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Series Introduction

Power engineering is the oldest and most traditional of the various areas within
electrical engineering, yet no other facet of modern technology is currently under-
going a more dramatic revolution in both technology and industry structure. But
none of these changes alter the basic complexity of electric power system behavior,
or reduce the challenge that power system engineers have always faced in designing
an economical system that operates as intended and shuts down in a safe and non-
catastrophic mode when something fails unexpectedly. In fact, many of the ongoing
changes in the power industry—deregulation, reduced budgets and staffing levels,
and increasing public and regulatory demand for reliability among them—make
these challenges all the more difficult to overcome.

Therefore, I am particularly delighted to see this latest addition to the Power
Engineering series. J. C. Das’s Power System Analysis: Short-Circuit Load Flow and
Harmonics provides comprehensive coverage of both theory and practice in the
fundamental areas of power system analysis, including power flow, short-circuit
computations, harmonics, machine modeling, equipment ratings, reactive power
control, and optimization. It also includes an excellent review of the standard matrix
mathematics and computation methods of power system analysis, in a readily-usable
format.

Of particular note, this book discusses both ANSI/IEEE and IEC methods,
guidelines, and procedures for applications and ratings. Over the past few years, my
work as Vice President of Technology and Strategy for ABB’s global consulting
organization has given me an appreciation that the IEC and ANSI standards are
not so much in conflict as they are slightly different but equally valid approaches to
power engineering. There is much to be learned from each, and from the study of the
differences between them.

As the editor of the Power Engineering series, I am proud to include Power
System Analysis among this important group of books. Like all the volumes in the
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Power Engineering series, this book provides modern power technology in a context
of proven, practical application. It is useful as a reference book as well as for self-
study and advanced classroom use. The series includes books covering the entire field
of power engineering, in all its specialties and subgenres, all aimed at providing
practicing power engineers with the knowledge and techniques they need to meet
the electric industry’s challenges in the 21st century.

H. Lee Willis
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Preface

Power system analysis is fundamental in the planning, design, and operating stages,
and its importance cannot be overstated. This book covers the commonly required
short-circuit, load flow, and harmonic analyses. Practical and theoretical aspects
have been harmoniously combined. Although there is the inevitable computer simu-
lation, a feel for the procedures and methodology is also provided, through examples
and problems. Power System Analysis: Short-Circuit Load Flow and Harmonics
should be a valuable addition to the power system literature for practicing engineers,
those in continuing education, and college students.

Short-circuit analyses are included in chapters on rating structures of breakers,
current interruption in ac circuits, calculations according to the IEC and ANSI/
IEEE methods, and calculations of short-circuit currents in dc systems.

The load flow analyses cover reactive power flow and control, optimization
techniques, and introduction to FACT controllers, three-phase load flow, and opti-
mal power flow.

The effect of harmonics on power systems is a dynamic and evolving field
(harmonic effects can be experienced at a distance from their source). The book
derives and compiles ample data of practical interest, with the emphasis on harmonic
power flow and harmonic filter design. Generation, effects, limits, and mitigation of
harmonics are discussed, including active and passive filters and new harmonic
mitigating topologies.

The models of major electrical equipment—i.e., transformers, generators,
motors, transmission lines, and power cables—are described in detail. Matrix tech-
niques and symmetrical component transformation form the basis of the analyses.
There are many examples and problems. The references and bibliographies point to
further reading and analyses. Most of the analyses are in the steady state, but
references to transient behavior are included where appropriate.
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A basic knowledge of per unit system, electrical circuits and machinery, and
matrices required, although an overview of matrix techniques is provided in
Appendix A. The style of writing is appropriate for the upper-undergraduate level,
and some sections are at graduate-course level.

Power Systems Analysis is a result of my long experience as a practicing power
system engineer in a variety of industries, power plants, and nuclear facilities. Its
unique feature is applications of power system analyses to real-world problems.

I thank ANSI/IEEE for permission to quote from the relevant ANSI/IEEE
standards. The IEEE disclaims any responsibility or liability resulting from the
placement and use in the described manner. I am also grateful to the International
Electrotechnical Commission (IEC) for permission to use material from the interna-
tional standards IEC 60660-1 (1997) and TEC 60909 (1988). All extracts are copy-
right IEC Geneva, Switzerland. All rights reserved. Further information on the IEC,
its international standards, and its role is available at www.iec.ch. IEC takes no
responsibility for and will not assume liability from the reader’s misinterpretation
of the referenced material due to its placement and context in this publication. The
material is reproduced or rewritten with their permission.

Finally, I thank the staff of Marcel Dekker, Inc., and special thanks to Ann
Pulido for her help in the production of this book.

J. C. Das

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A

R = S



Contents

Series Introduction
Preface

1. Short-Circuit Currents and Symmetrical Components

1.1 Nature of Short-Circuit Currents

1.2 Symmetrical Components

1.3 Eigenvalues and Eigenvectors

1.4 Symmetrical Component Transformation

1.5 Clarke Component Transformation

1.6 Characteristics of Symmetrical Components
1.7 Sequence Impedance of Network Components

1.8 Computer Models of Sequence Networks

2. Unsymmetrical Fault Calculations

2.1 Line-to-Ground Fault

2.2 Line-to-Line Fault

2.3 Double Line-to-Ground Fault

2.4 Three-Phase Fault

2.5 Phase Shift in Three-Phase Transformers

2.6 Unsymmetrical Fault Calculations

2.7 System Grounding and Sequence Components
2.8 Open Conductor Faults

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

AA o TN



3. Matrix Methods for Network Solutions

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

Network Models

Bus Admittance Matrix

Bus Impedance Matrix

Loop Admittance and Impedance Matrices

Graph Theory

Bus Admittance and Impedance Matrices by Graph Approach
Algorithms for Construction of Bus Impedance Matrix
Short-Circuit Calculations with Bus Impedance Matrix
Solution of Large Network Equations

4. Current Interruption in AC Networks

4.1 Rheostatic Breaker
4.2 Current-Zero Breaker
4.3 Transient Recovery Voltage
4.4 The Terminal Fault
4.5 The Short-Line Fault
4.6 Interruption of Low Inductive Currents
4.7 Interruption of Capacitive Currents
4.8 Prestrikes in Breakers
4.9 Overvoltages on Energizing High-Voltage Lines
4.10  Out-of-Phase Closing
4.11  Resistance Switching
4.12  Failure Modes of Circuit Breakers
5. Application and Ratings of Circuit Breakers and Fuses According

to ANSI Standards

5.1 Total and Symmetrical Current Rating Basis
5.2 Asymmetrical Ratings
53 Voltage Range Factor K
5.4 Capabilities for Ground Faults
5.5 Closing—Latching—Carrying Interrupting Capabilities
5.6 Short-Time Current Carrying Capability
5.7 Service Capability Duty Requirements and Reclosing
Capability
5.8 Capacitance Current Switching
5.9 Line Closing Switching Surge Factor
5.10  Out-of-Phase Switching Current Rating
S5.11  Transient Recovery Voltage
5.12  Low-Voltage Circuit Breakers
5.13  Fuses
6. Short-Circuit of Synchronous and Induction Machines
6.1 Reactances of a Synchronous Machine
6.2 Saturation of Reactances

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A

I



6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10

Time Constants of Synchronous Machines

Synchronous Machine Behavior on Terminal Short-Circuit
Circuit Equations of Unit Machines

Park’s Transformation

Park’s Voltage Equation

Circuit Model of Synchronous Machines

Calculation Procedure and Examples

Short-Circuit of an Induction Motor

7. Short-Circuit Calculations According to ANSI Standards

7.1 Types of Calculations
7.2 Impedance Multiplying Factors
7.3 Rotating Machines Model
7.4 Types and Severity of System Short-Circuits
7.5 Calculation Methods
7.6 Network Reduction
7.7 Breaker Duty Calculations
7.8 High X/R Ratios (DC Time Constant Greater than 45ms)
7.9 Calculation Procedure
7.10  Examples of Calculations
7.11  Thirty-Cycle Short-Circuit Currents
7.12  Dynamic Simulation
8. Short-Circuit Calculations According to IEC Standards
8.1 Conceptual and Analytical Differences
8.2 Prefault Voltage
8.3 Far-From-Generator Faults
8.4 Near-to-Generator Faults
8.5 Influence of Motors
8.6 Comparison with ANSI Calculation Procedures
8.7 Examples of Calculations and Comparison with ANSI
Methods
9. Calculations of Short-Circuit Currents in DC Systems
9.1 DC Short-Circuit Current Sources
9.2 Calculation Procedures
9.3 Short-Circuit of a Lead Acid Battery
9.4 DC Motor and Generators
9.5 Short-Circuit Current of a Rectifier
9.6 Short-Circuit of a Charged Capacitor
9.7 Total Short-Circuit Current
9.8 DC Circuit Breakers
10. Load Flow Over Power Transmission Lines
10.1  Power in AC Circuits

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A



10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
10.10

Power Flow in a Nodal Branch
ABCD Constants

Transmission Line Models
Tuned Power Line

Ferranti Effect

Symmetrical Line at No Load
Ilustrative Examples

Circle Diagrams

System Variables in Load Flow

11. Load Flow Methods: Part I

11.1
11.2
11.3
11.4
11.5
11.6

Modeling a Two-Winding Transformer
Load Flow, Bus Types

Gauss and Gauss—Seidel Y-Matrix Methods
Convergence in Jacobi-Type Methods
Gauss—Seidel Z-Matrix Method

Conversion of Y to Z Matrix

12. Load Flow Methods: Part 11

12.1  Function with One Variable
12.2  Simultaneous Equations
12.3  Rectangular Form of Newton—Raphson Method of Load
Flow
12.4  Polar Form of Jacobian Matrix
12.5  Simplifications of Newton—Raphson Method
12.6  Decoupled Newton—Raphson Method
12.7  Fast Decoupled Load Flow
12.8  Model of a Phase-Shifting Transformer
129  DC Models
12.10 Load Models
12.11 Impact Loads and Motor Starting
12.12  Practical Load Flow Studies
13. Reactive Power Flow and Control
13.1  Voltage Instability
13.2  Reactive Power Compensation
13.3  Reactive Power Control Devices
13.4  Some Examples of Reactive Power Flow
13.5 FACTS

