Five a 0.346/ 0.00 0.000/ 0.00
b 0.939/-104.35 0.000/ 0.00
c 0.939/ 104.35 0.000/ 0.00

0.446/ 90.00
10.455/ -90.00
b 2.679/ 90.00
c 2.679/ 90.00

One a 10.216/ 90.00
b 5.108/ -90.00
c 5.108/ =90.00
Two a 1.743/ -90.00
b 0.446/ 90.00
c
a

Four



O J o U b w DN

NS I R N R N e = = T = R e
WNRFE O WIS WN P o W

% name baseMVA
SYSTEM PowerWorld 100

% name volts

BUS One 1.05

BUS Two 1.05

BUS Three 1.05

BUS Four 1.05

BUS Five 1.05

% from to Rse
LINE One Five 0.000
LINE Two Four 0.000
LINE Two Five 0.000
LINE Three Four 0.000
LINE Four Five 0.000

% bus Xs
GENERATOR One 0.00 0.0
GENERATOR Three 0.00 0.0

% bus Calc Type Calc_
FAULT Five SLG 1

Xse

.020
.100
.050
.010
.025

O O O O O

xp
0.00
0.00

time

Gsh

.000
.000
.000
.000
.000

o O O O O

Xpp
0.045
0.0225

(0-All;1-Subtransient;2-Transient;3-Steady-state)

Bsh

.000
.000
.000
.000
.000

O O O O O

X2
0.045
0.0225

.020
.300
.150
.010
.075

O O O O O

X0
0.0125
0.0125

w N W w N -
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>> short circuit PowerWorld

Input data summary statistics:

Information------ |
P Amps / angle |
h (pu) (deg) |

a 12.747/ -90.00

b 6.373/ 90.00
c 6.373/ 90.00
a 2.621/ 90.00
b 0.671/ -90.00
c 0.671/ -90.00
a 2.621/ -90.00
b 0.671/ 90.00
c 0.671/ 90.00

a 15.363/ -90.00

23 total lines in input file
1 SYSTEM lines
5 BUS lines
5 LINE lines
2 GENERATOR lines
0 MOTOR lines
1 TYPE lines
Results for System Name "PowerWorld"
Single Line-to-Ground Fault at Bus Five
Calculating Subtransient Currents
| === ———— Bus Information-------—-———————-——-— | ===—=- Line
| Bus P Volts / angle Amps / angle | To |
| no Name h (pu) (deq) (pu) (deqg) | Bus |
|--—------ - - =~~~ ————— |
1 One a 0.476/ 0.00 000/ 0.00
b 0.940/-104.68 000/ 0.00
c 0.940/ 104.68 000/ 0.00
Five
2 Two a 0.174/ 0.00 .000/ 0.00
b 0.965/-109.57 .000/ 0.00
c 0.965/ 109.57 .000/ 0.00
Four
Five
3 Three a 0.704/ 0.00 .000/ 0.00
b 0.975/-111.17 .000/ 0.00
c 0.975/ 111.17 .000/ 0.00
Four
4 Four a 0.521/ 0.00 .000/ 0.00
b 0.959/-108.55 .000/ 0.00
c 0.959/ 108.55 .000/ 0.00
Two
Three
Five

b 7.682/ 90.00
c 7.682/ 90.00
a 2.621/ -90.00
b 0.671/ 90.00
c 0.671/ 90.00
a 15.363/ 90.00
b 7.682/ -90.00
c 7.682/ -90.00
a 15.724/ -90.00
b 4.029/ 90.00
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c 4.029/ 90.00
5 Five a 0.000/ 180.00 42.165/ -90.00
b 0.968/-110.07 0.000/ 0.00
c 0.968/ 110.07 0.000/ 0.00

0.671/ -90.00
15.724/ 90.00
b 4.029/ -90.00
c 4.029/ -90.00

One a 12.747/ 90.00
b 6.373/ -90.00
c 6.373/ -90.00
Two a 2.621/ 90.00
b 0.671/ -90.00
c
a

Four



O J oy U b w DN
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616
LINE 12 17 0.06843 0.44477

Gsh

O O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000
.00000

W W W w w w w -

0



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus

50
100

bus
11
17
17
18
18
19
19
20
20
21
22
23

18
20
21
28
29
30
36
37
51

26

15
24
16
27
12
25
13
27
22
23
31
32
33
41
34
38
38
35

N W

o O o W

P RO OO OO0 OoOOoOOoOOow

.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O OO O OO oo OoOoOoOLoLo oo o oo o

Xs
.003 0.
.002 0.
.000 O.

>
)

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320
.398
.398

O O O O O O O o o o o o

O O O O O O O O O O O O O O O O OO OO OO o oo oo oOoo oo o oo o

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

Xp
0.000
0.000
0.000

>
e}

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o o o

O O O O O O O O O O O O O O O O O O O OO OO OO oo o oo oo o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp

0.102
0.072
0.010

Xpp
.219
.384
.008
.384
.008
.484
.703
.005
.556
.835
19.571
19.571

R RO R W W

w

O O O O O O O O O O O O O O O O OO O OO OO O OO o oo oo oo o o

X2

0.0
0.0
0.0

.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
X0

00 0.000

00 0.000

00 0.000

X0

.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000

W W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
112 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
113 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
114 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
115 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
116 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
117 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
118 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
119 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
121 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
122 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
123 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
124 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
125 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
126 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
127 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
128 %

129 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

130 FAULT 19 3P 1
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>> short circuit IEEE Std 399-1997
Input data summary statistics:
130 total lines in input file
1 SYSTEM lines
42 BUS lines
43 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 19
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |
|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
|- =TT ———————— |

1 1 0.967/ 0.05 0.000/ 0.00 3 2.698/ -84.69

100 2.698/ 95.31

2 2 0.976/ -0.14 0.000/ 0.00 4 0.221/ 98.51

100 0.221/ -81.49

3 3 0.823/ -0.28 0.000/ 0.00 1 2.698/ 95.31

5 0.189/ 95.52

6 5.535/ -85.13

9 0.155/ 99.66

26 0.076/ 99.21

50 2.419/ 93.89

50 2.419/ 93.89

4 4 0.988/ -0.08 0.000/ 0.00 2 0.221/ -81.49

8 0.055/ 97.89

15 0.016/ 99.80

24 0.016/ 100.11

16 0.003/ 102.04

27 0.011/ 104.03

5 5 0.823/ -0.29 0.000/ 0.00 39 0.131/ 94.63

49 0.059/ 97.52

3 0.189/ -84.48

6 6 0.818/ 0.11 0.000/ 0.00 11 0.040/ 94.61

19 5.575/ -85.13

3 5.535/ 94.87

7 8 0.988/ -0.08 0.000/ 0.00 4 0.055/ -82.11

8 9 0.823/ -0.30 0.000/ 0.00 3 0.155/ -80.34

12 0.082/ 99.47

25 0.073/ 99.89

9 10 0.988/ -0.08 0.000/ 0.00 13 0.006/ 104.31

27 0.006/ -75.69
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10 11 0.832/ 0.03 0.000/ 0.00 6 0.040/ -85.39
11 12 0.823/ -0.30 0.000/ 0.00 17 0.082/ 99.47

) 0.082/ -80.53

12 13 0.988/ -0.08 0.000/ 0.00 18 0.006/ 104.31
10 0.006/ -75.69

13 15 0.988/ -0.08 0.000/ 0.00 20 0.016/ 99.80
4 0.016/ -80.20

14 16 0.988/ -0.08 0.000/ 0.00 21 0.003/ 102.04
4 0.003/ -77.96

15 17 0.860/ -0.25 0.000/ 0.00 12 0.082/ -80.53
22 0.007/ 95.76

16 18 0.990/ -0.06 0.000/ 0.00 13 0.006/ -75.69
23 0.001/ 100.60

17 19 0.000/ 0.00 7.667/ -85.56 6 5.575/ 94.87
18 20 0.990/ -0.07 0.000/ 0.00 15 0.016/ -80.20
19 21 0.990/ -0.08 0.000/ 0.00 16 0.003/ -77.96
20 22 0.861/ -0.27 0.000/ 0.00 17 0.007/ -84.24
21 23 0.990/ -0.07 0.000/ 0.00 18 0.001/ -79.40
22 24 0.988/ -0.08 0.000/ 0.00 4 0.016/ -79.89
31 0.012/ 98.90

32 0.004/ 103.38

23 25 0.824/ -0.31 0.000/ 0.00 28 0.073/ 99.89
) 0.073/ -80.11

24 26 0.823/ -0.29 0.000/ 0.00 29 0.076/ 99.21
3 0.076/ -80.79

25 27 0.988/ -0.08 0.000/ 0.00 30 0.005/ 103.70
4 0.011/ -75.97

10 0.006/ 104.31

26 28 0.852/ -0.27 0.000/ 0.00 25 0.073/ -80.11
33 0.015/ 96.51

41 0.000/-121.54

27 29 0.852/ -0.26 0.000/ 0.00 26 0.076/ -80.79
34 0.006/ 99.73

38 0.000/-133.94

38 0.000/-133.94

28 30 0.990/ -0.07 0.000/ 0.00 27 0.005/ -76.30
35 0.001/ 101.42

29 31 0.988/ -0.08 0.000/ 0.00 36 0.012/ 98.90
24 0.012/ -81.10

30 32 0.988/ -0.08 0.000/ 0.00 37 0.004/ 103.38
24 0.004/ -76.62

31 33 0.852/ -0.30 0.000/ 0.00 28 0.015/ -83.49
32 34 0.853/ -0.28 0.000/ 0.00 29 0.006/ -80.27
33 35 0.990/ -0.07 0.000/ 0.00 30 0.001/ -78.58
34 36 0.990/ -0.07 0.000/ 0.00 31 0.012/ -81.10
35 37 0.990/ -0.07 0.000/ 0.00 32 0.004/ -76.62
36 38 0.852/ -0.26 0.000/ 0.00 29 0.000/ 46.06
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29 0.000/ 46.06

37 39 0.869/ -0.41 0.000/ 0.00 5 0.131/ -85.37
38 41 0.852/ -0.27 0.000/ 0.00 28 0.000/ 58.46
39 49 0.844/ -0.33 0.000/ 0.00 5 0.059/ -82.48
40 50 0.829/ -0.46 0.000/ 0.00 51 0.046/ 98.47
3 2.419/ -86.11

3 2.419/ -86.11

41 51 0.847/ -0.47 0.000/ 0.00 50 0.046/ -81.53
42 100 0.975/ -0.13 0.000/ 0.00 1 2.698/ -84.69
2 0.221/ 98.51
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp

0
0
0

.072
.347
.010

Xpp

4
3
4
3
4
1.
0
1
1
3

.219
.384
.008
.384
.008
484
.703
.005
.556
.835

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

X2

0.0
0.0
0.0

<
N

O O O O O O O o o o

.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
X0

00 0.000

00 0.000

00 0.000

X0

.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 4 3P 1
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>> short circuit IEEE Std 399-1997 ESS
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines

3 GENERATOR lines

29 MOTOR lines
1 TYPE lines

Symmetrical Three-Phase Fault at Bus 4
Calculating Subtransient Currents

10
11

10

11
12

Volts / angle
(deg)

(pu)

0.864/

0.814/

0.930/

0.000/

0.930/

0.931/

0.005/

0.930/

0.002/

0.936/
0.930/

-0.

-37.
-0.

-42.

68

.63

.33

.00

.33

.34

82
33

32

.33
-0.

33

Amps / angle
(pu) (deg)

25.944/ -86.61

0.000/ 0.00

0.000/ 0.00

0.000/ 0.00

0.000/ 0.00

0.000/ 0.00

0.000/ 0.00
0.000/ 0.00

To

Results for System Name "IEEE Std 399-1997"

Amps / angle
(pu) (deg)

1.247/ 97.59
1.247/ -82.41
15.257/ -86.00
15.257/ 94.00
1.247/ -82.41

0.075/ 98.58
0.127/ 98.30
0.061/ 102.72
0.030/ 102.27
0.955/ 96.95
0.955/ 96.95
15.257/ 94.00
2.498/ 90.45
4.484/ 91.74
1.315/ 93.65
1.304/ 93.96
0.217/ 95.89
0.878/ 97.88
0.052/ 97.68
0.023/ 100.57
0.075/ -81.42
0.015/ 99.56
0.112/ 98.12
0.127/ -81.70
4.484/ -88.26
0.061/ -77.28
0.032/ 102.52
0.029/ 102.94
0.479/ 98.16
0.479/ -81.84
0.015/ -80.44
0.032/ 102.52
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.003/ -42
.004/ -46.
.001/ -44
.945/ -0
.186/ -1.
.947/ -0
.196/  -1.
.167/ -5.
.945/  -0.
.187/  -1.
.002/ -46.
.931/ -0.
.930/ -0.
.002/ -42.
.942/ -0
.942/ -0
.154/  -1.
.003/ -46.
.003/ -45.
.942/ -0.
.942/ -0
.156/ -2.
.221/  -3.
.204/  -3.
.942/ -0
.948/ -0.
.942/ -0
.939/ -0.
.933/ -0.

.24

57

.23

.27

12

.27

92
59
28
57
33

34

33

35

.29

.28

60

82

67

30

.29

71
50
55

.28

31

.29

32
38

O O O O O o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

O O O O O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO OO OO0 oL OoOLLEFEF OOORF OOOLOOOOORrREFrEr o oo

.032/ -77.
.479/  98.
.479/ -81.
.315/  93.
.315/ -86.
.217/  95.
.217/ -84.
.032/ -77.
.003/ 98.
.479/ -81.
.041/ 94.
.112/ -81.
.315/ -86.
.217/ -84.
.003/ -81.
.041/ -85.
.304/ -86.
.952/  92.
.352/ 97
.029/ 102.
.029/ -77.
.030/ 102
.030/ -77.
.398/  97.
.878/ -82.
.479/  98.
.029/ -77.
.006/ 99.
.000/-121.
.030/ -77.
.002/ 102.
.000/-133.
.000/-133.
.398/ -82.
.087/ 95.
.952/  92.
.952/ -87
.352/ 97
.352/ -82.
.006/ -80.
.002/ =77
.087/ -84.
.952/ -87
.352/ -82.
.000/ 4e.
.000/ 4e.
.052/ -82.
.000/ 58.
.023/ -79.
.018/ 101.

48
16
84
65
35
89
11
48
81
84
45
88
35
11
19
55
04
74

.23

94
06

.27

73
55
12
16
06
56
54
73
78
94
94
45
27
74

.26
.23

77
44

.22

73

.26

77
06
06
32
46
43
52
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3 0.955/ -83.05

3 0.955/ -83.05
41 51 0.940/ -0.36 0.000/ 0.00 50 0.018/ -78.48
42 52 0.133/ -2.92 0.000/ 0.00 4 2.498/ -89.55
43 100 0.860/ -0.60 0.000/ 0.00 1 1.247/ 97.59

2 15.257/ -86.00
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616
LINE 12 17 0.06843 0.44477

Gsh

O O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000
.00000

W W W w w w w -

0



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus

50
100

bus
11
17
17
18
18
19
19
20
20
21
22
23

18
20
21
28
29
30
36
37
51

26

15
24
16
27
12
25
13
27
22
23
31
32
33
41
34
38
38
35

N W

o O o W

P RO OO OO0 OoOOoOOoOOow

.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O OO O OO oo OoOoOoOLoLo oo o oo o

Xs
.003 0.
.002 0.
.000 O.