14. Three-Phase and Distribution System Load Flow

14.1
14.2

Phase Co-Ordinate Method
Three-Phase Models

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A

I



14.3

Distribution System Load Flow

15. Optimization Techniques

15.1
15.2
15.3
154
15.5
15.6
15.7
15.8
15.9
15.10
15.11
15.12
15.13
15.14

Functions of One Variable

Concave and Convex Functions

Taylor’s Theorem

Lagrangian Method, Constrained Optimization
Multiple Equality Constraints

Optimal Load Sharing Between Generators
Inequality Constraints

Kuhn-Tucker Theorem

Search Methods

Gradient Methods

Linear Programming—Simplex Method
Quadratic Programming

Dynamic Programming

Integer Programming

16. Optimal Power Flow

16.1  Optimal Power Flow

16.2  Decoupling Real and Reactive OPF

16.3  Solution Methods of OPF

16.4  Generation Scheduling Considering Transmission Losses

16.5  Steepest Gradient Method

16.6  OPF Using Newton’s Method

16.7  Successive Quadratic Programming

16.8  Successive Linear Programming

16.9  Interior Point Methods and Variants

16.10  Security and Environmental Constrained OPF
17. Harmonics Generation

17.1  Harmonics and Sequence Components

17.2  Increase in Nonlinear Loads

17.3  Harmonic Factor

17.4  Three-Phase Windings in Electrical Machines

17.5  Tooth Ripples in Electrical Machines

17.6  Synchronous Generators

17.7  Transformers

17.8  Saturation of Current Transformers

17.9  Shunt Capacitors

17.10 Subharmonic Frequencies

17.11 Static Power Converters

17.12  Switch-Mode Power (SMP) Supplies

17.13  Arc Furnaces

17.14 Cycloconverters

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A



17.15
17.16
17.17
17.18
17.19
17.20
17.21
17.22
17.23

Thyristor-Controlled Factor
Thyristor-Switched Capacitors

Pulse Width Modulation

Adjustable Speed Drives

Pulse Burst Modulation

Chopper Circuits and Electric Traction
Slip Frequency Recovery Schemes
Lighting Ballasts

Interharmonics

18. Effects of Harmonics

18.1  Rotating Machines
18.2  Transformers
18.3  Cables
18.4  Capacitors
18.5  Harmonic Resonance
18.6  Voltage Notching
18.7  EMI (Electromagnetic Interference)
18.8  Overloading of Neutral
18.9  Protective Relays and Meters
18.10  Circuit Breakers and Fuses
18.11 Telephone Influence Factor
19. Harmonic Analysis
19.1  Harmonic Analysis Methods
19.2  Harmonic Modeling of System Components
19.3  Load Models
19.4  System Impedance
19.5  Three-Phase Models
19.6  Modeling of Networks
19.7  Power Factor and Reactive Power
19.8  Shunt Capacitor Bank Arrangements
19.9  Study Cases
20. Harmonic Mitigation and Filters
20.1  Mitigation of Harmonics
20.2  Band Pass Filters
20.3  Practical Filter Design
20.4  Relations in a ST Filter
20.5  Filters for a Furnace Installation
20.6  Filters for an Industrial Distribution System
20.7  Secondary Resonance
20.8  Filter Reactors
20.9  Double-Tuned Filter

20.10 Damped Filters

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A

I



20.11
20.12
20.13
20.14
20.15
20.16
20.17
20.18

Design of a Second-Order High-Pass Filter
Zero Sequence Traps

Limitations of Passive Filters

Active Filters

Corrections in Time Domain

Corrections in the Frequency Domain
Instantaneous Reactive Power

Harmonic Mitigation at Source

Appendix A Matrix Methods

A.l
A2
A3
A4
AS
A.6
A7
A8
A9
A.10
All
A12

Review Summary

Characteristics Roots, Eigenvalues, and Eigenvectors
Diagonalization of a Matrix

Linear Independence or Dependence of Vectors
Quadratic Form Expressed as a Product of Matrices
Derivatives of Scalar and Vector Functions

Inverse of a Matrix

Solution of Large Simultaneous Equations

Crout’s Transformation

Gaussian Elimination

Forward-Backward Substitution Method

LDU (Product Form, Cascade, or Choleski Form)

Appendix B Calculation of Line and Cable Constants

B.1
B.2
B.3
B.4
B.5
B.6
B.7
B.8

Appendix C

C.1
C.2
C3
C.4
C.5
C.6
C.7
C.8
C.9
C.10

AC Resistance

Inductance

Impedance Matrix

Three-Phase Line with Ground Conductors
Bundle Conductors

Carson’s Formula

Capacitance of Lines

Cable Constants

Transformers and Reactors

Model of a Two-Winding Transformer
Transformer Polarity and Terminal Connections
Parallel Operation of Transformers
Autotransformers

Step-Voltage Regulators

Extended Models of Transformers
High-Frequency Models

Duality Models

GIC Models

Reactors

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.

A






1

Short-Circuit Currents and
Symmetrical Components

Short-circuits occur in well-designed power systems and cause large decaying tran-
sient currents, generally much above the system load currents. These result in dis-
ruptive electrodynamic and thermal stresses that are potentially damaging. Fire risks
and explosions are inherent. One tries to limit short-circuits to the faulty section of
the electrical system by appropriate switching devices capable of operating under
short-circuit conditions without damage and isolating only the faulty section, so that
a fault is not escalated. The faster the operation of sensing and switching devices, the
lower is the fault damage, and the better is the chance of systems holding together
without loss of synchronism.
Short-circuits can be studied from the following angles:

1. Calculation of short-circuit currents.

2. Interruption of short-circuit currents and rating structure of switching

devices.

Effects of short-circuit currents.

4. Limitation of short-circuit currents, i.e., with current-limiting fuses and
fault current limiters.

5. Short-circuit withstand ratings of electrical equipment like transformers,
reactors, cables, and conductors.

6. Transient stability of interconnected systems to remain in synchronism
until the faulty section of the power system is isolated.

W

We will confine our discussions to the calculations of short-circuit currents, and the
basis of short-circuit ratings of switching devices, i.e., power circuit breakers and
fuses. As the main purpose of short-circuit calculations is to select and apply these
devices properly, it is meaningful for the calculations to be related to current inter-
ruption phenomena and the rating structures of interrupting devices. The objectives
of short-circuit calculations, therefore, can be summarized as follows:
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e Determination of short-circuit duties on switching devices, i.e., high-, med-
ium- and low-voltage circuit breakers and fuses.

e Calculation of short-circuit currents required for protective relaying and co-
ordination of protective devices.

e Evaluations of adequacy of short-circuit withstand ratings of static equip-
ment like cables, conductors, bus bars, reactors, and transformers.

e Calculations of fault voltage dips and their time-dependent recovery profiles.

The type of short-circuit currents required for each of these objectives may not be
immediately clear, but will unfold in the chapters to follow.

In a three-phase system, a fault may equally involve all three phases. A bolted
fault means as if three phases were connected together with links of zero impedance
prior to the fault, i.e., the fault impedance itself is zero and the fault is limited by the
system and machine impedances only. Such a fault is called a symmetrical three-
phase bolted fault, or a solid fault. Bolted three-phase faults are rather uncommon.
Generally, such faults give the maximum short-circuit currents and form the basis of
calculations of short-circuit duties on switching devices.

Faults involving one, or more than one, phase and ground are called unsym-
metrical faults. Under certain conditions, the line-to-ground fault or double line-to-
ground fault currents may exceed three-phase symmetrical fault currents, discussed
in the chapters to follow. Unsymmetrical faults are more common as compared to
three-phase faults, i.e., a support insulator on one of the phases on a transmission
line may start flashing to ground, ultimately resulting in a single line-to-ground fault.

Short-circuit calculations are, thus, the primary study whenever a new power
system is designed or an expansion and upgrade of an existing system are planned.

1.1 NATURE OF SHORT-CIRCUIT CURRENTS

The transient analysis of the short-circuit of a passive impedance connected to an
alternating current (ac) source gives an initial insight into the nature of the short-
circuit currents. Consider a sinusoidal time-invariant single-phase 60-Hz source of
power, E, sin wt, connected to a single-phase short distribution line, Z = (R + jwL),
where Z is the complex impedance, R and L are the resistance and inductance, E,, is
the peak source voltage, and w is the angular frequency =271, f being the frequency
of the ac source. For a balanced three-phase system, a single-phase model is ade-
quate, as we will discuss further. Let a short-circuit occur at the far end of the line
terminals. As an ideal voltage source is considered, i.e., zero Thévenin impedance,
the short-circuit current is limited only by Z, and its steady-state value is vectorially
given by E,,/Z. This assumes that the impedance Z does not change with flow of the
large short-circuit current. For simplification of empirical short-circuit calculations,
the impedances of static components like transmission lines, cables, reactors, and
transformers are assumed to be time invariant. Practically, this is not true, i.e., the
flux densities and saturation characteristics of core materials in a transformer may
entirely change its leakage reactance. Driven to saturation under high current flow,
distorted waveforms and harmonics may be produced.

Ignoring these effects and assuming that Z is time invariant during a short-
circuit, the transient and steady-state currents are given by the differential equation
of the R—L circuit with an applied sinusoidal voltage:

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



L%—l—Ri:Emsin(wt—i-Q) (1.1)

where 6 is the angle on the voltage wave, at which the fault occurs. The solution of
this differential equation is given by

i = I, sin(wt + 0 — ¢) — I, sin(0 — ¢p)e X/- (1.2)

where I, is the maximum steady-state current, given by E,/Z, and the angle
¢ = tan” (wL)/R.

In power systems wL > R. A 100-MVA, 0.85 power factor synchronous gen-
erator may have an X/R of 110, and a transformer of the same rating, an X/R of 45.
The X/R ratios in low-voltage systems are of the order of 2-8. For present discus-
sions, assume a high X/R ratio, i.e., ¢ ~ 90°.

If a short-circuit occurs at an instant t = 0, & = 0 (i.e., when the voltage wave is
crossing through zero amplitude on the X-axis), the instantaneous value of the short-
circuit current, from Eq. (1.2) is 2/7,,,. This is sometimes called the doubling effect.

If a short-circuit occurs at an instant when the voltage wave peaks, =0,
0 = /2, the second term in Eq. (1.2) is zero and there is no transient component.

These two situations are shown in Fig. 1-1 (a) and (b).