>
)

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320
.398
.398

O O O O O O O o o o o o

O O O O O O O O O O O O O O O O OO OO OO o oo oo oOoo oo o oo o

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

Xp
0.000
0.000
0.000

>
e}

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o o o

O O O O O O O O O O O O O O O O O O O OO OO OO oo o oo oo o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp

0.102
0.072
0.010

Xpp
.219
.384
.008
.384
.008
.484
.703
.005
.556
.835
19.571
19.571

R RO R W W

w

O O O O O O O O O O O O O O O O OO O OO OO O OO o oo oo oo o o

X2

0.0
0.0
0.0

.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
X0

00 0.000

00 0.000

00 0.000

X0

.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
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111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

o oo

FAULT

bus

4

28
28
29
29
30
30
33
34
35
36
37
37
39
49
51
51

O O OO FF OO0 O WwWwokr oOkr oo o

Calc Type

3P

. 697
.802
.321
.199
.431
.116
.809
.621
.809
.025
.246
.859
.034
.264
.432
.408
.006

O O O O O O O O O O O o o o o o o

Calc

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

time

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O O O O o o o o o o o

P O N O O N w o oOoWw s o

.972
.008
.206
.998
.166
.578
.701
5.354
.701
.818
.952
.296
.005
2.
10.020
4.
0.

640

893
222

O O O O O O O O O OO o o o o o o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O O O O o o o o o o o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

(0=all;l=sub;2=trans;3=ss)
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>> short circuit IEEE Std 399-1997
Input data summary statistics:
130 total lines in input file
1 SYSTEM lines
42 BUS lines
43 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 4
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |
|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |
1 1 0.864/ -0.68 0.000/ 0.00 3 1.247/ 97.59
100 1.247/ -82.41
2 2 0.814/ 0.63 0.000/ 0.00 4 15.257/ -86.00
100 15.257/ 94.00
3 3 0.930/ -0.33 0.000/ 0.00 1 1.247/ -82.41
5 0.075/ 98.58
6 0.127/ 98.30
9 0.061/ 102.72
26 0.030/ 102.27
50 0.955/ 96.95
50 0.955/ 96.95
4 4 0.000/ 0.00 33.244/ -86.89 2 15.257/ 94.00
8 4.484/ 91.74
15 1.315/ 93.65
24 1.304/ 93.96
16 0.217/ 95.89
27 0.878/ 97.88
5 5 0.930/ -0.33 0.000/ 0.00 39 0.052/ 97.68
49 0.023/ 100.57
3 0.075/ -81.42
6 6 0.931/ -0.34 0.000/ 0.00 11 0.015/ 99.56
19 0.112/ 98.12
3 0.127/ -81.70
7 8 0.005/ -37.82 0.000/ 0.00 4 4.484/ -88.26
8 9 0.930/ -0.33 0.000/ 0.00 3 0.061/ -77.28
12 0.032/ 102.52
25 0.029/ 102.94
9 10 0.002/ -42.32 0.000/ 0.00 13 0.479/ 98.16
27 0.479/ -81.84
10 11 0.936/ -0.33 0.000/ 0.00 6 0.015/ -80.44
11 12 0.930/ -0.33 0.000/ 0.00 17 0.032/ 102.52
9 0.032/ -77.48
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

0.

O O O O O o

O O O O O O

o O O o

003/ -42
.004/ -4e.
.001/ -44
.945/ -0
.186/ -1.
.947/ -0
196/ -1.
.167/ -5.
.945/ -0
.187/ -1.
.002/ -46.
.931/ -0.
.930/ -0.
.002/ -42.
.942/ -0
.942/ -0
.154/ -1.
.003/ -4e.
.003/ -45.
.942/ -0.
.942/ -0
.156/ -2.
.221/  -3.
.204/ -3.
.942/ -0
.948/ -0.
.942/ -0.
.939/ -0.
.933/ -0.

.24

57

.23

.27

12

.27

92
59

.28

57

33

34

33

35

.29

.28

60

82

67

30

.29

71
50
55

.28

31
29
32
38

O O O O o o

O O O o O o

o O O O

.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

O O O O O O

O O O O O O

o O O O

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO0 oo oOoLLLOEHEH OO ORFr OO0OO0oOOOoODOOoOOoOOoOameRERUPrR oo

.479/
.479/
.315/
.315/
.217/
.217/
.032/
.003/
.479/
.041/
.112/
.315/
.217/
.003/
.041/
.304/
.952/
.352/
.029/
.029/
.030/
.030/
.398/
.878/
.479/
.029/
.006/
.000/
.030/
.002/
.000/
.000/
.398/
.087/
.952/
.952/
.352/
.352/
.006/
.002/
.087/
.952/
.352/
.000/
.000/
.052/
.000/
.023/
.018/
.955/

98.
-81.

93.
-86.

95.
-84.
=77.

98.
-81.

94.
-81.
-86.
-84.
-81.
-85.
-86.

92.
.23
102.
=77.

97

102

=77.

97.
-82.

98.
.06

99.
149.
=77.
102.
139.
139.
-82.

95.

92.
.26
.23
-82.
-80.
.22
-84.
.26
-82.
-40.
-40.
-82.
.20
-79.
101.
-83.

=77

-87
97

=77

-87

-30

16
84
65
35
89
11
48
81
84
45
88
35
11
19
55
04
74

94
06

.27

73
55
12
16

56
80
73
78
19
19
45
27
74

77
44

73

77
81
81
32

43
52
05
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3 0.955/ -83.05
41 51 0.940/ -0.36 0.000/ 0.00 50 0.018/ -78.48
42 100 0.860/ -0.60 0.000/ 0.00 1 1.247/ 97.59

2 15.257/ -86.00
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp

0.072
0.347
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.971/ -0.18 0.000/ 0.00 3 0.267/ 99.32

100 0.267/ -80.68

2 2 0.960/ 0.04 0.000/ 0.00 4 3.272/ -84.28

100 3.272/ 95.72

3 3 0.985/ -0.09 0.000/ 0.00 1 0.267/ -80.68

5 0.016/ 100.30

6 0.027/ 100.02

9 0.013/ 104.44

26 0.006/ 103.99

50 0.205/ 98.67

50 0.205/ 98.67

4 4 0.786/ -0.47 0.000/ 0.00 2 3.272/ 95.72

52 0.536/ 92.17

8 0.962/ 93.46

15 5.282/ -84.90

24 0.280/ 95.68

16 0.046/ 97.61

27 0.188/ 99.60

5 5 0.985/ -0.09 0.000/ 0.00 39 0.011/ 99.41

49 0.005/ 102.30

3 0.016/ -79.70

6 6 0.985/ -0.09 0.000/ 0.00 11 0.003/ 101.29

19 0.024/ 99.85

3 0.027/ -79.98

7 8 0.787/ =-0.52 0.000/ 0.00 4 0.962/ -86.54

8 9 0.985/ -0.09 0.000/ 0.00 3 0.013/ -75.56

12 0.007/ 104.25

25 0.006/ 104.67

9 10 0.786/ -0.49 0.000/ 0.00 13 0.103/ 99.88

27 0.103/ -80.12

10 11 0.986/ -0.09 0.000/ 0.00 6 0.003/ -78.71

11 12 0.985/ -0.09 0.000/ 0.00 17 0.007/ 104.25
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.786/
.775/
.786/
.988/
.825/
.989/
.000/
.821/
.988/
.826/
.786/
.985/

.985/

.786/

.988/

.988/

.819/

.786/

.786/

.988/
.988/
.819/
.833/
.829/
.988/

.989/
.988/
.987/
.986/

-0.

50

.34

.48

.08

.42

.08

.00

.62

.08

.44

.49

.09

.09

.49

.08

.08

.45

.50

.50

.08
.08
.49
.54
.54
.08

.08
.08
.09
.10

O O O O o O

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.916/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

35

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.007/
.103/
.103/
.282/
.282/
.046/
.046/
.007/
.001/
.103/
.009/
.024/
.282/
.046/
.001/
.009/
.280/
.204/
.076/
.006/
.006/
.006/
.006/
.085/
.188/
.103/
.006/
.001/
.000/-
.006/
.000/
.000/-
.000/-
.085/
.019/
.204/
.204/
.076/
.076/
.001/
.000/
.019/
.204/
.076/
.000/
.000/
.011/
.000/
.005/
.004/

-75.

99.
-80.
-84.

95.

97.
-82.
-75.
100.
-80.

96.
-80.

95.
-82.
-79.
-83.
-84.

94.

98.
104.
-75.
103.
-76.

99.
-80.

99.
-75.
.29
121.
-76.
104.
133.
133.
-80.

96.

94.
-85.

98.
-81.
-78.
-75.
-83.
-85.
-81.

46.

46.
-80.

58.
.70
103.

101

=77

75
88
12
90
10
61
39
75
54
12
17
15
10
39
46
83
32
47
96
67
33
99
01
27
40
88
33

54
01
51
94
94
73
99
47
53
96
04
71
49
01
53
04
06
06
59
46

24
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3 0.205/ -81.33
3 0.205/ -81.33
41 51 0.987/ -0.10 0.000/ 0.00 50 0.004/ -76.76
42 52 0.814/ -0.50 0.000/ 0.00 4 0.536/ -87.83
43 100 0.970/ -0.17 0.000/ 0.00 1 0.267/ 99.32
2 3.272/ -84.28
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0325
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.978/ -0.15 0.000/ 0.00 3 0.207/ 99.61

100 0.207/ -80.39

2 2 0.969/ 0.02 0.000/ 0.00 4 2.532/ -83.98

100 2.532/ 96.02

3 3 0.988/ =-0.07 0.000/ 0.00 1 0.207/ -80.39

5 0.012/ 100.60

6 0.021/ 100.32

9 0.010/ 104.74

26 0.005/ 104.29

50 0.158/ 98.97

50 0.158/ 98.97

4 4 0.834/ -0.40 0.000/ 0.00 2 2.532/ 96.02

52 1.934/ 94.11

8 0.744/ 93.76

15 5.608/ -84.83

24 0.216/ 95.98

16 0.036/ 97.91

27 0.146/ 99.90

5 5 0.988/ -0.08 0.000/ 0.00 39 0.009/ 99.70

49 0.004/ 102.59

3 0.012/ -79.40

6 6 0.989/ -0.08 0.000/ 0.00 11 0.003/ 101.58

19 0.019/ 100.14

3 0.021/ -79.68

7 8 0.835/ -0.44 0.000/ 0.00 4 0.744/ -86.24

8 9 0.988/ -0.08 0.000/ 0.00 3 0.010/ -75.26

12 0.005/ 104.54

25 0.005/ 104.96

9 10 0.834/ -0.42 0.000/ 0.00 13 0.080/ 100.18

27 0.080/ -79.82

10 11 0.989/ -0.07 0.000/ 0.00 6 0.003/ -78.42

11 12 0.989/ -0.08 0.000/ 0.00 17 0.005/ 104.54
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.834/
.822/
.834/
.991/
.865/
.991/
.000/
.862/
.991/
.865/
.834/
.989/

.988/

.834/

.990/

.990/

.860/

.835/

.834/

.990/
.990/
.860/
.871/
.868/
.990/

.991/
.990/
.990/
.989/

-0.

42

.41

.41

.06

.36

.06

.00

.50

.06

.37

.42

.08

.08

.41

.06

.06

.38

.43

.42

.07
.07
.41
.45
.45
.06

.07
.06
.07
.08

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.242/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

28

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.080/
.080/
.608/
.608/
.036/
.036/
.005/
.000/
.080/
.007/
.019/
.608/
.036/
.000/
.007/
.216/
.158/
.058/
.005/
.005/
.005/
.005/
.066/
.146/
.080/
.005/
.001/
.000/~-
.005/
.000/
.000/~-
.000/~-
.066/
.014/
.158/
.158/
.058/
.058/
.001/
.000/
.014/
.158/
.058/
.000/
.000/
.009/
.000/
.004/
.003/

-75.
100.
-79.
-84.

95.

97.
-82.
-75.
100.
-79.

96.
-79.

95.
-82.
-79.
-83.
-84.

94.

99.
104.
-75.
.29

104

-75.

99.
-80.
100.
-75.
101.
121.
-75.
104.
133.
133.
-80.
.29

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
-80.

58.
.41
103.

97

=77

46
18
82
83
17
91
09
46
83
82
47
86
17
09
17
53
02
76
25
96
04

71
57
10
18
04
58
54
71
80
94
94
43

76
24
25
75
42
20
71
24
75
06
06
30
46

54
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3 0.158/ -81.03
3 0.158/ -81.03
41 51 0.990/ -0.08 0.000/ 0.00 50 0.003/ -76.46
42 52 0.937/ -0.28 0.000/ 0.00 4 1.934/ -85.89
43 100 0.977/ -0.14 0.000/ 0.00 1 0.207/ 99.61
2 2.532/ -83.98
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0131
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1



MATLAB Command Window Page 1

>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.979/ -0.13 0.000/ 0.00 3 0.191/ 99.52

100 0.191/ -80.48

2 2 0.971/ 0.02 0.000/ 0.00 4 2.336/ -84.08

100 2.336/ 95.92

3 3 0.989/ =-0.07 0.000/ 0.00 1 0.191/ -80.48

5 0.011/ 100.50

6 0.019/ 100.22

9 0.009/ 104.64

26 0.005/ 104.19

50 0.146/ 98.87

50 0.146/ 98.87

4 4 0.847/ -0.35 0.000/ 0.00 2 2.336/ 95.92

52 2.305/ 94.63

8 0.687/ 93.66

15 5.694/ -84.77

24 0.200/ 95.88

16 0.033/ 97.81

27 0.134/ 99.81

5 5 0.989/ -0.07 0.000/ 0.00 39 0.008/ 99.61

49 0.004/ 102.50

3 0.011/ -79.50

6 6 0.989/ =-0.07 0.000/ 0.00 11 0.002/ 101.49

19 0.017/ 100.05

3 0.019/ -79.78

7 8 0.848/ -0.38 0.000/ 0.00 4 0.687/ -86.34

8 9 0.989/ -0.07 0.000/ 0.00 3 0.009/ -75.36

12 0.005/ 104.45

25 0.004/ 104.87

9 10 0.847/ -0.36 0.000/ 0.00 13 0.073/ 100.08

27 0.073/ -79.92

10 11 0.990/ -0.07 0.000/ 0.00 6 0.002/ -78.51

11 12 0.989/ -0.07 0.000/ 0.00 17 0.005/ 104.45
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.847/
.835/
.847/
.992/
.875/
.992/
.000/
.872/
.992/
.876/
.847/
.989/

.989/

.847/

.991/

.991/

.871/

.847/

.847/

.991/
.991/
.871/
.881/
.878/
.991/

.992/
.991/
.991/
.990/

-0.

37

.46

.35

.06

.31

.06

.00

.44

.06

.33

.36

.07

.07

.36

.06

.06

.33

.37

.37

.06
.06
.36
.40
.39
.06

.06
.06
.06
.07

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.328/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

23

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.073/
.073/
.694/
.694/
.033/
.033/
.005/
.000/
.073/
.006/
.017/
.694/
.033/
.000/
.006/
.200/
.146/
.054/
.004/
.004/
.005/
.005/
.061/
.134/
.073/
.004/
.001/
.000/-
.005/
.000/
.000/-
.000/-
.061/
.013/
.146/
.146/
.054/
.054/
.001/
.000/
.013/
.146/
.054/
.000/
.000/
.008/
.000/
.004/
.003/

-75.
100.
-79.
-84.

95.

97.
-82.
-75.
100.
-79.

96.
-79.

95.
-82.
-79.
-83.
-84.

94.

99.
104.
-75.
104.
-75.

99.
-80.
100.
-75.
101.
121.
-75.
104.
133.
133.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
-80.

58.
.50
103.