Upper snvelope

D¢ component

I {sym. companent shown
non-decaying}

Current

Fault ar
t=08=0g=m/2
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t |
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Prefault and post voltage

{shawn constant)
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t=08=ri2¢=xi2
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e —
—
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Figure 1-1 (a) Terminal short-circuit of time-invariant impedance, current waveforms with
maximum asymmetry; (b) current waveform with no dc component.
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A simple explanation of the origin of the transient component is that in power
systems the inductive component of the impedance is high. The current in such a
circuit is at zero value when the voltage is at peak, and for a fault at this instant no
direct current (dc) component is required to satisfy the physical law that the current
in an inductive circuit cannot change suddenly. When the fault occurs at an instant
when 6 = 0, there has to be a transient current whose initial value is equal and
opposite to the instantaneous value of the ac short-circuit current. This transient
current, the second term of Eq. (1.2) can be called a dc component and it decays at
an exponential rate. Equation (1.2) can be simply written as

i=1,sinwr + Ige *E (1.3)

Where the initial value of I, = I, (1.4)
The following inferences can be drawn from the above discussions:

1. There are two distinct components of a short-circuit current: (1) a non-
decaying ac component or the steady-state component, and (2) a decaying
dc component at an exponential rate, the initial magnitude of which is a
maximum of the ac component and it depends on the time on the voltage
wave at which the fault occurs.

2. The decrement factor of a decaying exponential current can be defined as
its value any time after a short-circuit, expressed as a function of its initial
magnitude per unit. Factor L/R can be termed the time constant. The
exponential then becomes Iy.e”", where /' = L/R. In this equation,
making ¢ = ¢’ = time constant will result in a decay of approximately
62.3% from its initial magnitude, i.e., the transitory current is reduced
to a value of 0.368 per unit after an elapsed time equal to the time
constant, as shown in Fig. 1-2.

3. The presence of a dc component makes the fault current wave-shape
envelope asymmetrical about the zero line and axis of the wave. Figure
1-1(a) clearly shows the profile of an asymmetrical waveform. The dc
component always decays to zero in a short time. Consider a modest
X /R ratio of 15, say for a medium-voltage 13.8-kV system. The dc com-
ponent decays to 88% of its initial value in five cycles. The higher is the
X /R ratio the slower is the decay and the longer is the time for which the

1.0

.

DC Exponential Decay
elt = glRL
-

L

Decrement
factor
=
8
o

L Er=LR

0 t{sec) —

Figure 1-2 Time constant of dc-component decay.
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asymmetry in the total current will be sustained. The stored energy can be
thought to be expanded in I°R losses. After the decay of the dc compo-
nent, only the symmetrical component of the short-circuit current
remains.

4. Impedance is considered as time invariant in the above scenario.
Synchronous generators and dynamic loads, i.e., synchronous and induc-
tion motors are the major sources of short-circuit currents. The trapped
flux in these rotating machines at the instant of short-circuit cannot
change suddenly and decays, depending on machine time constants.
Thus, the assumption of constant L is not valid for rotating machines
and decay in the ac component of the short-circuit current must also be
considered.

5. In a three-phase system, the phases are time displaced from each other by
120 electrical degrees. If a fault occurs when the unidirectional compo-
nent in phase a is zero, the phase b component is positive and the phase ¢
component is equal in magnitude and negative. Figure 1-3 shows a three-
phase fault current waveform. As the fault is symmetrical, 1, + I, + I, is
zero at any instant, where 1,, I, and I, are the short-circuit currents in
phases a, b, and ¢, respectively. For a fault close to a synchronous gen-
erator, there is a 120-Hz current also, which rapidly decays to zero. This
gives rise to the characteristic nonsinusoidal shape of three-phase short-
circuit currents observed in test oscillograms. The effect is insignificant,
and ignored in the short-circuit calculations. This is further discussed in
Chapter 6.

6. The load current has been ignored. Generally, this is true for empirical
short-circuit calculations, as the short-circuit current is much higher than
the load current. Sometimes the load current is a considerable percentage
of the short-circuit current. The load currents determine the effective
voltages of the short-circuit sources, prior to fault.

The ac short-circuit current sources are synchronous machines, i.e., turbogen-
erators and salient pole generators, asynchronous generators, and synchronous and
asynchronous motors. Converter motor drives may contribute to short-circuit cur-
rents when operating in the inverter or regenerative mode. For extended duration of
short-circuit currents, the control and excitation systems, generator voltage regula-
tors, and turbine governor characteristics affect the transient short-circuit process.

The duration of a short-circuit current depends mainly on the speed of opera-
tion of protective devices and on the interrupting time of the switching devices.

1.2 SYMMETRICAL COMPONENTS

The method of symmetrical components has been widely used in the analysis of
unbalanced three-phase systems, unsymmetrical short-circuit currents, and rotating
electrodynamic machinery. The method was originally presented by C.L. Fortescue
in 1918 and has been popular ever since.

Unbalance occurs in three-phase power systems due to faults, single-phase
loads, untransposed transmission lines, or nonequilateral conductor spacings. In a
three-phase balanced system, it is sufficient to determine the currents and vol-
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Figure 1-3 Asymmetries in phase currents in a three-phase short-circuit.

tages in one phase, and the currents and voltages in the other two phases are
simply phase displaced. In an unbalanced system the simplicity of modeling a
three-phase system as a single-phase system is not valid. A convenient way of
analyzing unbalanced operation is through symmetrical components. The three-
phase voltages and currents, which may be unbalanced, are transformed into three
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sets of balanced voltages and currents, called symmetrical components. The
impedances presented by various power system components, i.e., transformers,
generators, and transmission lines, to symmetrical components are decoupled
from each other, resulting in independent networks for each component. These
form a balanced set. This simplifies the calculations.

Familiarity with electrical circuits and machine theory, per unit system, and
matrix techniques is required before proceeding with this book. A review of the
matrix techniques in power systems is included in Appendix A. The notations
described in this appendix for vectors and matrices are followed throughout the
book.

The basic theory of symmetrical components can be stated as a mathematical
concept. A system of three coplanar vectors is completely defined by six parameters,
and the system can be said to possess six degrees of freedom. A point in a straight
line being constrained to lie on the line possesses but one degree of freedom, and by
the same analogy, a point in space has three degrees of freedom. A coplanar vector is
defined by its terminal and length and therefore possesses two degrees of freedom. A
system of coplanar vectors having six degrees of freedom, i.e., a three-phase unba-
lanced current or voltage vectors, can be represented by three symmetrical systems of
vectors each having two degrees of freedom. In general, a system of n numbers can
be resolved into n sets of component numbers each having n components, i.e., a total
of n* components. Fortescue demonstrated that an unbalanced set on n phasors can
be resolved into n — 1 balanced phase systems of different phase sequence and one
zero sequence system, in which all phasors are of equal magnitude and cophasial:

Vanal+Va2+Va3+---+Van
V= Vo + Vip+ Vig + oo+ Vi (1.5)
Vi1:an+VI12+Vn3+---+Vnn

where V,, Vy, ..., V,, are original n unbalanced voltage phasors. Vi, Vi, ..., Vi
are the first set of n balanced phasors, at an angle of 2w/n between them, V,,
Vis, ..., V,n, are the second set of n balanced phasors at an angle 4x/n, and the
final set V,,, Vy,, ..., V,, is the zero sequence set, all phasors at n(2rw/n) = 2, i.e.,
cophasial.

In a symmetrical three-phase balanced system, the generators produce
balanced voltages which are displaced from each other by 27r/3 = 120°. These vol-
tages can be called positive sequence voltages. If a vector operator a is defined which
rotates a unit vector through 120° in a counterclockwise direction, then
a=—0.5+;0.866, @ =-05 — j0.866, S=11+d+a=0. Considering a three-
phase system, Eq. (1.5) reduce to

Va = VaO + Val + Va2
Vo=V + Vi1 + Vi (1.6)
V(‘ = VCO + Vcl + Vc2

We can define the set consisting of Vg, V4, and V,, as the zero sequence set, the set
Va, Ve, and V., as the positive sequence set, and the set V,, V5, and V., as the
negative sequence set of voltages. The three original unbalanced voltage vectors give
rise to nine voltage vectors, which must have constraints of freedom and are not
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totally independent. By definition of positive sequence, V,;, V1, and V. should be
related as follows, as in a normal balanced system:

>
Vin =a Vi, Ve =aVy

Note that V,; phasor is taken as the reference vector.
The negative sequence set can be similarly defined, but of opposite phase
sequence:

Vip=aVp, Vo =dVu
Also, Vo = Vg = V.. With these relations defined, Eq. (1.6) can be written as:
V, 1 1 1|V
Vil=I|1 & allVy, (1.7)
V. 1 a & Vo
or in the abbreviated form:
Vare = TVoi2 (1.8)

where T, is the transformation matrix. Its inverse will give the reverse transforma-
tion.

While this simple explanation may be adequate, a better insight into the sym-
metrical component theory can be gained through matrix concepts of similarity
transformation, diagonalization, eigenvalues, and eigenvectors.

The discussions to follow show that:

e Eigenvectors giving rise to symmetrical component transformation are the
same though the eigenvalues differ. Thus, these vectors are not unique.

e The Clarke component transformation is based on the same eigenvectors
but different eigenvalues.

e The symmetrical component transformation does not uncouple an initially
unbalanced three-phase system. Prima facie this is a contradiction of
what we said earlier, that the main advantage of symmetrical components
lies in decoupling unbalanced systems, which could then be represented
much akin to three-phase balanced systems. We will explain what is
meant by this statement as we proceed.

1.3 EIGENVALUES AND EIGENVECTORS

The concept of eigenvalues and eigenvectors is related to the derivation of symme-
trical component transformation. It can be briefly stated as follows.
Consider an arbitrary square matrix 4. If a relation exists so that.

Ax = AX (1.9)

where A is a scalar called an eigenvalue, characteristic value, or root of the matrix A,
and ¥ is a vector called the eigenvector or characteristic vector of A.