=77

55
08
92
77
23
81
19
55
74
92
37
95
23
19
26
63
12
67
16
87
13
19
81
47
19
08
13
49
54
81
71
94
94
53
19
67
33
16
84
51
29
81
33
84
06
06
39
46

45
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3 0.146/ -81.13
3 0.146/ -81.13
41 51 0.991/ -0.07 0.000/ 0.00 50 0.003/ -76.55
42 52 0.970/ -0.14 0.000/ 0.00 4 2.305/ -85.37
43 100 0.979/ -0.12 0.000/ 0.00 1 0.191/ 99.52
2 2.336/ -84.08



O J oy U b w DN

g Oor O U O Ol DD DR R D WWWWWWWWwWwWww NN NN R R, RERERPRE R R R R
O LW NP O W OoWwWJo Ud WNEFEF O WOWJOo U b WDNhE O WOow-Jo Ul b WNEFEF O WOWJOo U WD E O

% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0079
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.980/ -0.13 0.000/ 0.00 3 0.186/ 99.46

100 0.186/ -80.54

2 2 0.972/ 0.03 0.000/ 0.00 4 2.270/ -84.13

100 2.270/ 95.87

3 3 0.990/ -0.07 0.000/ 0.00 1 0.186/ -80.54

5 0.011/ 100.45

6 0.019/ 100.16

9 0.009/ 104.59

26 0.004/ 104.13

50 0.142/ 98.82

50 0.142/ 98.82

4 4 0.851/ -0.33 0.000/ 0.00 2 2.270/ 95.87

52 2.430/ 94.80

8 0.667/ 93.61

15 5.723/ -84.75

24 0.194/ 95.82

16 0.032/ 97.75

27 0.131/ 99.75

5 5 0.990/ -0.07 0.000/ 0.00 39 0.008/ 99.55

49 0.003/ 102.44

3 0.011/ -79.55

6 6 0.990/ =-0.07 0.000/ 0.00 11 0.002/ 101.43

19 0.017/ 99.99

3 0.019/ -79.84

7 8 0.852/ -0.36 0.000/ 0.00 4 0.667/ -86.39

8 9 0.990/ -0.07 0.000/ 0.00 3 0.009/ -75.41

12 0.005/ 104.39

25 0.004/ 104.81

9 10 0.852/ -0.34 0.000/ 0.00 13 0.071/ 100.03

27 0.071/ -79.97

10 11 0.991/ -0.06 0.000/ 0.00 6 0.002/ -78.57

11 12 0.990/ -0.07 0.000/ 0.00 17 0.005/ 104.39
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.852/
.839/
.851/
.992/
.879/
.992/
.000/
.876/
.992/
.879/
.852/
.990/

.990/

.852/

.991/

.991/

.874/

.852/

.852/

.991/
.991/
.875/
.884/
.882/
.991/

.992/
.991/
.991/
.990/

-0.

34

.48

.33

.05

.29

.05

.00

.42

.05

.31

.34

.07

.07

.34

.06

.06

.31

.35

.34

.06
.06
.34
.38
.37
.06

.06
.06
.06
.07

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.357/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

21

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.071/
.071/
.723/
.723/
.032/
.032/
.005/
.000/
.071/
.006/
.017/
.723/
.032/
.000/
.006/
.194/
.142/
.052/
.004/
.004/
.004/
.004/
.059/
.131/
.071/
.004/
.001/
.000/-
.004/
.000/
.000/-
.000/-
.059/
.013/
.142/
.142/
.052/
.052/
.001/
.000/
.013/
.142/
.052/
.000/
.000/
.008/
.000/
.003/
.003/

-75.
100.
-79.
-84.

95.

97.
.25

-82

-75.
100.
-79.

96.
-80.

95.
.25

-82

-79.
-83.
-84.

94.

99.
104.
-75.
104.
-75.

99.
.25

-80

100.
-75.
101.
121.
-75.
104.
133.
133.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
-80.

58.
.56
103.

=77

61
03
97
75
25
75

61
68
97
32
01
25

32
68
18
61
10
81
19
13
87
42

03
19
43
54
87
65
94
94
58
14
61
39
10
90
57
35
86
39
90
06
06
45
46

39



MATLAB Command Window Page 3

3 0.142/ -81.18
3 0.142/ -81.18
41 51 0.991/ -0.07 0.000/ 0.00 50 0.003/ -76.61
42 52 0.981/ -0.09 0.000/ 0.00 4 2.430/ -85.20
43 100 0.979/ -0.12 0.000/ 0.00 1 0.186/ 99.46
2 2.270/ -84.13
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0062
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.980/ -0.13 0.000/ 0.00 3 0.184/ 99.44

100 0.184/ -80.56

2 2 0.973/ 0.03 0.000/ 0.00 4 2.247/ -84.16

100 2.247/ 95.84

3 3 0.990/ -0.06 0.000/ 0.00 1 0.184/ -80.56

5 0.011/ 100.42

6 0.019/ 100.14

9 0.009/ 104.57

26 0.004/ 104.11

50 0.141/ 98.79

50 0.141/ 98.79

4 4 0.853/ -0.32 0.000/ 0.00 2 2.247/ 95.84

52 2.474/ 94.86

8 0.660/ 93.58

15 5.733/ -84.74

24 0.192/ 95.80

16 0.032/ 97.73

27 0.129/ 99.73

5 5 0.990/ -0.06 0.000/ 0.00 39 0.008/ 99.53

49 0.003/ 102.42

3 0.011/ -79.58

6 6 0.990/ =-0.07 0.000/ 0.00 11 0.002/ 101.41

19 0.016/ 99.97

3 0.019/ -79.86

7 8 0.853/ -0.35 0.000/ 0.00 4 0.660/ -86.42

8 9 0.990/ -0.07 0.000/ 0.00 3 0.009/ -75.43

12 0.005/ 104.37

25 0.004/ 104.79

9 10 0.853/ -0.33 0.000/ 0.00 13 0.071/ 100.00

27 0.071/ -80.00

10 11 0.991/ -0.06 0.000/ 0.00 6 0.002/ -78.59

11 12 0.990/ -0.07 0.000/ 0.00 17 0.005/ 104.37
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.853/
.841/
.853/
.992/
.880/
.992/
.000/
.877/
.992/
.880/
.853/
.990/

.990/

.853/

.991/

.991/

.875/

.853/

.853/

.991/
.991/
.876/
.885/
.883/
.991/

.992/
.991/
.991/
.990/

-0.

34

.49

.32

.05

.29

.05

.00

.41

.05

.30

.33

.07

.06

.33

.06

.06

.30

.34

.34

.06
.06
.33
.37
.37
.06

.06
.06
.06
.07

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.367/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

20

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.071/
.071/
.733/
.733/
.032/
.032/
.005/
.000/
.071/
.006/
.016/
.733/
.032/
.000/
.006/
.192/
.140/
.052/
.004/
.004/
.004/
.004/
.059/
.129/
.071/
.004/
.001/
.000/
.004/
.000/
.000/-
.000/-
.059/
.013/
.140/
.140/
.052/
.052/
.001/
.000/
.013/
.140/
.052/
.000/
.000/
.008/
.000/
.003/
.003/

-75.
100.
-80.
-84.

95.

97.
.27

-82

-75.
100.
-80.

96.
-80.

95.
.27
-79.
-83.
.20

94.

99.
104.
-75.
104.
-75.

99.
-80.
100.
-75.
101.
148.
-75.
104.
133.
133.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
-80.
-31.
.58
103.

-82

-84

=77

63
00
00
74
26
73

63
66
00
29
03
26

34
71

59
08
79
21
11
89
39
27
00
21
41
79
89
63
94
94
61
11
59
41
08
92
59
37
89
41
92
06
06
47
21

37
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3 0.141/ -81.21
3 0.141/ -81.21
41 51 0.991/ -0.07 0.000/ 0.00 50 0.003/ -76.63
42 52 0.985/ -0.08 0.000/ 0.00 4 2.474/ -85.14
43 100 0.979/ -0.12 0.000/ 0.00 1 0.184/ 99.44
2 2.247/ -84.16
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0056
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o
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111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.980/ -0.13 0.000/ 0.00 3 0.183/ 99.43

100 0.183/ -80.57

2 2 0.973/ 0.03 0.000/ 0.00 4 2.238/ -84.16

100 2.238/ 95.84

3 3 0.990/ -0.06 0.000/ 0.00 1 0.183/ -80.57

5 0.011/ 100.42

6 0.019/ 100.13

9 0.009/ 104.56

26 0.004/ 104.10

50 0.140/ 98.78

50 0.140/ 98.78

4 4 0.853/ -0.32 0.000/ 0.00 2 2.238/ 95.84

52 2.490/ 94.88

8 0.658/ 93.57

15 5.737/ -84.74

24 0.191/ 95.79

16 0.032/ 97.72

27 0.129/ 99.72

5 5 0.990/ -0.06 0.000/ 0.00 39 0.008/ 99.52

49 0.003/ 102.41

3 0.011/ -79.58

6 6 0.990/ =-0.07 0.000/ 0.00 11 0.002/ 101.40

19 0.016/ 99.96

3 0.019/ -79.87

7 8 0.854/ -0.35 0.000/ 0.00 4 0.658/ -86.43

8 9 0.990/ -0.06 0.000/ 0.00 3 0.009/ -75.44

12 0.005/ 104.36

25 0.004/ 104.78

9 10 0.854/ -0.33 0.000/ 0.00 13 0.070/ 99.99

27 0.070/ -80.01

10 11 0.991/ -0.06 0.000/ 0.00 6 0.002/ -78.60

11 12 0.990/ -0.06 0.000/ 0.00 17 0.005/ 104.36
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.854/
.841/
.853/
.992/
.881/
.992/
.000/
.878/
.992/
.881/
.854/
.990/

.990/

.854/

.991/

.991/

.876/

.854/

.854/

.991/
.992/
.876/
.886/
.883/
.991/

.992/
.991/
.991/
.990/

-0.

33

.50

.32

.05

.28

.05

.00

.41

.05

.30

.33

.07

.06

.33

.06

.06

.30

.34

.33

.06
.06
.33
.37
.36
.06

.06
.06
.06
.07

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.371/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

20

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.070/
.070/
.737/
.737/
.032/
.032/
.005/
.000/
.070/
.006/
.016/
.737/
.032/
.000/
.006/
.191/
.140/
.052/
.004/
.004/
.004/
.004/
.058/
.129/
.070/
.004/
.001/
.000/
.004/
.000/
.000/
.000/
.058/
.013/
.140/
.140/
.052/
.052/
.001/
.000/
.013/
.140/
.052/
.000/
.000/
.008/
.000/-
.003/
.003/

-75.
99.
-80.
-84.
95.
97.
.28

-82

-75.
100.
-80.

96.
-80.

95.
.28
-79.
-83.
.21

94.

99.
104.
-75.
104.
-75.

99.
.28

99.
-75.
101.

58.
-75.
104.
136.
136.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.
-43.
-43.
-80.
.54
.59
103.

-82

-84

-80

121
=77

64
99
01
74
26
72

64
65
01
28
04
26

35
72

58
07
78
22
10
90
38

99
22
40
46
90
62
68
68
62
11
58
42
07
93
60
38
89
42
93
32
32
48

36
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3 0.140/ -81.22
3 0.140/ -81.22
41 51 0.991/ -0.07 0.000/ 0.00 50 0.003/ -76.64
42 52 0.986/ -0.07 0.000/ 0.00 4 2.490/ -85.12
43 100 0.980/ -0.12 0.000/ 0.00 1 0.183/ 99.43
2 2.238/ -84.16
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0054
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.980/ -0.12 0.000/ 0.00 3 0.183/ 99.43

100 0.183/ -80.57

2 2 0.973/ 0.03 0.000/ 0.00 4 2.235/ -84.17

100 2.235/ 95.83

3 3 0.990/ -0.06 0.000/ 0.00 1 0.183/ -80.57

5 0.011/ 100.41

6 0.019/ 100.13

9 0.009/ 104.55

26 0.004/ 104.10

50 0.140/ 98.78

50 0.140/ 98.78

4 4 0.854/ -0.31 0.000/ 0.00 2 2.235/ 95.83

52 2.495/ 94.89

8 0.657/ 93.57

15 5.738/ -84.74

24 0.191/ 95.79

16 0.032/ 97.72

27 0.129/ 99.71

5 5 0.990/ -0.06 0.000/ 0.00 39 0.008/ 99.52

49 0.003/ 102.41

3 0.011/ -79.59

6 6 0.990/ -0.06 0.000/ 0.00 11 0.002/ 101.40

19 0.016/ 99.96

3 0.019/ -79.87

7 8 0.854/ -0.35 0.000/ 0.00 4 0.657/ -86.43

8 9 0.990/ -0.06 0.000/ 0.00 3 0.009/ -75.45

12 0.005/ 104.36

25 0.004/ 104.77

9 10 0.854/ -0.33 0.000/ 0.00 13 0.070/ 99.99

27 0.070/ -80.01

10 11 0.991/ -0.06 0.000/ 0.00 6 0.002/ -78.60

11 12 0.990/ -0.06 0.000/ 0.00 17 0.005/ 104.36
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.854/
.842/
.854/
.992/
.881/
.992/
.000/
.878/
.992/
.881/
.854/
.990/

.990/

.854/

.991/

.992/

.876/

.854/

.854/

.991/
.992/
.876/
.886/
.884/
.992/

.992/
.991/
.991/
.990/

-0.

33

.50

.32

.05

.28

.05

.00

.41

.05

.30

.33

.07

.06

.33

.06

.06

.30

.34

.33

.06
.06
.33
.36
.36
.06

.06
.06
.06
.07

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.372/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

20

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.070/
.070/
.738/
.738/
.032/
.032/
.005/
.000/
.070/
.006/
.016/
.738/
.032/
.000/
.006/
.191/
.140/
.052/
.004/
.004/
.004/
.004/
.058/
.129/
.070/
.004/
.001/
.000/-
.004/
.000/
.000/-
.000/-
.058/
.013/
.140/
.140/
.052/
.052/
.001/
.000/
.013/
.140/
.052/
.000/
.000/
.008/
.000/
.003/
.003/

-75.
99.
-80.
-84.
95.
97.
.28

-82

-75.
100.
-80.

96.
-80.

95.
.28
-79.
-83.
.21

94.

99.
104.
-75.
104.
-75.

99.
.29

99.
-75.
101.
121.
-75.
104.
133.
133.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
-80.

58.
.59
103.

-82

-84

-80

=77

64
99
01
74
26
72

64
65
01
28
04
26

35
72

58
07
77
23
10
90
38

99
23
40
54
90
62
94
94
62
10
58
42
07
93
60
38
90
42
93
06
06
48
46

35
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3 0.140/ -81.22
3 0.140/ -81.22
41 51 0.991/ -0.07 0.000/ 0.00 50 0.003/ -76.65
42 52 0.987/ -0.07 0.000/ 0.00 4 2.495/ -85.11
43 100 0.980/ -0.12 0.000/ 0.00 1 0.183/ 99.43
2 2.235/ -84.17
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 52 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616

Gsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000

O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000

W W W w W W -



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 12
LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 52
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus
50
52
100

bus
11
17
17
18
18
19
19
20
20
21

N W W

o o o w

O O O O O O O o o o w

.06843
.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00313
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O O O O O OO O oo oOooo o oo oo oo

Xs
.002 0.
.000 O.
.000 O.

>
0]

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO oo oo oO o oo o o oo oo oo

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.44477
.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.05324
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

xp

0.000
0.000
0.000

<
o)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O o o o o

O O O O O O O O O O O O O O O O O O O O OO O OO OO O oo oo oo oo o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp
0.072
0.0052
0.010

Xpp

.219
.384
.008
.384
.008
.484
.703
.005
.556
.835

W R P O R & WD W

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O OO O O OO O O OO O oo oo oo oo o o

0.000
0.000
0.000

<
N

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O O O O O O O O O O O O O O O OO oo oo o o oo oo oo oo oo

X0

0.000
0.000
0.000

>
o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o

W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 22 1.398 0.000 0.000 19.571 0.000 0.000
112 MOTOR 23 1.398 0.000 0.000 19.571 0.000 0.000
113 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
114 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
115 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
116 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
117 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
118 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
119 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
121 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
122 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
123 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
124 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
125 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
126 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
127 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
128 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
129 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
130 %

131 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

132 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997 4
Input data summary statistics:
132 total lines in input file
1 SYSTEM lines
43 BUS lines
44 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.980/ -0.12 0.000/ 0.00 3 0.182/ 99.42

100 0.182/ -80.58

2 2 0.973/ 0.03 0.000/ 0.00 4 2.233/ -84.17

100 2.233/ 95.83

3 3 0.990/ -0.06 0.000/ 0.00 1 0.182/ -80.58

5 0.011/ 100.41

6 0.019/ 100.13

9 0.009/ 104.55

26 0.004/ 104.10

50 0.140/ 98.78

50 0.140/ 98.78

4 4 0.854/ -0.31 0.000/ 0.00 2 2.233/ 95.83

52 2.500/ 94.90

8 0.656/ 93.57

15 5.739/ -84.74

24 0.191/ 95.79

16 0.032/ 97.72

27 0.128/ 99.71

5 5 0.990/ -0.06 0.000/ 0.00 39 0.008/ 99.51

49 0.003/ 102.40

3 0.011/ -79.59

6 6 0.990/ -0.06 0.000/ 0.00 11 0.002/ 101.39

19 0.016/ 99.95

3 0.019/ -79.87

7 8 0.854/ -0.34 0.000/ 0.00 4 0.656/ -86.43

8 9 0.990/ -0.06 0.000/ 0.00 3 0.009/ -75.45

12 0.005/ 104.35

25 0.004/ 104.77

9 10 0.854/ -0.33 0.000/ 0.00 13 0.070/ 99.99

27 0.070/ -80.01

10 11 0.991/ -0.06 0.000/ 0.00 6 0.002/ -78.61

11 12 0.990/ -0.06 0.000/ 0.00 17 0.005/ 104.35
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

O O O O O O

O O O O O O

o O O O

.854/
.842/
.854/
.992/
.881/
.992/
.000/
.878/
.992/
.881/
.854/
.990/

.990/

.854/

.991/

.992/

.876/

.854/

.854/

.992/
.992/
.877/
.886/
.884/
.992/

.992/
.991/
.991/
.990/

-0.

33

.50

.32

.05

.28

.05

.00

.41

.05

.30

.33

.07

.06

.32

.06

.06

.30

.33

.33

.06
.06
.33
.36
.36
.06

.06
.06
.06
.07

O O O O J o

O O O O o o

o O O o

.000/
.000/
.000/
.000/
.000/
.000/
.373/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

O O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

20

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo oOoOoOOoUuUloOoOOoOoOoooou u ooo

.005/
.070/
.070/
.739/
.739/
.032/
.032/
.005/
.000/
.070/
.006/
.016/
.739/
.032/
.000/
.006/
.191/
.139/
.052/
.004/
.004/
.004/
.004/
.058/
.128/
.070/
.004/
.001/
.000/-
.004/
.000/
.000/-
.000/-
.058/
.013/
.139/
.139/
.052/
.052/
.001/
.000/
.013/
.139/
.052/
.000/
.000/
.008/
.000/
.003/
.003/

-75.
99.
-80.
-84.
95.
97.
.28

-82

-75.
100.
-80.

96.
-80.

95.
.28

-82

-79.
-83.
.21

94.

99.
104.
-75.
104.
-75.

99.
.29

99.
-75.
101.
121.
-75.
104.
133.
133.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
-80.

58.
.60
103.

-84

-80

=77

65
99
01
74
26
72

65
64
01
28
05
26

36
72

57
06
77
23
10
90
38

99
23
39
54
90
61
94
94
62
10
57
43
06
94
61
39
90
43
94
06
06
49
46

35
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3 0.140/ -81.22
3 0.140/ -81.22
41 51 0.991/ -0.07 0.000/ 0.00 50 0.003/ -76.65
42 52 0.987/ -0.06 0.000/ 0.00 4 2.500/ -85.10
43 100 0.980/ -0.12 0.000/ 0.00 1 0.182/ 99.42
2 2.233/ -84.17
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% name baseMVA
SYSTEM IEEE Std 399-1997 10

% name volts

BUS 1 1.00

BUS 2 1.00

BUS 3 1.00

BUS 4 1.00

BUS 5 1.00

BUS 6 1.00

BUS 8 1.00

BUS 9 1.00

BUS 10 1.00

BUS 11 1.00

BUS 12 1.00

BUS 13 1.00

BUS 15 1.00

BUS 16 1.00

BUS 17 1.00

BUS 18 1.00

BUS 19 1.00

BUS 20 1.00

BUS 21 1.00

BUS 22 1.00

BUS 23 1.00

BUS 24 1.00

BUS 25 1.00

BUS 26 1.00

BUS 27 1.00

BUS 28 1.00

BUS 29 1.00

BUS 30 1.00

BUS 31 1.00

BUS 32 1.00

BUS 33 1.00

BUS 34 1.00

BUS 35 1.00

BUS 36 1.00

BUS 37 1.00

BUS 38 1.00

BUS 39 1.00

BUS 41 1.00

BUS 49 1.00

BUS 50 1.00

BUS 51 1.00

BUS 100 1.00

% from to Rse Xse
LINE 1 3 0.00313 0.05324
LINE 2 4 0.00313 0.05324
LINE 5 39 0.04314 0.34514
LINE 5 49 0.05918 0.35510
LINE 6 11 0.05575 0.36240
LINE 6 19 0.01218 0.14616
LINE 12 17 0.06843 0.44477

Gsh

O O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000
.00000

Bsh

O O O O O O O

.00000
.00000
.00000
.00000
.00000
.00000
.00000

O O O O O O o

.00000
.00000
.00000
.00000
.00000
.00000
.00000

W W W w w w w -

0



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

LINE 13
LINE 15
LINE 16
LINE 25
LINE 26
LINE 27
LINE 31
LINE 32
LINE 50
LINE 3
LINE 3
LINE 3
LINE 3
LINE 4
LINE 4
LINE 4
LINE 4
LINE 4
LINE 9
LINE 9
LINE 10
LINE 10
LINE 17
LINE 18
LINE 24
LINE 24
LINE 28
LINE 28
LINE 29
LINE 29
LINE 29
LINE 30
LINE 50
LINE 50
LINE 100
LINE 100
GENERATOR
GENERATOR
GENERATOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR
MOTOR

bus

50
100

bus
11
17
17
18
18
19
19
20
20
21
22
23

18
20
21
28
29
30
36
37
51

26

15
24
16
27
12
25
13
27
22
23
31
32
33
41
34
38
38
35

N W

o O o W

P RO OO OO0 OoOOoOOoOOow

.05829
.01218
.15036
.05829
.05829
.05829
.02289
.10286
.06395
.00075
.00109
.00150
.00157
.00076
.00227
.00118
.00274
.00143
.00038
.00424
.00046
.00110
.03813
.03813
.00079
.00112
.03813
.03429
.03813
.08024
.08024
.03813
.00243
.00243
.00139
.00139

O O O O O O O O O O O O O O O O OO O OO oo OoOoOoOLoLo oo o oo o

Xs
.003 0.
.002 0.
.000 O.

>
)

.352
.338
.802
.338
.802
.057
.047
.067
.060
.320
.398
.398

O O O O O O O o o o o o

O O O O O O O O O O O O O O O O OO OO OO o oo oo oOoo oo o oo o

000
000
000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.37888
.14616
.75178
.37888
.37888
.37888
.22886
.56573
.37796
.00063
.00091
.00125
.00131
.00092
.00189
.00098
.00229
.00119
.00032
.00353
.00039
.00091
.02451
.02451
.00065
.00093
.02451
.02105
.02451
.07732
.07732
.02451
.00485
.00485
.00296
.00296

Xp
0.000
0.000
0.000

>
e}

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

O O O O O O O o o o o o

O O O O O O O O O O O O O O O O O O O OO OO OO oo o oo oo o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

Xpp

0.102
0.072
0.010

Xpp
.219
.384
.008
.384
.008
.484
.703
.005
.556
.835
19.571
19.571

R RO R W W

w

O O O O O O O O O O O O O O O O OO O OO OO O OO o oo oo oo o o

X2

0.0
0.0
0.0

.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
.00000 0.00000
X0

00 0.000

00 0.000

00 0.000

X0

.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000
.000 0.000

W W W wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww



111 MOTOR 28 0.697 0.000 0.000 6.972 0.000 0.000
112 MOTOR 28 0.802 0.000 0.000 4.008 0.000 0.000
113 MOTOR 29 0.321 0.000 0.000 3.206 0.000 0.000
114 MOTOR 29 1.199 0.000 0.000 5.998 0.000 0.000
115 MOTOR 30 0.431 0.000 0.000 5.166 0.000 0.000
116 MOTOR 30 1.116 0.000 0.000 5.578 0.000 0.000
117 MOTOR 33 0.809 0.000 0.000 9.701 0.000 0.000
118 MOTOR 34 3.621 0.000 0.000 25.354 0.000 0.000
119 MOTOR 35 0.809 0.000 0.000 9.701 0.000 0.000
120 MOTOR 36 0.025 0.000 0.000 0.818 0.000 0.000
121 MOTOR 37 0.246 0.000 0.000 2.952 0.000 0.000
122 MOTOR 37 1.859 0.000 0.000 9.296 0.000 0.000
123 MOTOR 39 0.034 0.000 0.000 1.005 0.000 0.000
124 MOTOR 49 0.264 0.000 0.000 2.640 0.000 0.000
125 MOTOR 51 1.432 0.000 0.000 10.020 0.000 0.000
126 MOTOR 51 0.408 0.000 0.000 4.893 0.000 0.000
127 MOTOR 8 0.006 0.000 0.000 0.222 0.000 0.000
128 %

129 % bus Calc Type Calc _time (0-All;1l-Subtransient;2-Transient;3-Steady-state)

130 FAULT 20 3P 1
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>> short circuit IEEE Std 399-1997
Input data summary statistics:
130 total lines in input file
1 SYSTEM lines
42 BUS lines
43 LINE lines
3 GENERATOR lines
29 MOTOR lines
1 TYPE lines

Results for System Name "IEEE Std 399-1997"

Symmetrical Three-Phase Fault at Bus 20
Calculating Subtransient Currents

| === ———— Bus Information-------—-———————-——-— | ===—=- Line Information------ |
| Bus Volts / angle Amps / angle | To | Amps / angle |

|  no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
|- =TT ———————— |

1 1 0.976/ -0.15 0.000/ 0.00 3 0.217/ 99.64

100 0.217/ -80.36

2 2 0.968/ 0.02 0.000/ 0.00 4 2.654/ -83.95

100 2.654/ 96.05

3 3 0.988/ -0.08 0.000/ 0.00 1 0.217/ -80.36

5 0.013/ 100.63

6 0.022/ 100.35

9 0.011/ 104.77

26 0.005/ 104.32

50 0.166/ 99.00

50 0.166/ 99.00

4 4 0.826/ -0.43 0.000/ 0.00 2 2.654/ 96.05

8 0.780/ 93.79

15 5.554/ -84.86

24 0.227/ 96.01

16 0.038/ 97.94

27 0.153/ 99.93

5 5 0.988/ -0.08 0.000/ 0.00 39 0.009/ 99.74

49 0.004/ 102.63

3 0.013/ -79.37

6 6 0.988/ -0.08 0.000/ 0.00 11 0.003/ 101.62

19 0.019/ 100.18

3 0.022/ -79.65

7 8 0.827/ -0.47 0.000/ 0.00 4 0.780/ -86.21

8 9 0.988/ -0.08 0.000/ 0.00 3 0.011/ -75.23

12 0.006/ 104.58

25 0.005/ 104.99

9 10 0.826/ -0.45 0.000/ 0.00 13 0.083/ 100.21

27 0.083/ -79.79

10 11 0.989/ -0.08 0.000/ 0.00 6 0.003/ -78.38

11 12 0.988/ -0.08 0.000/ 0.00 17 0.006/ 104.58

9 0.006/ -75.42
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36

37
38
39
40

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34
35
36
37
38

39
41
49
50

0.

O O O O O o

O O O O O O

o O O o

827/

.815/
.826/
.990/
.858/
.991/
.000/
.855/
.990/
.859/
.826/
.988/

.988/

.826/

.990/

.990/

.853/

.827/

.827/

.990/
.990/
.853/
.865/
.862/
.990/

.991/
.990/
.989/
.988/

-0.

45

.38

.44

.06

.38

.06

.13

.54

.07

.40

.45

.08

.08

.44

.07

.07

.40

.46

.45

.07
.07
.44
.48
.48
.07

.07
.07
.07
.09

O O O O J o

O O O o O o

o O O O

.000/
.000/
.000/
.000/
.000/
.000/
.188/
.000/
.000/
.000/
.000/
.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/

.000/
.000/
.000/
.000/
.000/
.000/

.000/
.000/
.000/
.000/

o O O

O O O O O O

o O O O

.00

.00

.00

.00

.00

.00

-85.

.00

.00

.00
.00

30

.00

.00

.00

.00

.00

.00

.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

18
10
20

21

12
22
13
23

15
16
17
18

31
32
28

29

30

10
25
33
41
26
34
38
38
27
35
36
24
37
24
28
29
30
31
32
29
29

28

51

O O O O O O O O O O O O O O O O O O OO OO O OO OO OO o oo o oo oUuUoOoooooou oo o

.083/
.083/
.554/
.554/
.038/
.038/
.006/
.000/
.083/
.007/
.019/
.554/
.038/
.000/
.007/
.227/
.166/
.061/
.005/
.005/
.005/
.005/
.069/
.153/
.083/
.005/
.001/
.000/~-
.005/
.000/
.000/~-
.000/~-
.069/
.015/
.166/
.166/
.061/
.061/
.001/
.000/
.015/
.166/
.061/
.000/
.000/
.009/
.000/
.004/
.003/
.166/

100

-80

=77

.21
-79.
-84.

95.

97.
-82.
-75.
100.
-79.

96.
-79.

95.
-82.
-79.
-83.
-83.

94.

99.
104.
-75.
104.
-75.

99.
-80.
100.
-75.
101.
121.
-75.
104.
133.
133.
-80.

97.

94.
-85.

99.
-80.
-78.
-75.
-82.
-85.
-80.

46.

46.
.26
58.
.37
103.
-81.

79
86
14
94
06
42
87
79
50
82
14
06
13
50
99
80
28
99
01
32
68
60
07
21
01
62
54
68
84
94
94
40
32
80
20
28
72
38
16
68
20
72
06
06

46

57
00



MATLAB Command Window Page 3

3 0.166/ -81.00
41 51 0.990/ -0.08 0.000/ 0.00 50 0.003/ -76.43
42 100 0.976/ -0.14 0.000/ 0.00 1 0.217/ 99.64
2 2.654/ -83.95
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function short circuit (filename)

0 0 A A O A A A A A A N A A N N A A AN N A A N O A N AN AN A A AN N A N AN N AN A AN N A A N N A A A AN A A o A o° o

MATLAB fault current analysis program to perform fault current
calculations for three-phase, single line-to-ground, line-to-line,

or double line-to-ground faults in the subtransient, transient, or
steady-state periods. The input to this program is a data set of input
lines describing a power system read from an input file. The only
argument is the name of the input file. The output from this program
calculates the voltages and fault currents in each phase at each bus and
in each transmission line in the power system for the particular type of
fault being analyzed.

The input file may contain up to six different types of input lines
used to describe the power system: "SYSTEM", "BUS", "LINE", "GENERATOR",

"MOTOR", and "FAULT" lines, respectively.

The "SYSTEM" line specifies the characteristics of the power system
as shown below.

SYSTEM name baseMVA

where
name = The name of the power system
baseMVA = The base apparent power of the power system (in MVA)

The "BUS" line specifies the characteristics of a bus in the
power system as shown below.

BUS name volts

where
name = The name of the bus
volts = The pre-fault voltage at the bus

The "LINE" line specifies the characteristics of a transmission
line in the power system as shown below. Note that transformers

at the sending and receiving ends of transmission lines are treated
as additional "transmission lines".