Then, there are n eigenvalues and corresponding n sets of eigenvectors asso-
ciated with an arbitrary matrix 4 of dimensions n x n. The eigenvalues are not
necessarily distinct, and multiple roots occur.
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Equation (1.9) can be written as
[4—A][x] =0 (1.10)

where [ the is identity matrix. Expanding:

ap —A ajy aps an X1 0

an ayy — A (25X} e an X2 0
- (1.11)

ay (%] apz ... dpy — A Xn 0

This represents a set of homogeneous linear equations. Determinant |4 — AI| must
be zero as x # 0.

|[A—xI| =0 (1.12)
This can be expanded to yield an nth order algebraic equation:
a M +a,—IN' —1+...+arA+ay=0, ie.,
(1.13)
()‘1 - al)()‘Z - aZ) cee O‘n - an) =0

Equations (1.12) and (1.13) are called the characteristic equations of the matrix A.

The roots Ay, A, A3, ..., A, are the eigenvalues of matrix A. The eigenvector X;
corresponding to A; is found from Eq. (1.10). See Appendix A for details and an
example.

1.4 SYMMETRICAL COMPONENT TRANSFORMATION

Application of eigenvalues and eigenvectors to the decoupling of three-phase systems
is useful when we define similarity transformation. This forms a diagonalization
technique and decoupling through symmetrical components.

1.4.1 Similarity Transformation
Consider a system of linear equations:
AX =7 (1.14)

A transformation matrix C can be introduced to relate the original vectors X and j to
new sets of vectors X, and y, so that

x = Cx,
y=Cp,
ACx, = Cy,
C'ACx,=C'Cy,
C'ACx, =,
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This can be written as

/In)zn = J;n
R (1.15)
A4,=C"'4C

A,%, =y, is distinct from Ax = y. The only restriction on choosing C is that it
should be nonsingular. Equation (1.15) is a set of linear equations, derived from
the original equations (1.14) and yet distinct from them.

If C is a nodal matrix M, corresponding to the coefficients of A, then

C=M=[x,%3,...,%,] (1.16)
where %; are the eigenvectors of the matrix A, then

Cc'AC = C_'_lfi[xl, X,y Xy

o]

- [fixl,A_lxz, ey /Ix,,]

= C_f_l[)qx], )\.2X2, N )\.HX,,]

Al
1 Ay
=C [x1, X2, ..., X,]
(1.17)
A’ﬂ
A
= 1= Ay

=C'C
Ay

=

Thus, C~'AC is reduced to a diagonal matrix A, called a spectral matrix. Its diagonal
elements are the eigenvalues of the original matrix 4. The new system of equations is
an uncoupled system. Equations (1.14) and (1.15) constitute a similarity transforma-
tion of matrix A. The matrices A and A, have the same eigenvalues and are called
similar matrices. The transformation matrix C is nonsingular.

1.4.2 Decoupling a Three-Phase Symmetrical System

Let us decouple a three-phase transmission line section, where each phase has a
mutual coupling with respect to ground. This is shown in Fig. 1-4(a). An impedance
matrix of the three-phase transmission line can be written as

Zaa Zab Zac
Zoa Zop  Ze (1.18)
Zm Z(fb ch
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Figure 1-4 (a) Impedances in a three-phase transmission line with mutual coupling between
phases; (b) resolution into symmetrical component impedances.

where Z,,, Z,;,, and Z,, are the self-impedances of the phases «a, b, and ¢; Z,; is the
mutual impedance between phases a and b, and Z,, is the mutual impedance between
phases b and a.

Assume that the line is perfectly symmetrical. This means all the mutual impe-
dances, i.e., Z,, = Z;, = M and all the self-impedances, i.e., Z,, =Zy, =Z.. =72
are equal. This reduces the impedance matrix to

Z M M
M Z M (1.19)
M M Z

It is required to decouple this system using symmetrical components. First find
the eigenvalues:

Z—» M M
M Z-x» M |=0 (1.20)
M M Z-2

The cigenvalues are
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A=Z+2M
=Z-M
=Z-M

The eigenvectors can be found by making A =Z+2M and then Z — M.
Substituting A = Z +2M:

Z—(Z+2M) M M X,
M Z—(Z+2M) M X, |=0 (1.21)
M M Z—(Z+2M)|| X;
This can be reduced to
-2 1 1||Xx
0 -1 1{|X|=0 (1.22)
0 0 0]4;

This give X; = X, = X3 = any arbitrary constant k. Thus, one of the eigenvectors of
the impedance matrix is

k
k (1.23)
k

It can be called the zero sequence eigenvector of the symmetrical component trans-
formation matrix and can be written as

1
1 (1.24)
1
Similarly for A = Z — M:
Z—(Z-M) M M X
M Z—(Z—-M) M X, =0 (1.25)
M M Z—(Z-M)|| X3
which gives
1 1 1||X
0 0 0/|X;|=0 (1.26)
0 0 0]|X;

This gives the general relation X; = X, = X3 = 0. Any choice of X, X5, X3 which
satisfies this relation is a solution vector. Some choices are shown below:

X 1 1 0 1
X =\, |al, | V32| |-1)2 (1.27)
X; al| || |=V3/2| |-1)2
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where « is a unit vector operator, which rotates by 120° in the counterclockwise
direction, as defined before.

Equation (1.27) is an important result and shows that, for perfectly symme-
trical systems, the common eigenvectors are the same, although the eigenvalues are
different in each system. The Clarke component transformation (described in sec.
1.5) is based on this observation.

The symmetrical component transformation is given by solution vectors:

1111
1| al|ld (1.28)
1|d*]] a

I 1 1
T,=|1 & a (1.29)
1 a &

1 1 1

_ 1

T;1=§1 a & (1.30)
1 & a

For the transformation of currents, we can write:
Iabc = TSIOIZ (131)

where I, the original currents in phases @, b, and ¢, are transformed into zero
sequence, positive sequence, and negative sequence currents, ;;,. The original pha-
sors are subscripted abc and the sequence components are subscripted 012. Similarly,
for transformation of voltages:

Vare = TVo1 (1.32)
Conversely,
Ioy = T5 Luper Voo = Ts  Vpe (1.33)

The transformation of impedance is not straightforward and is derived as follows:

TVoio = Zwe Tslorn (1.34)

Therefore,
Z_012 = fs_lz_abcfs (1~35)
Zupe = TiZo1n T! (1.36)
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Applying the impedance transformation to the original impedance matrix of
the three-phase symmetrical transmission line in Eq. (1.19), the transformed matrix
is

1 1 1|2 M M|l 1 1
- 1
Z()12=§] a a2 M 7z M 1 az a
1 & a|llM M Z||l a &
(1.37)
Z+2M 0 0
= 0 Z—-M 0
0 0 Z—-M

The original three-phase coupled system has been decoupled through symme-
trical component transformation. It is diagonal, and all off-diagonal terms are zero,
meaning that there is no coupling between the sequence components. Decoupled
positive, negative, and zero sequence networks are shown in Fig. 1-4(b).

1.4.3 Decoupling a Three-Phase Unsymmetrical System

Now consider that the original three-phase system is not completely balanced.
Ignoring the mutual impedances in Eq. (1.18), let us assume unequal phase impe-
dances, Z;, Z,, and Z3, i.c., the impedance matrix is

Z, 0 0
Zoe=10 27, 0 (1.38)
0 0 Z

The symmetrical component transformation is

1 1 1)z, 0 O0}I 1 1
- |
Zmzzgl a |0 7z, 011 & a
1 & all0 0 Z3||1 a a
) (1.39)
Zl+Zz+Z3 Zl+022+CIZ3 Zl+aZZ+aZ3
1
=3| ZitazytazZ;  Zi+Zy+ 7 Zy +d*Zy + aZ;
Zl +a222 +CZZ3 Z] +a22 +CIZ3 Z] +Zz +Zg

The resulting matrix shows that the original unbalanced system is not decoupled.
If we start with equal self-impedances and unequal mutual impedances or vice versa,
the resulting matrix is nonsymmetrical. It is a minor problem today, as nonreciprocal
networks can be easily handled on digital computers. Nevertheless, the main appli-
cation of symmetrical components is for the study of unsymmetrical faults. Negative
sequence relaying, stability calculations, and machine modeling are some other
examples. It is assumed that the system is perfectly symmetrical before an unbalance
condition occurs. The asymmetry occurs only at the fault point. The symmetrical
portion of the network is considered to be isolated, to which an unbalanced condi-
tion is applied at the fault point. In other words, the unbalance part of the network
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can be thought to be connected to the balanced system at the point of fault.
Practically, the power systems are not perfectly balanced and some asymmetry
always exists. However, the error introduced by ignoring this asymmetry is small.
(This may not be true for highly unbalanced systems and single-phase loads.)

1.4.4 Power Invariance in Symmetrical Component Transformation

Symmetrical component transformation is power invariant. The complex power in a
three-phase circuit is given by

S =V + Vi + VI = VgL, (1.40)
where I is the complex conjugate of I,. This can be written as
S = [T, Voul Ty Io1o = Vo T, T I (1.41)
The product 7,77 is given by (see Appendix A):
1 00
[T =30 1 0 (1.42)
0 0 1
Thus,
S =3VI{ +3Vo0; + 3Vl (1.43)

This shows that complex power can be calculated from symmetrical components.

1.5 CLARKE COMPONENT TRANSFORMATION

It has been already shown that, for perfectly symmetrical systems, the component
eigenvectors are the same, but eigenvalues can be different. The Clarke component
transformation is defined as

I 1

v, 0 Vo
vl=|1 =3 § Ve (1.44)
Note that the eigenvalues satisfy the relations derived in Eq. (1.27), and
w333 |
v =13 -+ -1llv, (1.45)
Vel o \/Lg _\L@ Ve
The transformation matrices are
1 1 0
T.=|1 —1/2 J3)2 (1.46)
1 172 V32
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13 173 1/3

T-'=|2/3 -1/3 -1/3 (1.47)
0 1/4/3 —1/3
and as before:
Zoap =T, ' Zup T, (1.48)
Zape = T.Zooy T, (1.49)

The Clarke component expression for a perfectly symmetrical system is
Vo Zyy O 0 |1
Vel=|0 Z, 0 ||, (1.50)
Vg 0 0 Zggs||1p

The same philosophy of transformation can also be applied to systems with
two or more three-phase circuits in parallel. The Clarke component transformation
is not much in use.

1.6 CHARACTERISTICS OF SYMMETRICAL COMPONENTS

Matrix equations (1.32) and (1.33) are written in the expanded form:
Vo=Vo+Vi+ 1,
Vy=Vo+dV, +aV, (1.51)
V.=Vy+aV,+dV,

and

VO = (Va + Vb + Vc)

Vi=>Va+aV,+av,) (1.52)

— W= W] =

V, = §(V“ +d*Vy + av,)

These relations are graphically represented in Fig. 1-5, which clearly shows that
phase voltages V,, V;, and V, can be resolved into three voltages: V,, V|, and V>,
defined as follows:

e V/, is the zero sequence voltage. It is of equal magnitude in all the three
phases and is cophasial.

e V| is the system of balanced positive sequence voltages, of the same phase
sequence as the original unbalanced system of voltages. It is of equal
magnitude in each phase, but displaced by 120°, the component of
phase b lagging the component of phase a by 120°, and the component
of phase ¢ leading the component of phase a by 120°.
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Figure 1-5 (a), (b), (c), and (d) Progressive resolution of voltage vectors into sequence
components.
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e J, is the system of balanced negative sequence voltages. It is of equal
magnitude in each phase, and there is a 120° phase displacement between
the voltages, the component of phase ¢ lagging the component of phase «,
and the component of phase b leading the component of phase a.

Therefore, the positive and negative sequence voltages (or currents) can be
defined as “‘the order in which the three phases attain a maximum value.” For the
positive sequence the order is abca while for the negative sequence it is acba. We can
also define positive and negative sequence by the order in which the phasors pass a
fixed point on the vector plot. Note that the rotation is counterclockwise for all three
sets of sequence components, as was assumed for the original unbalanced vectors, Fig.
1-5(d). Sometimes, this is confused and negative sequence rotation is said to be the
reverse of positive sequence. The negative sequence vectors do not rotate in a direction
opposite to the positive sequence vectors, though the negative phase sequence is
opposite to the positive phase sequence.

Example 1.1
An unbalanced three-phase system has the following voltages:

V,=0.9 < 0° per unit
V, = 1.25 < 280° per unit
V,=0.6 < 110° per unit

The phase rotation is abc, counterclockwise. The unbalanced system is shown
in Fig. 1-6(a). Resolve into symmetrical components and sketch the sequence vol-
tages.

Using the symmetrical component transformation, the resolution is shown
in Fig. 1-6(b). The reader can verify this as an exercise and then convert back
from the calculated sequence vectors into original abc voltages, graphically and
analytically.

In a symmetrical system of three phases, the resolution of voltages or currents
into a system of zero, positive, and negative components is equivalent to three
separate systems. Sequence voltages act in isolation and produce zero, positive,
and negative sequence currents, and the theorem of superposition applies. The fol-
lowing generalizations of symmetrical components can be made:

1. In a three-phase unfaulted system in which all loads are balanced and in
which generators produce positive sequence voltages, only positive
sequence currents flow, resulting in balanced voltage drops of the
same sequence. There are no negative sequence or zero sequence voltage
drops.

2. In symmetrical systems, the currents and voltages of different sequences
do not affect each other, i.e., positive sequence currents produce only
positive sequence voltage drops. By the same analogy, the negative
sequence currents produce only negative sequence drops, and zero
sequence currents produce only zero sequence drops.

3. Negative and zero sequence currents are set up in circuits of unbalanced
impedances only, i.e., a set of unbalanced impedances in a symmetrical
system may be regarded as a source of negative and zero sequence cur-
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Figure 1-6 (a) Unbalanced voltage vectors; (b) resolution into symmetrical components.

rent. Positive sequence currents flowing in an unbalanced system produce
positive, negative, and possibly zero sequence voltage drops. The negative
sequence currents flowing in an unbalanced system produce voltage drops
of all three sequences. The same is true about zero sequence currents.

4. In a three-phase three-wire system, no zero sequence currents appear in
the line conductors. This is so because I, = (1/3)({, + I, + I.) and, there-
fore, there is no path for the zero sequence current to flow. In a three-
phase four-wire system with neutral return, the neutral must carry out-of-
balance current, i.e., I,=(l,+ I, +1.). Therefore, it follows that
I, = 31,. At the grounded neutral of a three-phase wye system, positive
and negative sequence voltages are zero. The neutral voltage is equal to
the zero sequence voltage or product of zero sequence current and three
times the neutral impedance, Z,,.

5. From what has been said in point 4 above, phase conductors emanating
from ungrounded wye or delta connected transformer windings cannot
have zero sequence current. In a delta winding, zero sequence currents, if
present, set up circulating currents in the delta winding itself. This is
because the delta winding forms a closed path of low impedance for
the zero sequence currents; each phase zero sequence voltage is absorbed
by its own phase voltage drop and there are no zero sequence components
at the terminals.
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1.7 SEQUENCE IMPEDANCE OF NETWORK COMPONENTS

The impedance encountered by the symmetrical components depends on the type of
power system equipment, i.e., a generator, a transformer, or a transmission line. The
sequence impedances are required for component modeling and analysis. We derived
the sequence impedances of a symmetrical coupled transmission line in Eq. (1.37).
Zero sequence impedance of overhead lines depends on the presence of ground wires,
tower footing resistance, and grounding. It may vary between two and six times the
positive sequence impedance. The line capacitance of overhead lines is ignored in
short-circuit calculations. Appendix B details three-phase matrix models of transmis-
sion lines, bundle conductors, and cables, and their transformation into symmetrical
components. While estimating sequence impedances of power system components is
one problem, constructing the zero, positive, and negative sequence impedance net-
works is the first step for unsymmetrical fault current calculations.

1.7.1 Construction of Sequence Networks

A sequence network shows how the sequence currents, if these are present, will flow
in a system. Connections between sequence component networks are necessary to
achieve this objective. The sequence networks are constructed as viewed from the
fault point, which can be defined as the point at which the unbalance occurs in a
system, i.e., a fault or load unbalance.

The voltages for the sequence networks are taken as line-to-neutral voltages.
The only active network containing the voltage source is the positive sequence net-
work. Phase a voltage is taken as the reference voltage, and the voltages of the other
two phases are expressed with reference to phase « voltage, as shown in Fig. 1-5(d).

The sequence networks for positive, negative, and zero sequence will have per
phase impedance values which may differ. Normally, the sequence impedance net-
works are constructed on the basis of per unit values on a common MVA base, and a
base MVA of 100 is in common use. For nonrotating equipment like transformers,
the impedance to negative sequence currents will be the same as for positive sequence
currents. The impedance to negative sequence currents of rotating equipment will be
different from the positive sequence impedance and, in general, for all apparatuses
the impedance to zero sequence currents will be different from the positive or nega-
tive sequence impedances. For a study involving sequence components, the sequence
impedance data can be: (1) calculated by using subroutine computer programs, (2)
obtained from manufacturers’ data, (3) calculated by long-hand calculations, or (4)
estimated from tables in published references.

The positive direction of current flow in each sequence network is outward at
the faulted or unbalance point. This means that the sequence currents flow in the
same direction in all three sequence networks.

Sequence networks are shown schematically in boxes in which the fault points
from which the sequence currents flow outwards are marked as F;, F,, and F,, and
the neutral buses are designated as N;, N,, and N, respectively, for the positive,
negative, and zero sequence impedance networks. Each network forms a two-port
network with Thévenin sequence voltages across sequence impedances. Figure 1-7
illustrates this basic formation. Note the direction of currents. The voltage across the
sequence impedance rises from N to F. As stated before, only the positive sequence
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Figure 1-7 Positive, negative, and zero sequence network representation.

network has a voltage source, which is the Thevenin equivalent. With this conven-
tion, appropriate signs must be allocated to the sequence voltages:

Vl - Va - Ilzl
V, =12, (1.53)
Vo= —1,Z,

or in matrix form:
Vo 0 Z, 0 0]|f
Vil=|V.|—10 Z, 0] (1.54)
v, 0 0 0 Z||b

Based on the discussions so far, we can graphically represent the sequence impe-
dances of various system components.

1.7.2 Transformers

The positive and negative sequence impedances of a transformer can be taken to be
equal to its leakage impedance. As the transformer is a static device, the positive or
negative sequence impedances do not change with phase sequence of the applied
balanced voltages. The zero sequence impedance can, however, vary from an open
circuit to a low value depending on the transformer winding connection, method of
neutral grounding, and transformer construction, i.e., core or shell type.

We will briefly discuss the shell and core form of construction, as it has a major
impact on the zero sequence flux and impedance. Referring to Fig. 1-8(a), in a three-
phase core-type transformer, the sum of the fluxes in each phase in a given direction
along the cores is zero; however, the flux going up one limb must return through the
other two, i.e., the magnetic circuit of a phase is completed through the other two
phases in parallel. The magnetizing current per phase is that required for the core
and part of the yoke. This means that in a three-phase core-type transformer the
magnetizing current will be different in each phase. Generally, the cores are long
compared to yokes and the yokes are of greater cross-section. The yoke reluctance is
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Figure 1-8 (a) Core form of three-phase transformer, flux paths for phase and zero sequence
currents; (b) shell form of three-phase transformer.

only a small fraction of the core and the variation of magnetizing current per phase is
not appreciable. However, consider now the zero sequence flux, which will be direc-
ted in one direction, in each of the limbs. The return path lies, not through the core
limbs, but through insulating medium and tank.

In three separate single-phase transformers connected in three-phase config-
uration or in shell-type three-phase transformers the magnetic circuits of each phase
are complete in themselves and do not interact, Fig. 1-8(b). Due to advantages in
short-circuit and transient voltage performance, the shell form is used for larger
transformers. The variations in shell form have five- or seven-legged cores. Briefly,
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we can say that, in a core type, the windings surround the core, and in the shell type,
the core surrounds the windings.

1.7.2.1 Delta—Wye or Wye—Delta Transformer

In a delta—wye transformer with the wye winding grounded, zero sequence impe-
dance will be approximately equal to positive or negative sequence impedance,
viewed from the wye connection side. Impedance to the flow of zero sequence cur-
rents in the core-type transformers is lower as compared to the positive sequence
impedance. This is so, because there is no return path for zero sequence exciting flux
in core type units except through insulating medium and tank, a path of high
reluctance. In groups of three single-phase transformers or in three-phase shell-
type transformers, the zero sequence impedance is higher.