LINE from to Rse Xse Gsh Bsh X0 Vis

where
from = The name of the "from" bus
to = The name of the "to" bus
Rse = Per-unit series resistance
Xse = Per-unit series reactance
Gsh = Per-unit shunt conductance
Bsh = Per-unit shunt susceptance
X0 = Per-unit series zero-sequence reactance
Vis = Zero-sequence visibility flag:

0 - Visible to neither bus

1 - Visible to the "from" bus only
2 - Visible to the "to" bus only

3 - Visible to both buses

The "GENERATOR" line specifies the characteristics of a generator



56 $ in the power system as shown below.

57 %

58 ¢ GENERATOR bus R Xs Xp Xpp X2 X0

59 %

60 % where

6l % bus = The name of the bus where the generator is connected
62 % R = Per-unit resistance

63 % Xs = Per-unit synchronous reactance

64 % Xp = Per-unit transient reactance

65 % Xpp = Per-unit subtransient reactance

66 % X2 = Per-unit negative-sequence reactance

67 % X0 = Per-unit zero-sequence reactance

68 %

69 % The "MOTOR" line specifies the characteristics of a synchronous motor
70 % in the power system as shown below.

71 %

72 % MOTOR bus R Xs Xp Xpp X2 X0

73 %

74 % where

75 % bus = The name of bus where the motor is connected
76 % R = Per-unit resistance

77 % Xs = Per-unit synchronous reactance

78 % Xp = Per-unit transient reactance

79 % Xpp = Per-unit subtransient reactance

80 % X2 = Per-unit negative-sequence reactance

81l % X0 = Per-unit zero-sequence reactance

82 %

83 % Finally, the "FAULT" line specifies the location, type, and time period
84 % (subtransient, etc.) of the fault as shown below.

85 %

86 % FAULT bus calc type calc time

87 %

88 % where

89 % bus = The name of the bus where the fault occurs
90 % calc_type = The type of fault that occurs at that bus:
91 % 3P - Symmetrical three-phase fault

92 % LG - Single line-to-ground fault

93 % LL - Line-to-line fault

94 % DLG - Double line-to-ground fault

95 % calc_time = The time period for the fault analysis:

96 % 0 - All

97 % 1 - Subtransient period

98 % 2 - Transient period

99 % 3 - Steady-state period
100 %
101 % These six different types of input lines describing the power system
102 % should appear in the input file in the following order:
103 %
104 % SYSTEM
105 ¢ BUS
106 % LINE
107 $ GENERATOR
108 $ MOTOR
109 % FAULT

110



111 % Read the input lines describing the power system from the input file.
112 [bus, line, system, gen, mot, fault] = read file(filename);

113

114 % Perform fault analysis on the power system.

115 if fault.calc time > 0

116

117 % Create the positive-, negative-, and zero-sequence bus admittance
118 % matrices for the power system.

119 [Ybusl, Ybus2, YbusO] = build Ybus(bus, line, gen, mot, fault);

120

121 % Create the positive-sequence bus impedance matrix for the power

122 % system.

123 Zbusl = inv (Ybusl) ;

124

125 % Create the negative-sequence bus impedance matrix for the power

126 % system.

127 if ~strcmpi (fault.type, '3P")

128 Zbus2 = inv (Ybus?2) ;

129 else

130 Zbus2 = zeros(size (Ybus2));

131 end

132

133 % Create the zero-sequence bus impedance matrix for the power system.
134 if strcmpi (fault.type, 'SLG") || strcmpi (fault.type, 'DLG")

135 Zbus0 = inv (YbusO) ;

136 else

137 Zbus0 = zeros(size (Ybus0));

138 end

139

140 % Solve for the voltages and fault currents in each phase at each bus
141 % 1n the power system for the particular type of fault being analyzed.
142 bus = solve(bus, Zbusl, Zbus2, Zbus0, fault);

143

144 % Display the voltages and fault currents in each phase at each bus and
145 % in each transmission line in the power system for the particular type
146 % of fault being analyzed.

147 if strcmpi (fault.type, '3P")

148 report (system, bus, line, Ybusl, fault);

149 else

150 report 2 (system, bus, line, Ybusl, Ybus2, YbusO, fault);

151 end

152 else

153 for i = 1:3

154

155 % Set the time period for the fault analysis.

156 fault.calc time = i;

157

158 % Create the positive-, negative-, and zero-sequence bus admittance
159 % matrices for the power system.

160 [Ybusl, Ybus2, YbusO] = build Ybus(bus, line, gen, mot, fault);
lol

162 % Create the positive-sequence bus impedance matrix for the power
163 % system.

164 Zbusl = inv(Ybusl);

165



166 % Create the negative-sequence bus impedance matrix for the power
167 % system.

168 if ~strcmpi (fault.type, '3P")

169 Zbus2 = inv(Ybus2);

170 else

171 Zbus2 = zeros(size(Ybus2));

172 end

173

174 % Create the zero-sequence bus impedance matrix for the power
175 % system.

176 if strcmpi(fault.type, 'SLG") || strcmpi(fault.type, 'LLG")

177 Zbus0 = inv (YbusO) ;

178 else

179 Zbus0 = zeros (size(YbusO0));

180 end

181

182 % Solve for the voltages and fault currents in each phase at each
183 % bus in the power system for the particular type of fault being
184 % analyzed.

185 bus = solve (bus, Zbusl, Zbus2, Zbus0, fault);

186

187 % Display the voltages and fault currents in each phase at each
188 % bus and in each transmission line in the power system for the
189 % particular type of fault being analyzed.

190 if strcmpi (fault.type, '3P")

191 report (system, bus, line, Ybusl, fault);

192 else

193 report 2 (system, bus, line, Ybusl, Ybus2, YbusO, fault);
194 end

195 end

196 end

197

198 S
199

200 function [bus, line, system, gen, mot, fault] = read file(filename)

201 % Function read file reads a data set describing a power system from an
202 % input file.

203

204 $ Validate the number of input arguments in the call to the currently
205 % executing function.

206 narginchk(1,1);

207

208 $ Initialize counters to count the number of occurences of each of the
209 % different types of lines encountered while reading from the input file.
210 numSystem = 0; % Number of occurences of SYSTEM lines

211 numBus = 0; % Number of occurences of BUS lines

212 numLine = 0; % Number of occurences of LINE lines

213 numGen = 0; % Number of occurences of GENERATOR lines

214 numMot = 0; % Number of occurences of MOTOR lines

215 numFault = 0; % Number of occurences of FAULT lines

216 numComment = 0; % Number of occurences of comment lines

217 numInvalid = 0; % Number of occurences of invalid lines

218 i line = 0; % Current line number

219 mot = []; % Initialize motor array

220



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

Open the input file for reading.

% then fileID = -1.
[

fileID] =

Check for an error opening the input file.

% the input file,
% read the input file one line
-1

if filelID
errmsg =
error (errmsqg) ;
else
while feof (filelID)
fgetl (filelID);
i line + 1;

tline =
i line =

o° o° o

line identifiers.

fopen (filename, 'r');

throw an error and display an error message.

['"ERROR: MATLAB cannot open the input file: '

If fopen cannot open the input file,

If there is an error opening
Otherwise,
at a time to the end of the file.

filename];

Test for end of input file
Read line from input file

o o° oo

Update current line number

Determine the type of line read from the input file by comparing
the first n characters of the line with the each of the different

if strncmpi(tline, 'SYSTEM',6) == 1

% The line read from the input file is a SYSTEM line.

Update

the number of occurences of SYSTEM lines in the input file.

numSystem =

numSystem + 1;

% Obtain the name of the power system.

index = strfind(tline,' ');
for i = 1:(length(index) - 1)
if (index (i+1) - index(i)) > 1
system.name = tline((index (i) + 1): (index(i+1) - 1)),
break;
end
end
% Obtain the base apparent power of the power system (in MVA) .
temp = sscanf(tline(index (i+1l) :length(tline)), '3g'");
system.baseMVA = temp(l);
elseif strncmpi(tline, 'BUS',3) == 1
Update the

% The line read from the input file is a BUS line.

number of occurences of BUS lines in the input file.

numBus =

Confirm that the
preceeded by the
input file.

o° o° o°

if numSystem
error ([ "ERROR:
'such that
'preceeded

end

numBus + 1;

BUS line read from the input file has been
occurence of a SYSTEM line within the same

The input file must be formatted
|l

the occurence of any BUS lines is
by the occurence of a SYSTEM line.']):;

% Obtain the name of the bus.

index =

strfind(tline, '

')



276

277 for i = 1:(length(index) - 1)

278 if (index (i+1l) - index(i)) > 1

279 bus (numBus) .name = tline((index (i) + 1):

280 (index (i+1) - 1))

281 break;

282 end

283 end

284

285 % Obtain the pre-fault voltage at the bus.

286 temp = sscanf (tline (index(i+1l) :length(tline)), '3g');

287 bus (numBus) .volts = temp (1) ;

288

289 elseif strncmpi(tline, 'LINE',4) == 1

290

291 % The line read from the input file is a LINE line. Update the
292 % number of occurences of LINE lines in the input file.

293 numLine = numLine + 1;

294

295 % Confirm that the LINE line read from the input file has been
296 % preceeded by the occurence of a SYSTEM line within the same
297 % input file.

298 if numSystem ==

299 error ([ "ERROR: The input file must be formatted '

300 'such that the occurence of any LINE lines is '

301 'preceeded by the occurence of a SYSTEM line.']):;
302 end

303

304 % Obtain the name of the "from" Dbus.

305 index = strfind(tline,' '");

306

307 for i = 1:(length(index) - 1)

308 if (index (i+1l) - index(i)) > 1

309 line (numLine) .from name = tline((index (i) + 1):

310 (index (i+1) - 1));

311 break;

312 end

313 end

314

315 % Obtain the name of the "to" bus.

316 for i = (1 + 1):(length(index) - 1)

317 if (index (i+1l) - index(i)) > 1

318 line (numLine) .to name = tline((index(i) + 1):

319 (index (i+1) - 1));

320 break;

321 end

322 end

323

324 % Obtain the characteristics of the transmission line,

325 % including the per-unit series resistance, per-unit series
326 % reactance, per-unit shunt conductance, per-unit shunt

327 % susceptance, per-unit series zero-sequence reactance, and
328 % zero-sequence visibility code (0 - visible to neither bus;
329 % 1 - visible to the "from" bus only; 2 - visible to the "to"
330 % bus only; 3 - visible to both busses).



331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

temp = sscanf (tline (index (i+1)

line (numLine) .Rse = temp (1) ;
line (numLine) .Xse = temp (2);
line (numLine) .Gsh = temp (3);
line (numLine) .Bsh = temp (4);
line (numLine) .X0 = temp (5);
line (numLine) .vis = temp (6) ;

elseif strncmpi(tline, 'GENERATOR',9)

o° o° oe

input file.
numGen = numGen + 1;

% Obtain the name of the bus where the generator is connected.

=1

The line read from the input file is a GENERATOR line.
Update the number of occurences of GENERATOR lines in the

index = strfind(tline,' '");
for i = 1:(length(index) - 1)
if (index (i+1l) - index(i)) > 1
gen (numGen) .bus name = tline((index (i) + 1):
(index (i+1) - 1));
break;
end
end

per-unit resistance, per-unit

o0 o° o° oo o°

sequence reactance.

temp = sscanf (tline (index (i+
gen (numGen) .R = temp (1) ;
gen (numGen) .Xs = temp (2);
gen (numGen) .Xp = temp (3);
gen (numGen) . Xpp = temp (4) ;
gen (numGen) . X2 = temp (5) ;
gen (numGen) . X0 = temp (6) ;

elseif strncmpi(tline, "MOTOR',5) ==

o° o

numMot = numMot + 1;

Obtain the characteristics of the generator, including the

synchronous reactance, per-

unit transient reactance, per-unit subtransient reactance,
per-unit negative-sequence reactance, and per-unit zero-

1) :1length(tline)), "%g');

1

The line read from the input file is a MOTOR line. Update
the number of occurences of MOTOR lines in the input file.

% Obtain the name of the bus where the motor i1s connected.

index = strfind(tline,' '");
for i = 1:(length(index) - 1)
if (index (i+1l) - index(i)) > 1
mot (numMot) .bus _name = tline((index (i) + 1):
(index (i+1) - 1));
break;
end
end



386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

including the per-unit

o0 o° o° oo o°

Obtain the characteristics of the synchronous motor,

resistance, per-unit synchronous

reactance, per-unit transient reactance, per-unit
subtransient reactance, per-unit negative-sequence
reactance, and per-unit zero-sequence reactance.

temp = sscanf (tline (index (i+1) :length(tline)), '%g'");
mot (numMot) .R = temp (1)
mot (numMot) .Xs = temp(2);
mot (numMot) .Xp = temp (3);
mot (numMot) . Xpp = temp (4);
mot (numMot) .X2 = temp (5) ;
mot (numMot) . X0 = temp (6) ;

elseif strncmpi(tline, 'FAULT
% The line read from the

numFault = numFault + 1;

% Obtain the name of the

'y5) =1

input file is a FAULT line. Update

the number of occurences of FAULT lines in the input file.

bus where the fault develops.

index = strfind(tline,' '");
for i = 1:(length(index) - 1)
if (index (i+1l) - index(i)) > 1
fault.bus name = tline((index (i) + 1):
(index (i+1) - 1));
break;
end
end

o° o o° oo

Obtain the type of fault that develops at that bus (3P -
symmetrical three-phase fault; LG - single line-to-ground
fault; LL - line-to-line fault; DLG - double line-to-ground

fault) .
for i = (1 + 1):(length(index) - 1)
if (index (i+1l) - index(i)) > 1
fault.type = tline((index (i) + 1): (index(i+l) - 1));
break;
end
end

o° o°

Obtain the time period for the fault analysis (0 - all;

1 - subtransient; 2 - transient; 3 - steady-state).
temp = sscanf (tline (index (i+1) :length(tline)), '%g'");
fault.calc time = temp(1);

elseif isempty(tline)

The line read from the

o° o

nothing.

elseif strncmpi(tline,'$',1)

% The line read from the

input file is an empty line - do

input file is a comment line. Update



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

% the number of occurences of comment lines in the input file.
numComment = numComment + 1;

else

The line read from the input file is an invalid line. Update

o°  oP

the number of occurences of invalid lines in the input file.
numInvalid = numInvalid + 1;

% Display a warning to alert the user of the invalid line in
% the input file.

disp ([ '"WARNING: Invalid line ' int2str(i line) ': ' tlinel):;
end

end

Process the input data to prepare for subsequent calculations and
perform error checking on the input data to ensure validity.
Initialize counter to count the total number of errors detected in

o° o° oo oP

the input file.
numError = 0;

% Confirm that there is one and only one occurence of a SYSTEM line in
% the input file.
if numSystem ==
numError = numError + 1;
disp (['ERROR: No SYSTEM line in the input file. The input '
'file should contain one and only one SYSTEM line.']);

end

if numSystem > 1
numError = numError + 1;
disp (['ERROR: More than one SYSTEM line in the input file. '
'The input file should contain one and only one SYSTEM '
'line.']);
end

% Initialize counter to count the number of transmission lines
% terminated on each bus in the power system.
for i = 1l:numBus

bus (i) .numLine = 0;

end

Count the number of transmission lines terminated on each bus in the
power system and confirm that each LINE in the power system has a
valid "from" and "to" bus name associated with it that corresponds

o0 o° oo oP

to the name of an indentified bus in the power system.

for i = l:numLine
line (i) .from no = 0;
line(i).to no = 0;
for j = 1l:numBus
if strcmpi(line (i) .from name, bus(j) .name)
bus (j) .numLine = bus(j) .numLine + 1;
line (i) .from no = J;
end