The zero sequence network for a wye—delta transformer is constructed as
shown in Fig. 1-9(a). The grounding of the wye neutral allows the zero sequence
currents to return through the neutral and circulate in the windings to the source of
unbalance. Thus, the circuit on the wye side is shown connected to the L side line. On
the delta side, the circuit is open, as no zero sequence currents appear in the lines,
though these currents circulate in the delta windings to balance the ampere turns in

H
0
~
¢ Unbalance
o - downstream
0
Z,
H o AN o0 L
/"'
Open
Ny
{a)
H L
Q 4]
0 0
— 0 | Q
Z,
H -— O OoT—VWW————0 00— L
el e
Opan Open
Ny
(b

Figure 1-9 (a) Derivations of equivalent zero sequence circuit for a delta—wye transformer,
wye neutral solidly grounded; (b) zero sequence circuit of a delta—wye transformer, wye
neutral isolated.
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the wye windings. The circuit is open on the H side line, and the zero sequence
impedance of the transformer seen from the high side is an open circuit. If the
wye winding neutral is left isolated, Fig. 1-9(b), the circuit will be open on both
sides, presenting an infinite impedance.

Three-phase current flow diagrams can be constructed based on the convention
that current always flows to the unbalance and that the ampére turns in primary
windings must be balanced by the ampére turns in the secondary windings.

1.7.2.2 Wye-Wye Transformer

In a wye—wye connected transformer, with both neutrals isolated, no zero sequence
currents can flow. The zero sequence equivalent circuit is open on both sides and
presents an infinite impedance to the flow of zero sequence currents. When one of the
neutrals is grounded, still no zero sequence currents can be transferred from the
grounded side to the ungrounded side. With one neutral grounded, there are no
balancing ampeére turns in the ungrounded wye windings to enable current to flow
in the grounded neutral windings. Thus, neither of the windings can carry a zero
sequence current. Both neutrals must be grounded for the transfer of zero sequence
currents.

A wye—wye connected transformer with isolated neutrals is not used, due to the
phenomenon of the oscillating neutral. This is discussed in Chapter 17. Due to
saturation in transformers, and the flat-topped flux wave, a peak emf is generated
which does not balance the applied sinusoidal voltage and generates a resultant third
(and other) harmonics. These distort the transformer voltages as the neutral oscil-
lates at thrice the supply frequency, a phenomenon called the “oscillating neutral.” A
tertiary delta is added to circulate the third harmonic currents and stabilize the
neutral. It may also be designed as a load winding, which may have a rated voltage
distinct from high- and low-voltage windings. This is further discussed in Sec.
1.7.2.5. When provided for zero sequence current circulation and harmonic suppres-
sion, the terminals of the tertiary connected delta winding may not be brought out of
the transformer tank. Sometimes core-type transformers are provided with five-limb
cores to circulate the harmonic currents.

1.7.2.3 Delta—Delta Transformer

In a delta—delta connection, no zero currents will pass from one winding to another.
On the transformer side, the windings are shown connected to the reference bus,
allowing the circulation of currents within the windings.

1.7.2.4 Zigzag Transformer

A zigzag transformer is often used to derive a neutral for grounding of a delta—delta
connected system. This is shown in Fig. 1-10. Windings a; and @, are on the same
limb and have the same number of turns but are wound in the opposite direction.
The zero sequence currents in the two windings on the same limb have canceling
ampere turns. Referring to Fig. 1-10(b) the currents in the winding sections a; and ¢,
must be equal as these are in series. By the same analogy all currents must be equal,
balancing the mmfs in each leg:

Iyl =2 =11 = lpp =11 = 12
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Figure 1-10 (a) Current distribution in a delta—delta system with zigzag grounding trans-
former for a single line-to-ground fault; (b) zigzag transformer winding connections.

The impedance to the zero sequence currents is that due to leakage flux of the
windings. For positive or negative sequence currents, neglecting magnetizing current,
the connection has infinite impedance. Figure 1-10(a) shows the distribution of zero
sequence current and its return path for a single line to ground fault on one of the
phases. The ground current divides equally through the zigzag transformer; one-
third of the current returns directly to the fault point and the remaining two-thirds
must pass through two phases of the delta connected windings to return to the fault
point. Two phases and windings on the primary delta must carry current to balance
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the ampeére turns of the secondary winding currents, Fig. 1-10(b). An impedance can
be added between the artificially derived neutral and ground to limit the ground fault
current.

Table 1-1 shows the sequence equivalent circuits of three-phase two-winding
transformers. When the transformer neutral is grounded through an impedance Z,,, a
term 3Z, appears in the equivalent circuit. We have already proved that I, = 31,.
The zero sequence impedance of the high- and low-voltage windings are shown as
Zy and Zp, respectively. The transformer impedance Zt = Zy + Z;, on a per unit
basis. This impedance is specified by the manufacturer as a percentage impedance on
transformer MVA base, based on OA (natural liquid cooled for liquid immersed
transformers) or AA (natural air cooled, without forced ventilation for dry-type
transformers) rating of the transformer. For example, a 138-13.8 kV transformer
may be rated as follows:

40 MVA, OA ratings at 55°C rise

44.8 MVA, OA rating at 65°C rise

60 MVA, FA (forced air, i.e., fan cooled) rating at first stage of fan cooling,
65°C rise

75 MVA, FA second-stage fan cooling, 65°C rise

These ratings are normally applicable for an ambient temperature of 40°C,
with an average of 30°C over a period of 24 h. The percentage impedance will be
normally specified on a 40-MVA or possibly a 44.8-MVA base.

The difference between the zero sequence impedance circuits of wye—wye con-
nected shell- and core-form transformers in Table 1-1 is noteworthy. Connections 8
and 9 are for a core-type transformer and connections 7 and 10 are for a shell-type
transformer. The impedance Zy; accounts for magnetic coupling between the phases
of a core-type transformer.

1.7.2.5 Three-Winding Transformers

The theory of linear networks can be extended to apply to multiwinding transfor-
mers. A linear network having n terminals requires %n(n + 1) quantities to specify it
completely for a given frequency and emf. Figure 1-11 shows the wye equivalent
circuit of a three-winding transformer. One method to obtain the necessary data is to
designate the pairs of terminals as 1,2,...,n. All the terminals are then short-
circuited except terminal one and a suitable emf is applied across it. The current
flowing in each pair of terminals is measured. This is repeated for all the terminals.
For a three-winding transformer:

1
Zy = E(ZHM + ZyL — Zmi)
1
Zy :E(ZML‘FZHM —Zyy) (1.55)

1
Z, = E(ZHL +ZmL — Zuwm)
where Zyy = leakage impedance between the H and X windings, as measured on the
H winding with M winding short-circuited and L winding open circuited; Zy, =
leakage impedance between the H and L windings, as measured on the H winding
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Table 1-1 Equivalent Positive, Negative, and Zero Sequence Circuits for Two-Winding

Transformers
Winding — Positive or Negative Sequence
NO| sonnections Zero Sequence Circul Circuit
H Z, Z L H Z, 4 L
D Ot -4+-0-0—AN—O—NAA—O— O
1 ﬁznu N, 32,y N, or N,
H Z, Z, L H Z, Z L
00— ANA—C—AAA—O O A0 AMN—O— AN O—C—
| A D
= N, N,or N,
H Z, Z L H Z, Z L
-+ C— AN O - 0— AN WA OO
| DA
N N,orN,
4]

- O A=~ =AAN—O— O
4 [> [>
N N,or N,

/l\A “+C —A—O—AM—0 Om +-0-0— Ao

10
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Figure 1-11 Wye-equivalent circuit of a three-winding transformer.

with L winding short-circuited and M winding open circuited; Zy; = leakage impe-

dance between the M and L windings, as measured on the M winding with L winding

short-circuited and H winding open circuited.
Equation (1.55) can be written as

ZH 1
Zul=1/21 1
Z -1

We also see that
ZyL=2Zy+7Z.
Zum = Zu + Zut
ZuL = Zy + Z1.

1 || ZmL

(1.56)

Table 1-2 shows the equivalent sequence circuits of a three-winding transformer.

1.7.3 Static Load

Consider a static three-phase load connected in a wye configuration with the neutral
grounded through an impedance Z,. Each phase impedance is Z. The sequence

transformation is

V, Z 0
Vyl=[0 Z
V. 0 0
Vo z
V=170
v, 0

S N © N o o

a

&~

N © o

1,72, Vo
LZ, | =TV, | =
1,Z, Vs
I 31,7,
T, I, | + T7' 31,2,
L 31,7,
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Z 0 0
0 Z 0|71
0 0 Z

I||31,7,
31,Z, | (1.57)

L||31,2,
(1.58)



Table 1-2 Equivalent Positive, Negative, and Zero Sequence Circuits for Three-Winding

Transformers
NO Winding Zera Sequence Cirouit Fositive or Negative Sequence
Connections Cireuit

Zy

Hi >

= D'—
HZDM
_"HI>L

X

\vibe

Z 0 0llL| |36z, |Zz+3z, 0 0|
=10 z o|lL|+| 0 |=| o zZ ol (1.59)
0 0 z||n 0 0 0 z||L

This shows that the load can be resolved into sequence impedance circuits. This result
can also be arrived at by merely observing the symmetrical nature of the circuit.
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1.7.4 Synchronous Machines

Negative and zero sequence impedances are specified for synchronous machines by
the manufacturers on the basis of the test results. The negative sequence impedance
is measured with the machine driven at rated speed and the field windings short-
circuited. A balanced negative sequence voltage is applied and the measurements
taken. The zero sequence impedance is measured by driving the machine at rated
speed, field windings short-circuited, all three-phases in series, and a single-phase
voltage applied to circulate a single-phase current. The zero sequence impedance of
generators is low, while the negative sequence impedance is approximately given by

Xd// + Xq//

5 (1.60)

where X', and X" are the direct axis and quadrature axis subtransient reactances.
An explanation of this averaging is that the negative sequence in the stator results in
a double-frequency negative component in the field. (Chapter 18 provides further
explanation.) The negative sequence flux component in the air gap may be consid-
ered to alternate between poles and interpolar gap, respectively.

The following expressions can be written for the terminal voltages of a wye
connected synchronous generator, neutral grounded through an impedance Z,,:

d
V= &[Laf cos Ol — Ly I, — Loyl — Lo 1) — LR, + V;,
d
Vb = a[Lbf COS(O — 1200)1f - Lba[a — Lbblb — LbCIC] — IaRb —+ Vn (161)

d
V.= &[ch COS(G - 2400)If — Lealy — Leply — Lcclc] — LR+ TV,

The first term is the generator internal voltage, due to field linkages, and L,; denotes
the field inductance with respect to phase A of stator windings and I; is the field
current. These internal voltages are displaced by 120°, and may be termed E,, E,,
and E.. The voltages due to armature reaction, given by the self-inductance of a
phase, i.e., L,,, and its mutual inductance with respect to other phases, i.e., L,, and
L,., and the IR, drop is subtracted from the generator internal voltage and the
neutral voltage is added to obtain the line terminal voltage V.
For a symmetrical machine:

Ly =Ly =Ly =1Ly
R(z:Rb:Rc:R

(1.62)
L,=Ly=L.=1L
Lpy=L,=L,=L"
Thus,
V, E, L L L', R 0 0|7, I,
Vy|=1|Ey| —jo|L" L L'||I,|—|{0 R 0||L|—Z,|1, (1.63)
V. E, L' L LI 0 0 R|L I,
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Transform using symmetrical components:

Vo E, L L L 1 R 0 0 I Iy
T Vi| =T, E\|—jo|L’ L L'|T,|L|-]0 R 0 |T,|I,|-=3Z,|1I
V, E, L' L L I 0 0 R I, Iy
Vo E, Ly 0 0|/ R 0 0|7 3,7,
Vi|=|E |—jo| 0 L O0{|L|=|0 R O|l;|—] O
V, E, 0 0 L||L 0 0 R||L 0
(1.64)
where
Ly=L+2L'
L =L, —L_L (1.65)
The equation may, thus, be written as
Vo 0 Zy+3Z, 0 0|
Vil=1|E |- 0 Z, 0| (1.66)

v, 0 0 0 Z||5L

The equivalent circuit is shown in Fig. 1-12. This can be compared with the
static three-phase load equivalents. Even for a cylindrical rotor machine, the
assumption Z; = Z, is not strictly valid. The resulting generator impedance matrix
is nonsymmetrical.

— |, —
—
Va
—
L, TE — I iV,
F Y
2, v,
¥ ¥
N‘l NZ
z, ,
T
— |

Figure 1-12 Sequence components of a synchronous generator impedances.
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Example 1.2

Figure 1-13(a) shows a single line diagram, with three generators, three transmission
lines, six transformers, and three buses. It is required to construct positive, negative,
and zero sequence networks looking from the fault point marked F. Ignore the load
currents.

The positive sequence network is shown in Fig. 1-13(b). There are three gen-
erators in the system, and their positive sequence impedances are clearly marked in

@ Y.

Td
A Core type

2 MY
L %Y Y
e

Shell type

U

B>

Single-line diagram

(@)

Z,G,

Zil,
A

Positive sequence network

(b)
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Negative sequence network
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ND
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G
Vo 5 1 Z,G,
T U
ZOGZ
élﬁa Z,T, é]
7Lz,
Mz  %h X
N | ZT Z,L, ZyTe v
—\Ay AAA A

Zera sequence network
(d)

Figure 1-13 (a) A single line diagram of a distribution system; (b), (c), and (d) positive,
negative, and zero sequence networks of the distribution system in (a).

Fig. 1-13(b). The generator impedances are returned to a common bus. The
Thévenin voltage at the fault point is shown to be equal to the generator voltages,
which are all equal. This has to be so as all load currents are neglected, i.e., all the
shunt elements representing loads are open-circuited. Therefore, the voltage magni-
tudes and phase angles of all three generators must be equal. When load flow is
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considered, generation voltages will differ in magnitude and phase, and the voltage
vector at the chosen fault point, prior to the fault, can be calculated based on load
flow. We have discussed that the load currents are normally ignored in short-circuit
calculations. Fault duties of switching devices are calculated based on rated system
voltage rather than the actual voltage, which varies with load flow. This is generally
true, unless the prefault voltage at the fault point remains continuously above or
below the rated voltage.

Figure 1-13(c) shows the negative sequence network. Note the similarity with
the positive sequence network with respect to interconnection of various system
components.

Figure 1-13(d) shows zero sequence impedance network. This is based on the
transformer zero sequence networks shown in Table 1-1. The neutral impedance is
multiplied by a factor of three.

Each of these networks can be reduced to a single impedance using elementary
network transformations. Referring to Fig. 1-14, wye-to-delta and delta-to-wye
impedance transformations are given by:

Delta to wye:

7 ALYAN
PPl ) B
Zip+ 2o+ 273
VALYAY
Ly =—————= 1.67
T Zn+Zyn+ 7y (1.67)
7 VASYAN
L Lk |
Zip+ 2o+ Zs
and from wye to delta:
217y + 7o 75 + 77,
Zip = 7
3
yAVS Z>Z YAV
Zy =227 é“L e (1.68)
1
L1y + Z2h 75+ 237,
Z31 = =
p

Figure 1-14 Wye-delta and delta—wye transformation of impedances.
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1.8 COMPUTER MODELS OF SEQUENCE NETWORKS

Referring to the zero sequence impedance network of Fig. 1-13(d), a number of
discontinuities occur in the network, depending on transformer winding connections
and system grounding. These disconnections are at nodes marked T, U, M, and N.
These make a node disappear in the zero sequence network, while it exists in the
models of positive and negative sequence networks. The integrity of the nodes should
be maintained in all the sequence networks for computer modeling. Figure 1-15
shows how this discontinuity can be resolved.

Figure 1-15(a) shows a delta—wye transformer, wye side neutral grounded
through an impedance Z,, connected between buses numbered 1 and 2. Its zero
sequence network, when viewed from the bus 1 side is an open circuit.

Two possible solutions in computer modeling are shown in Fig. 1-15(b) and (c).
In Fig. 1-15(b) a fictitious bus R is created. The positive sequence impedance circuit
is modified by dividing the transformer positive sequence impedance into two parts:

Circuit diagram Zero sequence Positive and negative
network sequence networks

%?Hj&ﬁ

Zonit3Z, =®©

(a) (b) (c)

Figure 1-15 (a) Representation of a delta-wye transformer; (b) and (c) zero and positive
and negative sequence network representation maintaining integrity of nodes.
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Z11, for the low-voltage winding and Zty for the high-voltage winding. An infinite
impedance between the junction point of these impedances to the fictitious bus R is
connected. In computer calculations this infinite impedance will be simulated by a
large value, i.e., 999 4+ 79999, on a per unit basis.

The zero sequence network is treated in a similar manner, i.e., the zero
sequence impedance is split between the windings and the equivalent grounding
resistor 3Ry is connected between the junction point and the fictitious bus R.

Figure 1-15( ¢) shows another approach to the creation a fictitious bus R to
preserve the integrity of nodes in the sequence networks. For the positive sequence
network, a large impedance is connected between bus 2 and bus R, while for the zero
sequence network an impedance equal to Zyry + 3Ry is connected between bus 2
and bus R.

This chapter provides the basic concepts. The discussions of symmetrical com-
ponents, construction of sequence networks, and fault current calculations are car-
ried over to Chapter 2.

Problems

1. A short transmission line of inductance 0.05 H and resistance 1 ohm is
suddenly short-circuited at the receiving end, while the source voltage is
480 (+/2) sin (27ft + 30°). At what instant of the short-circuit will the dc
offset be zero? At what instant will the dc offset be a maximum?

2. Figure 1-1 shows a nondecaying ac component of the fault current.
Explain why this is not correct for a fault close to a generator.

3. Explain similarity transformation. How is it related to the diagonaliza-
tion of a matrix?

4. Find the eigenvalues of the matrix:

6 -2 2
-2 3 -1
2 -1 3

5. A power system is shown in Fig. 1-P1. Assume that loads do not con-
tribute to the short-circuit currents. Convert to a common 100 MVA
base, and form sequence impedance networks. Redraw zero sequence
network to eliminate discontinuities.

6. Three unequal load resistances of 10, 20, and 20 ohms are connected in
delta 10 ohms between lines a and b, 20 ohms between lines b and ¢ and
200 ohms between lines ¢ and a. The power supply is a balanced three-
phase system of 480 V rms between the lines. Find symmetrical compo-
nents of line currents and delta currents.

7. 1In Fig. 1-10, the zigzag transformer is replaced with a wye—delta con-
nected transformer. Show the distribution of the fault current for a phase-
to-ground fault on one of the phases.

8. Resistances of 6, 6, and 5 ohms are connected in a wye configuration
across a balanced three-phase supply system of line-to-line voltage of
480V rms (Fig. 1-P2). The wye point of the load (neutral) is not
grounded. Calculate the neutral voltage with respect to ground using
symmetrical components and Clarke’s components’ transformation.
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Figure 1-P1 Power system with impedance data for Problem 5.

Ungrounded load

Figure 1-P2 Network for Problem 8.

10.

11.

12.

13.

14.

15.

Based on the derivation of symmetrical component theory presented in
this chapter, can another transformation system be conceived?
Write equations for a symmetrical three-phase fault in a three-phase wye-
connected system, with balanced impedances in each line.
The load currents are generally neglected in short-circuit calculations. Do
these have any effect on the dc component asymmetry? (1) Increase it;
(2) Decrease it; (3) have no effect. Explain.
Write a 500 word synopsis on symmetrical components, without using
equations or figures.
Figure 1-9(a) shows the zero sequence current flow for a delta—wye trans-
former, with the wye neutral grounded. Construct a similar diagram for a
three-winding transformer, wye—wye connected, with tertiary delta and
both wye neutrals solidly grounded.
Convert the sequence impedance networks of Example 1.2 to single impe-
dances as seen from the fault point. Use the following numerical values
on a per unit basis (all on a common MVA base). Neglect resistances.
Generators Gy, G,, and G3: Z; =0.15, Z, = 0.18, Z, = 0.08, Z, (neu-
tral grounding impedance) = 0.20;
Transmission lines L, L,, and L;: Z; = 0.2, Z, = 0.2;
Transformers T;, T,, T3, T4, Ts, and T¢: Z; = Z, = 0.10, transformer
Tl: ZO =0.10
Repeat problem 14 for a fault at the terminals of generator G2.
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2

Unsymmetrical Fault Calculations

Chapter 1 discussed the nature of sequence networks and how three distinct sequence
networks can be constructed as seen from the fault point. Each of these networks can
be reduced to a single Thévenin positive, negative, or zero sequence impedance. Only
the positive sequence network is active and has a voltage source which is the prefault
voltage. For unsymmetrical fault current calculations, the three separate networks
can be connected in a certain manner, depending on the type of fault.
Unsymmetrical fault types involving one or two phases and ground are:

e A single line-to-ground fault
e A double line-to-ground fault
e A line-to-line fault

These are called shunt faults. A three-phase fault may also involve ground. The
unsymmetrical series type faults are:

e One conductor opens
e Two conductors open

The broken conductors may be grounded on one side or on both sides of the
break. An open conductor fault can occur due to operation of a fuse in one of
the phases.