496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

if strcmpi(line(i).to_name, bus(j) .name)
bus (j) .numLine = bus(j).numLine + 1;
line (i) .to_no =37
end
end
end
% Confirm that there are no isolated busses in the power system.
for i = 1:numBus
if bus (i) .numLine <= 0
numError = numError + 1;
disp ([ 'ERROR: Isolated bus: ' bus(i).name]);
end
end

Check for invalid LINE "from" and "to" bus names that do not
correspond to the names of any identified busses in the power system.
for i = l:numLine
if line(i).from no <= 0

numError = numkError + 1;

disp ([ 'ERROR: Invalid "from" bus on LINE line ' num2str (i)

': " line(i).from name]);

end

if line(i).to no <=0
numError = numError + 1;
disp ([ 'ERROR: Invalid "to" bus on LINE line ' num2str (i)
': " line (i) .to_name]);
end
end

Confirm that each GENERATOR in the power system has a valid bus name
associated with it that corresponds to the name of an indentified bus

o° o oe

in the power system.

for i = 1:numGen
gen (i) .bus no = 0;
for j = 1l:numBus

if strcmpi(gen(i) .bus name, bus(j) .name)
gen (i) .bus no = j;
end

% Check for invalid GENERATOR bus names that do not correspond to the
% names of any identified busses in the power system.
for i = 1l:numGen
if gen(i) .bus no <= 0
numError = numError + 1;
disp ([ 'ERROR: Invalid bus on GENERATOR line ' num2str (i)
': " gen(i).bus name]);
end
end
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552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
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581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

Confirm that each MOTOR in the power system has a valid bus name
associated with it that corresponds to the name of an indentified

o° o° oe

bus in the power system.

for 1 = 1:numMot
mot (i) .bus no = 0;
for j = 1l:numBus
if strcmpi (mot (i) .bus name, bus(j) .name)
mot (i) .bus no = J;
end
end
end

% Check for invalid MOTOR bus names that do not correspond to the names
% of any identified busses in the power system.
for i = 1l:numMot
if mot (i) .bus no <= 0
numError = numError + 1;
disp(['ERROR: Invalid bus on MOTOR line' num2str (i)
': " mot(i).bus name]);
end
end

% Confirm that there is one and only one occurence of a FAULT line in
% the input file.
if numFault ==
numError = numError + 1;
disp (['ERROR: No FAULT line in the input file. The input '
'file should contain one and only one FAULT line.']);
end

if numFault > 1
numError = numkError + 1;
disp (['ERROR: More than one FAULT line in the input file. '
'The input file should contain one and only one FAULT '
'line.']);
end

Confirm that the FAULT in the power system has a valid bus name
associated with it that corresponds to the name of an indentified

o0 o° oe

bus in the power system.
fault.bus no = 0;

for j = 1l:numBus
if strcmpi(fault.bus name, bus(j).name)
fault.bus no = j;
end
end

% Check for invalid FAULT bus name that does not correspond to the
% name of any identified bus in the power system.
if fault.bus no <= 0

numkError = numError + 1;

disp (['ERROR: Invalid bus on FAULT line : ' fault.bus name]);

end
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607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
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636
637
638
639
640
641
642
643
644
645
646
647
648
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Check for invalid FAULT calculation type that does not correspond to
any of the wvalid types of faults used for fault analysis (3P -
symmetrical three-phase fault; LG - single line-to-ground fault;

LL - line-to-line fault; DLG - double line-to-ground fault).

if strncmpi (fault.type, '3P',2)

o° o o° oo

fault.type str = 'Symmetrical Three-Phase Fault';
elseif strncmpi (fault.type, 'SLG', 3)

fault.type str = 'Single Line-to-Ground Fault';
elseif strncmpi (fault.type, 'LL',2)

fault.type str = 'Line-to-Line Fault';
elseif strncmpi (fault.type, 'DLG', 3)

fault.type str = 'Double Line-to-Ground Fault';
else

numError = numError + 1;
disp(['ERROR: Invalid type on FAULT line: ' fault.type]l):;
end

Check for invalid FAULT calculation time that does not correspond to
any of the valid time periods used for fault analysis (0 - all;

o0 o° oe

1 - subtransient; 2 - transient; 3 - steady-state).
if fault.calc time ==
fault.calc_str = 'All';
elseif fault.calc time ==
fault.calc _str = 'Subtransient';
elseif fault.calc time ==
fault.calc_str = 'Transient';
elseif fault.calc time ==
fault.calc str = 'Steady-State';
else
numError = numkError + 1;
disp ([ 'ERROR: Invalid calc time on FAULT line: '
numZstr (fault.calc time)]);
end

% Display the input data summary statistics.
fprintf ('Input data summary statistics:\n');

fprintf ('$4d total lines in input file\n', i line);
fprintf ('%4d SYSTEM lines\n', numSystem);
fprintf ('%4d BUS lines\n', numBus);

(
(
(
fprintf ('$4d LINE lines\n', numLine);
(
(
(

fprintf ('$4d GENERATOR lines\n', numGen);
fprintf ('$4d MOTOR lines\n', numMot) ;
fprintf ('$4d TYPE lines\n', numFault);

Q

% Close the open input file.
fclose (filelD);

% If there were errors detected in the input file, throw an error and
% display an error message.
if numError > 0
disp(['Total number of errors detected in input file: '
int2str (numError)]);
error ('Program aborted due to input errors.');
end



661 end

662

BB G mm oo
664

665 function [Ybusl, Ybus2, Ybus0O] = build Ybus(bus, line, gen, mot, fault)
666 % Function build Ybus calculates the bus admittance matrix of the power
667 % system according to the following rules:

668 %

669 % 1) The diagonal elements Ybus(k,k) of the bus admittance matrix are

670 % equal to the sum of all admittances directly connected to bus k. The
671 % diagonal elements are referred to as the self-admittances of the

672 % busses.

673 % 2) The off-diagonal elements Ybus(k,n) of the bus admittance matrix are
674 % equal to the negative of the sum of all admittances directly

675 % connected between busses k and n. The off-diagonal elements are

676 % referred to as the mutual admittances of the busses.

677 %

678 % The bus admittance matrix includes the admittances of all transmission
679 % lines, transformers, etc., connected between busses and also includes
680 % the admittances of the loads or generators themselves connected at each
681 % bus.

682

683 % Validate the number of input arguments in the call to the currently

684 % executing function.

685 narginchk(5,5);

686

687 % Obtain the number of buses in the power system.
688 numBus = length (bus) ;

689

690 % Initialize the positive-, negative-, and zero-sequence bus admittance
691 % matrices for the power system.

692 Ybusl = zeros (numBus, numBus) ;

693 Ybus2 = zeros (numBus,numBus) ;

694 YbusO = zeros (numBus,numBus) ;

695

696 % Create the positive-sequence bus admittance matrix for the power system.
697 for i = l:length(line)

698

699 % Obtain the positive-sequence bus admittance matrix indices.

700 k = line (i) .from no;

701 n = line(i).to no;

702

703 % Obtain the series positive-sequence impedance of the transmission
704 % line from the series resistance and series positive-sequence

705 % reactance. Convert the series positive-sequence impedance of the
706 % transmission line to a series positive-sequence admittance and
707 % obtain the shunt admittance of the transmission line from the shunt
708 % conductance and shunt susceptance.

709 Zse = line(i).Rse + 1lj*line (i) .Xse;

710 Yse = 1.0 / Zse;

711 Ysh = line(i) .Gsh + 1j*1line (i) .Bsh;

712

713 % Calculate the diagonal elements of the positive-sequence bus

714 % admittance matrix corresponding to the positive-sequence self-

715 admittances of the busses.



716
717
718
719
720
721
722
723
724
725
726
727
728
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731
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733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770

end

o>
(o8

o° oo
o

for

end

Ybusl (k, k) Ybusl (k, k) + Yse;
Ybusl (n,n) = Ybusl(n,n) + Yse;

% Calculate the off-diagonal elements of the positive-sequence bus
% admittance matrix corresponding to the positive-sequence mutual
% admittances of the busses.

Ybusl (k,n) = Ybusl(k,n) - Yse;

Ybusl (n,k) = Ybusl(k,n);

The transmission line is represented by the pi model in which the
total shunt admittance distributed over the entire length of the
transmission line is divided into two halves and placed at the
sending and receiving ends of the transmission line. Add half of the
total shunt admittance of the transmission line to the busses at each

o° o0 o d° o° oP

end of the transmission line.
Ybusl (k, k) = Ybusl(k,k) + Ysh/2;
Ybusl (n,n) = Ybusl(n,n) + Ysh/2;

the positive-sequence admittances of the generators connected at each

]

to the positive-sequence bus admittance matrix.
i = 1l:length (gen)

o°

Obtain the positive-sequence bus admittance matrix index.
= gen (i) .bus_no;

P

Obtain the series positive-sequence reactance of the generator during
the time period for which the fault analysis is being performed (1 -

0% o° o°

subtransient; 2 - transient; 3 - steady-state).
if fault.calc time ==
X1 = gen (i) .Xpp;
elseif fault.calc _time ==
X1 = gen (i) .Xp;
elseif fault.calc time ==
X1 = gen (i) .Xs;
end

Obtain the series positive-sequence impedance of the generator from
the series resistance and series positive-sequence reactance. Convert
the series positive-sequence impedance of the generator to a series

o° o° o° oe

positive-sequence admittance.
1 = gen(i).R + 13*X1;
Yl = 1.0 / (z21);

N

% Calculate the diagonal elements of the positive-sequence bus

% admittance matrix corresponding to the positive-sequence self-
% admittances of the busses.

Ybusl (k,k) = Ybusl(k,k) + Y1;

% Add the positive-sequence admittances of the motors connected at each bus
% to the positive-sequence bus admittance matrix.

for

i = l:length (mot)

o)

% Obtain the positive-sequence bus admittance matrix index.



771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
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794
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796
797
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799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825

end

o° o oe

o

= mot (i) .bus_no;

Obtain the series positive-sequence reactance of the motor during the
time period for which the fault analysis is being performed (1 -
subtransient; 2 - transient; 3 - steady-state).
if fault.calc time ==
X1 = mot (i) .Xpp;
elseif fault.calc _time ==
X1 = mot (1) .Xp;
elseif fault.calc _time ==
X1 = mot (i) .Xs;

o° o oo

end

Obtain the series positive-sequence impedance of the motor from the
series resistance and series positive-sequence reactance. Convert the
series positive-sequence impedance of the motor to a series positive-
sequence admittance. Note that motors do not contribute to the fault
current during the steady-state period (1 - subtransient; 2 -

o° o° o° o° oo oP

transient; 3 - steady-state).
if fault.calc _time ~= 3

Z1l = mot (i) .R + 1j*X1;
Y1 = 1.0 / (21);

else
Yl = 0.0;

end

% Calculate the diagonal elements of the positive-sequence bus

% admittance matrix corresponding to the positive-sequence self-
% admittances of the busses.

Ybusl (k, k) = Ybusl(k,k) + Y1;

Create the negative-sequence bus admittance matrix for the power system
if it becomes unbalanced during an unsymmetrical fault (applies to all
faults except symmetrical three-phase faults denoted by '3P').

if ~strcmpi (fault.type, '3P")

for i = 1l:length(line)

o°

Obtain the negative-sequence bus admittance matrix indices.
= line(i).from no;
= line(i).to no;

5o~

Obtain the series negative-sequence impedance of the transmission
line from the series resistance and series negative-sequence
reactance. Convert the series negative-sequence impedance of the
transmission line to a series negative-sequence admittance and
obtain the shunt admittance of the transmission line from the

% o° o o° oo oP

shunt conductance and shunt susceptance.
Zse = line(i).Rse + 1lj*line (1) .Xse;

Yse = 1.0 / Zse;

line(i) .Gsh + 1j*line (i) .Bsh;

<

)]

oy
Il

Calculate the diagonal elements of the negative-sequence bus
admittance matrix corresponding to the negative-sequence self-
admittances of the busses.

o° o oe



826
827
828
829
830
831
832
833
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835
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841
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Ybus?2 (k, k) Ybus2 (k, k) + Yse;
Ybus2 (n,n) = Ybus2(n,n) + Yse;

Calculate the off-diagonal elements of the negative-sequence bus
admittance matrix corresponding to the negative-sequence mutual

o° oo oP

admittances of the busses.
Ybus2 (k,n) = Ybus2(k,n) - Yse;
Ybus2 (n, k) = Ybus2(k,n);

The transmission line is represented by the pi model in which the
total shunt admittance distributed over the entire length of the
transmission line is divided into two halves and placed at the
sending and receiving ends of the transmission line. Add half of
the total shunt admittance of the transmission line to the busses
at each end of the transmission line.

Ybus2 (k, k) = Ybus2(k,k) + Ysh/2;

Ybus2 (n,n) = Ybus2(n,n) + Ysh/2;

o° o° o d° o° oP

end

Add the negative-sequence admittances of the generators connected at
each bus to the negative-sequence bus admittance matrix.
for i = l:length(gen)

o
°
o
°

o°

Obtain the negative-sequence bus admittance matrix index.
= gen (i) .bus_no;

o

Obtain the series negative-sequence impedance of the generator
from the series resistance and series negative-sequence
reactance. Convert the series negative-sequence impedance of the

o° o o° oo

generator to a series negative-sequence admittance.
22 = gen(i) .R + 1lj*gen (i) .X2;
Y2 = 1.0 / (Z22);

Calculate the diagonal elements of the negative-sequence bus
admittance matrix corresponding to the negative-sequence self-

o° oo oP

admittances of the busses.
Ybus?2 (k, k) = Ybus2(k,k) + Y2;
end

>
Q.
Q.

the negative-sequence admittances of the motors connected at each

o° oo
o

o

)]

to the negative-sequence bus admittance matrix.
= 1l:1length (mot)

Hh
[

or

o°

Obtain the negative-sequence bus admittance matrix index.
= mot (i) .bus_no;

o

Obtain the series negative-sequence impedance of the motor from
the series resistance and series negative-sequence reactance.
Convert the series negative-sequence impedance of the motor to a

o° o o° oo

series negative-sequence admittance.
Zz2 = mot (i) .R + 1lj*mot (1) .X2;
Y2 = 1.0 / (Z22);

% Calculate the diagonal elements of the negative-sequence bus
% admittance matrix corresponding to the negative-sequence self-
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% admittances of the busses.

Ybus2 (k, k) = Ybus2(k,k) + Y2;
end
end
% Create the zero-sequence bus admittance matrix for the power system if
% it becomes unbalanced during an unsymmetrical ground fault (applies to
% single line-to-ground faults and double line-to-ground faults denoted
% by 'SLG' and 'DLG', respectively).
if strcmpi(fault.type, 'SLG'") || strcmpi(fault.type, 'DLG")
for i = l:length(line)
% Obtain the zero-sequence bus admittance matrix indices.
k = line(i).from no;
n = line(i).to _no;
% Obtain the series zero-sequence impedance of the transmission
% line from the series resistance and series zero-sequence
% reactance. Convert the series zero-sequence impedance of the
% transmission line to a series zero-sequence admittance and
% obtain the shunt admittance of the transmission line from the
% shunt conductance and shunt susceptance.
Z0 = line(i) .Rse + 1j*1line (i) .XO0;
YO = 1.0 / 20;
Ysh = line (i) .Gsh + 1j*line (i) .Bsh;
% Calculate the diagonal elements of the zero-sequence bus
% admittance matrix corresponding to the zero-sequence self-
% admittances of the busses. If the zero-sequence visibility of
% the transmission line is equal to 1 or 3, then the series zero-
% sequence admittance of the transmission line is visible to the
% "from" bus.
if line(i).vis == 1 || line (i) .vis ==
YbusO (k, k) = YbusO(k,k) + YO;
end
% If the zero-sequence visibility of the transmission line is equal
% to 2 or 3, then the series zero-sequence admittance of the
% transmission line is wvisible to the "to" bus.
if line (i) .vis == 2 || line(i).vis ==
YbusO (n,n) = YbusO(n,n) + YO;
end
% Calculate the off-diagonal elements of the zero-sequence bus
% admittance matrix corresponding to the zero-sequence mutual
% admittances of the busses. If the zero-sequence visibility of the
% transmission line is equal to 3, then the series zero-sequence
% admittance of the transmission line is visible to both busses.
if line (i) .vis ==
YbusO (k,n) = YbusO(k,n) - YO;
YbusO (n, k) = YbusO(k,n);
end
% The transmission line is represented by the pi model in which the
% total shunt admittance distributed over the entire length of the
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end

o
°
o
°

for

transmission line is divided into two halves and placed at the
sending and receiving ends of the transmission line. If the zero-
sequence visibility of the transmission line is equal to 1 or 3,
then the shunt admittance of the transmission line is visible to
the "from" bus.

if line(i) .vis == || line (i) .vis == 3

YbusO (k, k) = YbusO(k,k) + Ysh/2;

o° o° o° d° oP

end

If the zero-sequence visibility of the transmission line is equal
to 2 or 3, then the shunt admittance of the transmission line is
visible to the "to" bus.

if line (i) .vis == || line (i) .vis ==

YbusO(n,n) = YbusO(n,n) + Ysh/2;

o° o o°

end

Add the zero-sequence admittances of the generators connected at each
bus to the zero-sequence bus admittance matrix.

i = 1l:length (gen)

% Obtain the zero-sequence bus admittance matrix index.
k = gen(i) .bus_no;

Obtain the series zero-sequence impedance of the generator from
the series resistance and series zero-sequence reactance. Convert
the series zero-sequence impedance of the generator to a series
zero-sequence admittance.

o° od° o° oP

N
o

= gen(i).R + 1j*gen (i) .X0;
= 1.0 / (z0);

<
o

Calculate the diagonal elements of the zero-sequence bus
admittance matrix corresponding to the zero-sequence self-

0% o° o°

admittances of the busses.
YbusO (k, k) = YbusO(k, k) + YO;

Add the zero-sequence admittances of the motors connected at each bus
to the zero-sequence bus admittance matrix.

i = 1l:length (mot)

o\°

Obtain the zero-sequence bus admittance matrix index.
= mot (i) .bus_no;

o~

Obtain the series zero-sequence impedance of the motor from the
series resistance and series zero-sequence reactance. Convert the
series zero-sequence impedance of the generator to a series zero-
sequence admittance.

= mot (i) .R + 1j*mot (i) .X0;

= 1.0 / (z0);

o° od° o° o°

< N
o o

Calculate the diagonal elements of the zero-sequence bus
admittance matrix corresponding to the zero-sequence self-

o° o° o°

admittances of the busses.
YbusO (k, k) = YbusO(k, k) + YO;



991 end

992 end

993

994 $—————mm
995

996 function bus = solve(bus, Zbusl, Zbus2, Zbus0, fault)

997 % Function solve calculates the voltages and fault currents in each phase
998 % at each bus in the power system for symmetrical three-phase, single
999 % line-to-ground, line-to-line, or double line-to-ground faults in the
1000 % subtransient, transient, or steady-state periods.
1001
1002 % Validate the number of input arguments in the call to the currently
1003 % executing function.
1004 narginchk(5,5);
1005
1006 $ Define the 'a' constant to represent the operation of shifting a phasor
1007 % by an angle of 120 degrees. This operation is equivalent to multiplying
1008 % the phasor by the 'a' constant defined below and each multiplication by
1009 $ the 'a' constant rotates the phasor by an angle of 120 degrees without
1010 % changing its magnitude.
1011 a = -0.5 + 17J*0.86602540378444; % Rotate phasor by 120 degrees
1012 a2 = -0.5 - 13*0.86602540378444; % Rotate phasor by 240 degrees
1013
1014 $ Determine the type of fault that develops on the power system and
1015 % calculate the fault current in each phase at the faulted bus for the
1016 $ particular type of fault being analyzed and the voltages in each phase
1017 % at each bus during the fault (3P - symmetrical three-phase fault; LG -
1018 % single line-to-ground fault; LL - line-to-line fault; DLG - double line-
1019 % to-ground fault).
1020 if strncmpi (fault.type, '3P',2)
1021 for i = 1l:length (bus)
1022
1023 % Calculate the fault current in each phase at the faulted bus for
1024 % a symmetrical three-phase fault.
1025 if fault.bus no == i
1026
1027 % Calculate the positive-, negative-, and zero-sequence
1028 % currents in phase a at the faulted bus.
1029 bus(i).ial = bus (i) .volts / Zbusl(i,1i);
1030 bus (i) .iaz2 = 0;
1031 bus (i) .ia0 = 0;
1032
1033 % Calculate the fault current in each phase at the faulted bus
1034 % (1(1l) - fault current in phase a; 1i(2) - fault current in
1035 % phase b; i(3) - fault current in phase c).
1036 bus(i).i(1l) = bus(i).ial + bus (i) .iaz2 + bus (i) .ia0;
1037 bus(i).i(2) = a2 * bus(i).ial + a * bus(i).ia2 + bus(i).1a0;
1038 bus(i).i(3) = a * bus(i).ial + a2 * bus(i).ia2 + bus(i).ia0;
1039 else
1040 bus(i).ial = 0;
1041 bus (i) .ia2 = 0;
1042 bus (i) .ia0 = 0;
1043
1044 bus (i) .i(1) = 0;

1045 bus (i) .1(2) = 0;



1046 bus (i) .1(3) = 0;

1047 end

1048 end

1049

1050 % Calculate the voltages in each phase at each bus during the fault.
1051 i = fault.bus no;

1052

1053 for j = 1l:length (bus)

1054

1055 % Calculate the positive-, negative-, and zero-sequence voltages
1056 % in phase a at each bus during the fault.

1057 bus(j).val = bus(j).volts - bus(i).ial * Zbusl(j,1i);

1058 bus(j) .vaz2 = - bus (i) .ia2 * Zbus2(j,1):

1059 bus(j) .val0 = - bus (i) .ia0 * ZbusO(3j,1):

1060

1061 % Calculate the voltages in each phase at each bus during the fault
1062 % (v(l) - voltage in phase a; v(2) - voltage in phase b; v (3) -
1063 % voltage in phase c).

1064 bus(j).v(1l) = bus(j).val + bus (j) .vaz2 + bus (j) .va0;
1065 bus(j).v(2) = a2 * bus(j).val + a * bus(j).va2 + bus(j).va0;
1066 bus(j).v(3) = a * bus(j).val + a2 * bus(j).va2 + bus(j).va0;
1067 end

1068

1069 elseif strncmpi (fault.type, 'SLG', 3)

1070 for i = 1l:length (bus)

1071

1072 % Calculate the fault current in each phase at the faulted bus for
1073 % a single line-to-ground fault.

1074 if fault.bus no == i

1075

1076 % Calculate the positive-, negative-, and zero-sequence

1077 % currents in phase a at the faulted bus.

1078 bus (i) .ial = bus(i) .volts / (Zbusl(i,i) + Zbus2(i,1i) +

1079 ZbusO0 (i,1))

1080 bus (i) .ia2 = bus (i) .1ial;

1081 bus (i) .ia0 = bus (i) .ial;

1082

1083 % Calculate the fault current in each phase at the faulted bus
1084 % (1(1) - fault current in phase a; 1i(2) - fault current in
1085 % phase b; i(3) - fault current in phase c).

1086 bus(i).i(1l) = bus(i).ial + bus (i) .iaz2 + bus (i) .ia0;
1087 bus(i).1i(2) = a2 * bus(i).ial + a * bus(i).ia2 + bus(i).1a0;
1088 bus(i).i(3) = a * bus(i).ial + a2 * bus(i).ia2 + bus(i).ia0;
1089 else

1090 bus(i).ial = 0;

1091 bus (i) .ia2 = 0;

1092 bus (i) .ia0 = 0;

1093

1094 bus(i).i(1) = 0;

1095 bus (i) .i(2) = 0;

1096 bus (i) .1(3) = 0;

1097 end

1098 end

1099

1100 % Calculate the voltages in each phase at each bus during the fault.
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i = fault.bus no;
for j = 1l:length (bus)

Calculate the positive-, negative-, and zero-sequence voltages

o° o

in phase a at each bus during the fault.
bus (j) .val bus (j) .volts - bus(i).ial * Zbusl(j,1i):

bus(j) .vaz2 = - bus (i) .ia2 * Zbus2(j,1):

bus(j) .val0 = - bus (i) .ia0 * ZbusO(3j,1):

% Calculate the voltages in each phase at each bus during the fault
% (v(l) - voltage in phase a; v(2) - voltage in phase b; v (3) -

% voltage in phase c).

bus(j).v(1l) = bus(j).val + bus (j) .vaz2 + bus (j) .va0;
bus(j).v(2) = a2 * bus(j).val + a * bus(j).va2 + bus(j).va0;

bus(j) .v(3)
end

a * bus(j).val + a2 * bus(j).va2 + bus(j) .vaO;

elseif strncmpi(fault.type, 'LL',2)

for i = 1l:length (bus)

Calculate the fault current in each phase at the faulted bus for
a line-to-line fault.

o  o°

if fault.bus no == i

% Calculate the positive-, negative-, and zero-sequence
% currents in phase a at the faulted bus.

bus (i) .volts / (Zbusl(i,1) + Zbus2(i,1)):;
-bus (i) .ial;
0;

bus (i) .ial

bus (i) .ia2
bus (i) .1a0

% Calculate the fault current in each phase at the faulted bus
% (1(1) - fault current in phase a; 1i(2) - fault current in
% phase b; 1(3) - fault current in phase c).

bus (i) .1 (1)
bus (i) .1i(2)
bus (i) .1 (3)

bus (i) .1al + bus (i) .1ia2 + bus (i) .1a0;
a2 * bus(i).ial + a * bus(i).ia2 + bus(i).ia0;
a * bus(i).ial + a2 * bus(i).ia2 + bus(i).ia0;

else
bus(i).ial = 0;
bus (i) .ia2 = 0;
bus(i).ia0 = 0;
bus(i).i (1) = 0;
bus(i).i(2) = 0;
bus (i) .1(3) = 0;

end

end

% Calculate the voltages in each phase at each bus during the fault.
i = fault.bus_no;

for j = 1l:length (bus)

Calculate the positive-, negative-, and zero-sequence voltages

o°  oP

in phase a at each bus during the fault.



1156 bus(j).val = bus(j).volts - bus(i).ial * Zbusl(j,1i);

1157 bus (j) .vaz2 = - bus(i).ia2 * Zbus2(j,1);

1158 bus (j) .val0 = - bus(i).ia0 * ZbusO(j,1);

1159

1160 % Calculate the voltages in each phase at each bus during the fault
1161 % (v(l) - voltage in phase a; v(2) - voltage in phase b; v(3) -
1162 % voltage in phase c¢).

1163 bus(j).v(1l) = bus(j).val + bus (j) .va2 + bus (j) .va0;
1164 bus(j).v(2) = a2 * bus(j).val + a * bus(j).va2 + bus(j).va0;
1165 bus(j).v(3) = a * bus(j).val + a2 * bus(j).va2 + bus(j).va0;
1166 end

1167

1168 elseif strncmpi (fault.type, 'DLG', 3)

1169 for i = 1l:length (bus)

1170

1171 % Calculate the fault current in each phase at the faulted bus for
1172 % a double line-to-ground fault.

1173 if fault.bus no == i

1174

1175 % Calculate the positive-, negative-, and zero-sequence

1176 % currents in phase a at the faulted bus.

1177 bus (i) .ial = bus(i).volts / (Zbusl(i,i) + Zbus2(i,i) *

1178 ZbusO0 (i,1i) / (Zbus2(i,1i) + ZbusO(i,i)));

1179 bus(i).ia2 = -bus(i).ial * Zbus0(i,i) / (Zbus2(i,1) +

1180 ZbusO0 (i,1));

1181 bus(i).ia0 = -bus(i).ial * Zbus2(i,i) / (Zbus2(i,1) +

1182 ZbusO0 (i,1));

1183

1184 % Calculate the fault current in each phase at the faulted bus
1185 % (i(l) - fault current in phase a; 1(2) - fault current in
1186 % phase b; 1(3) - fault current in phase c¢).

1187 bus(i).i(1) = bus(i).ial + bus (i) .ia2 + bus (i) .1ia0;
1188 bus(i).i(2) = a2 * bus(i).ial + a * bus(i).ia2 + bus(i).ia0;
1189 bus(i).i(3) = a * bus(i).ial + a2 * bus(i).ia2 + bus(i).ia0;
1190 else

1191 bus (i) .ial = 0;

1192 bus (i) .iaz2 = 0;

1193 bus (i) .ia0 = 0;

1194

1195 bus(i).i(1) = 0;

1196 bus(i).i(2) = 0;

1197 bus (i) .i(3) = 0;

1198 end

1199 end

1200

1201 % Calculate the voltages in each phase at each bus during the fault.
1202 i = fault.bus_no;

1203

1204 for j = 1l:length (bus)

1205

1206 % Calculate the positive-, negative-, and zero-sequence voltages
1207 % in phase a at each bus during the fault.

1208 bus(j).val = bus(j).volts - bus(i).ial * Zbusl(j,1i);

1209 bus (j) .vaz = - bus(i).ia2 * Zbus2(j,1);
1210 bus(j) .val0 = - bus (i) .1ia0 * ZbusO0(3j,1):



1211

1212 % Calculate the voltages in each phase at each bus during the fault
1213 % (v(l) - voltage in phase a; v(2) - voltage in phase b; v (3) -
1214 % voltage in phase c).

1215 bus(j).v(1l) = bus(j).val + bus (j) .va2 + bus (j) .va0;

1216 bus(j).v(2) = a2 * bus(j).val + a * bus(j).va2 + bus(j).va0;

1217 bus(j).v(3) = a * bus(j).val + a2 * bus(j).va2 + bus(j).va0;

1218 end

1219 end

1220

122l S mm
1222

1223 function report(system, bus, line, Ybusl, fault)

1224 $ Function report displays the voltages and fault currents in each phase
1225 $ at each bus and in each transmission line in the power system for

1226 $ symmetrical three-phase faults in the subtransient, transient, or

1227 % steady-state periods.

1228

1229 % Validate the number of input arguments in the call to the currently

1230 % executing function.

1231 narginchk(5,5);

1232

1233 % Obtain the number of buses in the power system.
1234 numBus = length (bus);

1235
1236 %
1237 % each transmission line in the power system for the particular type of
1238 $ fault being analyzed.

1239 fprintf('\n'");

1240 fprintf (' Results for System Name "%s"\n\n'
1241 system.name) ;

1242 fprintf('%s at Bus %s\n', fault.type str, fault.bus name);

1243 fprintf

Display the voltages and fault currents in each phase at each bus and in

Calculating %s Currents\n', fault.calc str);

('
1244 fprintf('|--——------""----—~ Bus Information--------—------———- ")
1245 fprintf('|------ Line Information------ \n");
1246 fprintf('| Bus Volts / angle Amps / angle ');
1247 fprintf ('] To | Amps / angle [\n');
1248 fprintf('| no. Name (pu) (deg) (pu) (deg) ")
1249 fprintf ('] Bus | (pu) (deg) I\n");
1250 fprintf('|[-——-""""""""—"—"“""“"—"—"—"“"—~— ")
1251 fprintf('--——---""-""-"-"-"-"-""-"-"-----————— [\n'");
1252
1253 $ Display the bus and line information for each bus and each transmission
1254 $ line in the power system.
1255 for i = 1l:numBus
1256
1257 % Display the bus number for each bus in the power system.
1258 fprintf (' $3d', 1i);
1259
1260 % Display the bus name for each bus in the power system.
1261 fprintf (' %$10s', bus (i) .name);
1262
1263 % Display the per-unit voltages at each bus in the power system.
1264 [mag, phase] = r2p(bus(i).v(1l));

1265 fprintf (' $5.3f/", magqg);



1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320

fprintf ('$7.2f"', phase);

% Display the per-unit fault currents at each bus in the power system.
[mag, phase] = r2p(bus(i).i(1));

fprintf (' %6.3f/', mag);

fprintf ('$7.2f"', phase);

% Calculate and display the fault currents in each transmission line
% in the power system.

count = 0;

for j = 1l:length(line)

if line(j).from no == i
% The sending end of the transmission line terminates at the
% current bus. Display the name of the "to" bus.

count = count + 1;

if count > 1

fprintf (' %60s', line(Jj).to name );
else

fprintf (' %10s', line(Jj).to _name );
end

% Calculate the fault current in the transmission line.
k = line(J) .to_no;
il = -Ybusl(i,k) * (bus(i).v(1l) - bus(k).v(1));

% Display the fault current in the transmission line.
[mag, phase] = r2p(il);

fprintf (' $5.3f/"', mag);

fprintf ('%$7.2f\n', phase);

elseif line(j).to no == 1i

% The receiving end of the transmission line terminates at the
% current bus. Display the name of the "from" bus.
count = count + 1;

if count > 1

fprintf (' %60s', line(Jj).from name );
else

fprintf (' %10s', line(j).from name);
end

% Calculate the fault current in the transmission line.
k = line(j) .from no;
i

1 = -Ybusl(i,k) * (bus(i).v(l) - bus(k).v(1));

% Display the fault current in the transmission line.
[

mag, phase] = r2p(il);
fprintf (' $5.3f/", magqg);
fprintf ('$7.2f\n', phase);
end
end



1321 end

1322

1323 fprintf('|-—————"""""""""""——— ")

1324 fprintf('--——-----""-""""-"-----— I\n\n"') ;

1325

1326 Smmmm e
1327

1328 function report 2(system, bus, line, Ybusl, Ybus2, YbusO, fault)

1329 % Function report 2 displays the voltages and fault currents in each phase
1330 $ at each bus and in each transmission line in the power system for

1331 $ unsymmetrical single line-to-ground, line-to-line, or double line-to-
1332 % ground faults in the subtransient, transient, or steady-state periods.
1333

1334 $ Validate the number of input arguments in the call to the currently
1335 % executing function.

1336 narginchk(7,7);

1337

1338 % Define the 'a' constant to represent the operation of shifting a phasor
1339 $ by an angle of 120 degrees. This operation is equivalent to multiplying
1340 % the phasor by the 'a' constant defined below and each multiplication by
1341 $ the 'a' constant rotates the phasor by an angle of 120 degrees without
1342 % changing its magnitude.

1343 a = -0.5 + 13*0.86602540378444; % Rotate phasor by 120 degrees

1344 a2 = -0.5 - 17*0.86602540378444; % Rotate phasor by 240 degrees

1345

1346 $ Define the phases of a three-phase power system.

1347 ph(1l) = 'a'; % Phase a

1348 ph(2) = 'b'; % Phase Db

1349 ph(3) = 'c¢'; % Phase c

1350

1351 % Obtain the number of buses in the power system.

1352 numBus = length (bus);

1353

1354 $ Display the voltages and fault currents in each phase at each bus and in
1355 % each transmission line in the power system for the particular type of
1356 $ fault being analyzed.

1357 fprintf('\n');

1358 fprintf (' Results for System Name "%s"\n\n'
1359 system.name) ;

1360 fprintf('%s at Bus %s\n', fault.type str, fault.bus name);

1361 fprintf('Calculating %s Currents\n', fault.calc str);

1362 fprintf('|-—————----------—~ Bus Information-----—-————————-———-— ")

1363 fprintf('|--——-———- Line Information------ I\n");

1364 fprintf('| Bus P Volts / angle Amps / angle ');

1365 fprintf ('] To | P Amps / angle |\n');

1366 fprintf('| no. Name h (pu) (deqg) (pu) (deg) ")

1367 fprintf ('] Bus | h (pu) (deqg) [\n");

1368 fprintf('|--——---—--"—"-—""—-"—"-"——"——"————— - ")

1369 fprintf('--——---—--—-—————————— - [\n');

1370

1371 $ Display the bus and line information for each bus and each transmission
1372 % line in the power system.

1373 for i = l:numBus

1374 for k = 1:3

1375
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1377
1378
1379
1380
1381
1382
1383
1384
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1387
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1400
1401
1402
1403
1404
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1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
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1419
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1425
1426
1427
1428
1429
1430

end

Q

% Display the bus number for each bus in the power system.
if k ==
fprintf (' s3d', 1);
else
fprintf (' ")
end

% Display the bus name for each bus in the power system.
if k ==

fprintf (' %$10s', bus (i) .name);
else

fprintf (' )
end
% Display the phases of a three-phase power system.
fprintf (' %1s', ph(k));

% Display the per-unit voltages in each phase at each bus in the
% power system.

[mag, phase] = r2p(bus (i) .v(k));

fprintf (' %5.3f/', mag);

fprintf ('%7.2f', phase);

% Display the per-unit fault currents in each phase at each bus in
% the power system.

[mag, phase] = r2p(bus (i) .i(k));

fprintf (' %6.3f/', mag);

fprintf ('$7.2f\n', phase);

% Calculate and display the fault currents in each phase in each

transmission line in the power system.

for

j = l:length(line)
if line(Jj).from no == 1i

% The sending end of the transmission line terminates at the
% current bus. Display the name of the "to" bus.

fprintf (' %60s', line(Jj).to_name);
% Calculate the fault current in each phase of the transmission
% line.

k = line(J) .to_no;

ial = -Ybusl(i,k) * (bus(i).val - bus(k).val);
ia2 = -Ybus2(i, k) * (bus(i).va2 - bus(k).va2);
ia0 = -YbusO(i,k) * (bus(i).val0 - bus(k).va0);
ia(l) = ial + ia2 + 1a0;
ia(2) = a2 * ial + a * ia2 + 1a0;
ia(3) = a * ial + a2 * ia2 + 1ia0;
% Display the fault current in each phase of the transmission
% line.
for k = 1:3

[mag, phase] = r2p(ia(k));

if k ==
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fprintf ('%$4s %$5.3f/', ph(k), maqg);
fprintf ('%$7.2f\n', phase);
else
fprintf ('$60s %4s $5.3f/', ' ', ph(k), mag);
fprintf ('%$7.2f\n', phase);
end
end
elseif line(j).to no == 1i
% The receiving end of the transmission line terminates at the
% current bus. Display the name of the "from" bus.
fprintf (' %60s', line(Jj).from name);
% Calculate the fault current in each phase of the transmission
% line.
k = line(j) .from no;
ial = -Ybusl(i,k) * (bus(i).val - bus(k).val);
ia2 = -Ybus2(i, k) * (bus(i).va2 - bus(k).va2);
ia0 = -YbusO(i,k) * (bus(i).val0 - bus(k).va0);
ia(l) = ial + ia2 + 1a0;
ia(2) = a2 * ial + a * ia2 + 1a0;
ia(3) = a * 1al + a2 * ia2 + 1a0;
% Display the fault current in each phase of the transmission
% line.
for k = 1:3
[mag, phase] = r2p(ia(k));
if k ==
fprintf ('%4s %$5.3f/', ph(k), mag);
fprintf ('%$7.2f\n', phase);
else
fprintf ('$60s %4s $5.3f/', ' ', ph(k), mag);
fprintf ('%$7.2f\n', phase);
end
end
end
end
end
fprintf('|-------"-"""""- ")
fprintf('-—------—-—-—— [\n\n");
function [mag, phase] = r2p(rectangular)
% Function r2p converts a complex number in rectangular form into a complex
% number in polar form, with the phase angle specified in degrees.

% Validate the number of input arguments in the call to the currently
% executing function.
narginchk(1,1);

o)

% Convert the complex number from rectangular form to polar form, with the



1486 $ phase angle specified in degrees.
1487 mag = abs (rectangular);

1488 phase = angle (rectangular) * 180 / pi;
1489
e

Magnitude of complex number
Phase angle (in degrees)

o o°
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Glossary

AC symmetrical component of current: the ac symmetrical component (or steady-state component) of
current is the sinusoidally varying component of fault current that starts out very high and decays to a

steady-state value in two stages.

Asymmetrical current: The combination of the ac symmetrical component (or steady-state component) of

current and the dc component of current.

Bolted fault: A fault with zero impedance; such faults produce the maximum possible fault currents and

form the basis of calculations for withstand ratings on switching devices.

Circuit breaker: A switching device capable of making, carrying, and breaking currents under normal circuit
conditions as well as making, carrying for a specified time, and breaking currents under specified abnormal

conditions such as those that arise under fault conditions on a power system.

DC component of current: the dc component of current is the transient, nonperiodic, and exponentially
decaying component of fault current that is created at the moment of the fault to satisfy the physical
condition of continuous current at the instance of the fault since a current cannot change instantaneously
in an inductive circuit; the level of the dc component of current depends on the instantaneous current in

each phase at the instance of the fault.

Double line-to-ground fault: A fault that occurs when two phases of a power system come into direct
contact with each other and with the ground or when flashover occurs between two phases of a power

system and the ground.

Fault: Any failure that interferes with the normal flow of current to the loads. In most faults, a current path
develops between two or more phases, or between one or more phases and the neutral (ground). Once
this current path is established, it provides a short-circuit with relatively low impedance resulting in

excessive current flows. Syn: short-circuit.

Fault analysis: The calculation of voltages and current flows under fault conditions on a power system.
Flashover: An ionized current path that occurs when the voltage difference between two or more phases,
or between one or more phases and the neutral (ground), is large enough to ionize the surrounding air and

produce an arc that establishes a current path between two or more phases, or between one or more

phases and the neutral (ground).
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High-voltage: Circuit voltage over nominal 34.5 kV.

NOTE — ANSI standards are not unanimous in establishing the threshold of “high-voltage”.

Impedance: The vector sum of resistance and reactance in an ac circuit.

Interrupting rating: the maximum current that an overcurrent protective device (e.g., circuit breaker) can

interrupt or break at the voltage of the line in which it is placed.

Line-to-line fault: A fault that occurs when two phases of a power system come into direct contact or when

flashover occurs between two phases of a power system.

Low-voltage: Circuit voltage under 1000 V.

Medium-voltage: Circuit voltage greater than 1000 V up to and including 34.5 kV.

NOTE — ANSI standards are not unanimous in establishing the threshold of “high-voltage”.

Method of symmetrical components: a technique introduced in 1918 by C.L. Fortescue for dealing with
unbalanced polyphase systems called the method of symmetrical components. Fortescue’s work proves
that an unbalanced system of n related phasors can be resolved into n systems of balanced phasors called
the symmetrical components of the original phasors. The n phasors of each set of components are equal
in magnitude and the phase displacement between adjacent phasors of the set are equal. According to
Fortescue’s theorem, three unbalanced phasors of a three-phase power system can be resolved into three
balanced systems of phasors called the symmetrical components of the three-phase voltages or currents.

See also: symmetrical components.

Negative-sequence: A set of symmetrical components consisting of three phasors equal in magnitude,
displaced from each other by 120° in phase, and having the opposite phase sequence from the original

phasors. See also: symmetrical components.

Norton’s theorem: states that a linear two-terminal circuit can be replaced by an equivalent circuit
consisting of a current source in parallel with an impedance, where the current source is the short-circuit
current through the terminals and the impedance is the input or equivalent impedance at the terminals when
the independent sources are turned off.
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Permanent fault: A fault involving direct contact between two or more phases, or between one or more
phases and the neutral (ground); will not clear even if power is removed from the faulted portion of the

power system and then restored.

Positive-sequence: A set of symmetrical components consisting of three phasors equal in magnitude,
displaced from each other by 120° in phase, and having the same phase sequence as the original phasors.

See also: symmetrical components.

rms: The square root of the average value of the square of the voltage or current over one period.

Sequence networks: The positive-sequence network is a per-phase equivalent circuit containing only the
positive-sequence impedances and sources. The negative-sequence network is a per-phase equivalent
circuit containing only the negative-sequence impedances, and the zero-sequence network is a per-phase

equivalent circuit containing only the zero-sequence impedances.

Sequence impedances: The impedance of a circuit to positive-sequence current is called the positive-
sequence impedance of the circuit. Similarly, the impedance of the circuit to negative-sequence current is
called the negative-sequence impedance of the circuit, and the impedance of the circuit to zero-sequence

current is called the zero-sequence impedance of the circuit.

Short-circuit: An abnormal connection (including an arc) of relatively low impedance, whether made

accidentally or intentionally, between two points of different potentials. Syn: fault.

Single line-to-ground fault: A fault that occurs when a single phase of a power system comes into direct

with the ground or when flashover occurs between a single phase of a power system and the ground.

Source transformation: a source transformation is the process of replacing a voltage source in series with

an impedance by a current source in parallel with an impedance or vice versa.

Subtransient current: The ac rms current flowing during the subtransient period is called the subtransient
current. The subtransient currents are basically associated with the time constants of the amortisseur or

damper windings of generators and motors.
Subtransient period: The ac symmetrical component of current starts out very high, and decays to a

steady-state level in two stages. The first period of very rapid decay is called the subtransient period and it

lasts only a few cycles.

238



Subtransient reactance: The reactances of generators and motors in the subtransient period are called
subtransient reactances. The resistances and reactances of transmission lines, transformers, and other

static components do not change during the fault transients.

Superposition: The superposition principle states that the voltage across (or current through) an element
in a linear circuit is the algebraic sum of the voltages across (or current though) that element due to each

independent source acting alone.

Symmetrical three-phase fault: A fault that occurs when all three phases of a power system come into
direct or when flashover occurs between all three phases of a power system, in which the magnitude and
phase displacement between any two phases of voltages and currents are identical in each phase of the

power system.

Symmetrical components: A symmetrical set of three vectors used to mathematically represent an
unsymmetrical set of three-phase voltages or currents. In a three-phase system, one set of three equal
magnitude vectors displaced from each other by 120° in the same sequence as the original set of
unsymmetrical vectors. This set of vectors is called the positive-sequence components. A second set of
three equal magnitude vectors displaced from each other by 120° in the reverse sequence as the original
set of unsymmetrical vectors. This set of vectors is called the negative-sequence components. A third set
of three equal magnitude vectors displaced from each other by 0°. This set of vectors is called the zero-

sequence components.

Synchronous reactance: The reactances of generators and motors in the steady-state period are the
machines’ synchronous reactances. The resistances and reactances of transmission lines, transformers,

and other static components do not change during the fault transients.

Thevenin’s theorem: states that a linear two-terminal circuit can be replaced by an equivalent circuit
(called the Thevenin equivalent circuit) consisting of a voltage source in series with an impedance, where
the voltage source is the open-circuit voltage at the terminals and the series impedance is the input or

equivalent impedance at the terminals when the independent sources are set to zero.
Transient current: The ac rms current flowing during the transient period is called the transient current.

The transient currents are basically associated with the time constants of the field windings of generators

and motors.
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Transient fault: A fault involving flashover between two or more phases, or between one or more phases
and the neutral (ground); usually clears if power is removed from the faulted portion of the power system

for a short time and then restored.

Transient period: The ac symmetrical component of current starts out very high, and decays to a steady-
state level in two stages. The second period of slower decay is called the transient period and it lasts for
0.5 to 1.0 second.

Transient reactance: The reactances of generators and motors in the transient period are called transient
reactances. The resistances and reactances of transmission lines, transformers, and other static

components do not change during the fault transients.
Unsymmetrical fault: A single line-to-ground, line-to-line, or double line-to-ground fault in which the
magnitude and phase displacement between any two phases of voltages and currents in the three phases

of the power system will differ.

Withstand rating: The maximum current that an unprotected electrical component can sustain for a

specified period of time without the occurrence of extensive damage.

Zero-sequence: A set of zero-sequence components consisting of three phasors equal in magnitude and

phase (i.e., zero phase displacement from each other). See also: symmetrical components.
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