Unsymmetrical faults are more common. The most common type is a line-to-
ground fault. Approximately 70% of the faults in power systems are single line-to-
ground faults.

While applying symmetrical component method to fault analysis, we will
ignore the load currents. This makes the positive sequence voltages of all the gen-
erators in the system identical and equal to the prefault voltage.

In the analysis to follow, Z;, Z,, and Z, are the positive, negative, and zero
sequence impedances as seen from the fault point; V,, ¥, and V, are the phase to
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ground voltages at the fault point, prior to fault, i.e., if the fault does not exist; and
V1, V5, and V) are corresponding sequence component voltages. Similarly, /,, I, and
1, are the line currents and 7, I,, and I, their sequence components. A fault impe-
dance of Z; is assumed in every case. For a bolted fault Z; = 0.

2.1 LINE-TO-GROUND FAULT

Figure 2-1(a) shows that phase a of a three-phase system goes to ground through an
impedance Z;. The flow of ground fault current depends on the method of system
grounding. A solidly grounded system with zero ground resistance is assumed. There
will be some impedance to flow of fault current in the form of impedance of the
return ground conductor or the grounding grid resistance. A ground resistance can
be added in series with the fault impedance Z;. The ground fault current must have a
return path through the grounded neutrals of generators or transformers. If there is
no return path for the ground current, Z, = oo and the ground fault current is zero.
This is an obvious conclusion.

Phase « is faulted in Fig. 2-1(a). As the load current is neglected, currents in
phases b and ¢ are zero, and the voltage at the fault point, V', = I,Z;. The sequence
components of the currents are given by

I 1 1 1|1 I,
1 1

L=3|1 a a0 =3 (2.1)

I 1 a@ all0 1,

Also,
1

Iy=I=h=3l, (2.2)
3 Zy =Vo+ Vi+Vy=—1Zo+ (V,— L Z)) — LZ, (2.3)

which gives

vV,
Iy = i (2.4)
Z()+Zl +Zz+3Zf
The fault current /7, is
37,
1,=3I, = a (2.5)

(Z1+ 2, +Zy) +3Z;

This shows that the equivalent fault circuit using sequence impedances can be con-
structed as shown in Fig. 2-1(b). In terms of sequence impedances’ network blocks
the connections are shown in Fig. 2-1(c).

This result could also have been arrived at from Fig. 2-1(b):

(Ve —1LZ) + (=hLZ) + (—1yZy) — 371y =0

which gives the same equations (2.4) and (2.5). The voltage of phase b to ground
under fault conditions is
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Figure 2-1 (a) Line-to-ground fault in a three-phase system; (b) line-to-ground fault equiva-
lent circuit; (c) sequence network interconnections.

V,=d*Vi+aV,+V,

32 + Z,(d> — a) + Zo(d — 1) (2.6)

“ (Z\+Zy+ Zy) +3Z;

Similarly, the voltage of phase ¢ can be calculated.
An expression for the ground fault current for use in grounding grid designs
and system grounding is as follows:

3V,
T (Ry+ R+ Ry + 3R +3Rp) +j(Xy + X1 + X»)

I, (2.7)

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



where R; is the fault resistance and Rg is the resistance of the grounding grid;

Ry, R;, and R, are the sequence resistances and X;, X;, and X, are sequence
reactances.

2.2 LINE-TO-LINE FAULT

Figure 2-2(a) shows a line-to-line fault. A short-circuit occurs between phases b and
¢, through a fault impedance Z;. The fault current circulates between phases b and c,
flowing back to source through phase » and returning through phase ¢; I, =0,

I, = —I.. The sequence components of the currents are
Iy 1 1 11| 0 0
I :% 1 a | -1, :% —a+d (2.8)
I 1 & a 1. & +a

From Eq. (2.8), [y =0 and I, = —1,.

a . Y
b - b
C .
Z,
(a)
¥
NORRE
1+ \
z, vy v

Y

{b) (c)

Figure 2-2 (a) Line-to-line fault in a three-phase system; (b) line-to-line fault equivalent
circuit; (c) sequence network interconnections.
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Va
Ve—Ve=1]0 1 =1V,
V.

I 1 1

=0 d>—a a—d*||Vi

Therefore,

Vy=V.=(a>—a)(V, = V)

= (&1, + aly) Z;
= (a2 — a)IlZf
This gives

(Vi =Vy) =17

The equivalent circuit is shown in Fig. 2-2(b) and (c).

Also
I, = (a* = a)l, = —j¥/31I,
and,

Va

A S—

The fault current is

—]ﬁ Va

Ly=—l =——""4__
Zl+Zz+Zf

0 1 —1||1 & allV
1 a & V,
v 2.9)
0
Vs
(2.10)
(2.11)
(2.12)
(2.13)
(2.14)

2.3 DOUBLE LINE-TO-GROUND FAULT

A double line-to-ground fault is shown in Fig. 2-3(a). Phases » and ¢ go to ground
through a fault impedance Z;. The current in the ungrounded phase is zero, i.e.,

1, = 0. Therefore, I, + I, + I, = 0.

Vy=V.=Uy+1.)Z;

Thus,
v, 111,
1
Vl = § 1 a a2 Vb
Vz 1 Clz a Vb
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V,+2V,
V,+ (a —i—az)Vb
V,+ (a +a2)Vb

(2.16)
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Figure 2-3 (a) Double line-to-ground fault in a three-phase system; (b) double line-to-
ground fault equivalent circuit; (c) sequence network interconnections.
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which gives V', =V, and

Vo ==(Vy+2V})

(Vo + Vi+ Vo) + 21, + 1) Z¢] (2.17)

—_ W = W =

=310 +2V) + 261 ]

=V, +3Z1,

This gives the equivalent circuit of Fig. 2-3(b) and (c).
The fault current is
]1 = Va
Zy +[25\(Zy + 3Z;)]
B V, (2.18)
B Z, Zy(Zy+3Zy)
Zy+Zy+ 37

2.4 THREE-PHASE FAULT

The three phases are short-circuited through equal fault impedances Z;, Fig. 2-4(a).
The vectorial sum of fault currents is zero, as a symmetrical fault is considered and

there is no path to ground.

2 - a
o] 3
Ial Ibl
- ~ C
|
Fd Z Z, lc

(b} (e

Figure 2-4 (a) Three-phase symmetrical fault; (b) equivalent circuit; (c) sequence network.
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Iy=01,+1,+1.=0 (2.19)
As the fault is symmetrical:
V, Ze 0 0|1,
Vpl=10 Z; 0]||I, (2.20)
V. 0 0 Z||L

The sequence voltages are given by

Vo Ze 0 0 I Ze 0 04
Vil=[rJ'0 z ol|[TdlnL|l=|0 z 0|1 (2.21)
V, 0 0 Z L 0 0 Z| b

This gives the equivalent circuit of Fig. 2-4(b) and (c).

I,=1 = L

a1t (2.22)
Ib = a2]1 ’
[L' = (111

2.5 PHASE SHIFT IN THREE-PHASE TRANSFORMERS
2.5.1 Transformer Connections

Transformer windings can be connected in wye, delta, zigzag, or open delta. The
transformers may be three-phase units, or three-phase banks can be formed from
single-phase units. Autotransformer connections should also be considered. The
variety of winding connections is, therefore, large [1]. It is not the intention to
describe these connections completely. The characteristics of a connection can be
estimated from the vector diagrams of the primary and secondary emfs. There is a
phase shift in the secondary voltages with respect to the primary voltages, depend-
ing on the connection. This is of importance when paralleling transformers. A
vector diagram of the transformer connections can be constructed based on the
following:

1. The voltages of primary and secondary windings on the same leg of the
transformer are in opposition, while the induced emfs are in the same
direction. (Refer to Appendix C for further explanation.)

2. The induced emfs in three phases are equal, balanced, and displaced
mutually by a one-third period in time. These have a definite phase
sequence.

Delta—wye connections are discussed, as these are most commonly used. Figure
2-5 shows polarity markings and connections of delta—wye transformers. For all
liquid immersed transformers the polarity is subtractive according to ANSI
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H, © g \ & 3] xa
High-¥oltage Winding: WWye é E

lLew-Valtage Winding: Della

N
HI - =§ E A x\
" 30°
! X, H, . . %
H, )\ —g: g‘—‘
X, % H; . . L X,
"’ 3
|
|
High-Valtage Winding: Della
Low-Voltage Winding: Vye
N

Figure 2-5 Winding connections and phase displacement for voltage vectors for delta—wye
connected transformers.

(American National Standard Institute) standard [2]. (Refer to Appendix C for an
explanation.) Two-winding transformers have their windings designated as high
voltage (H) and low voltage (X). Transformers with more than two windings have
their windings designated as H, X, Y, and Z. External terminals are distinguished
from each other by marking with a capital letter, followed by a subscript number,
i.e., H], H2, and H3.

2.5.2 Phase Shifts in Winding Connections

The angular displacement of a polyphase transformer is the time angle expressed in
degrees between the line-to-neutral voltage of the reference identified terminal and
the line-to-neutral voltage of the corresponding identified low-voltage terminal. In
Fig. 2-5(a), wye-connected side voltage vectors lead the delta-connected side voltage
vectors by 30°, for counterclockwise rotation of phasors. In Fig. 2-5(b) the delta-
connected side leads the wye-connected side by 30°. For transformers manufactured
according to the ANSI/IEEE (Institute of Electrical and Electronics Engineers, Inc.,
USA), standard [3], the low-voltage side, whether in wye or delta connection, has a
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phase shift of 30° lagging with respect to the high-voltage side phase-to-neutral
voltage vectors. Figure 2-6 shows ANSI/IEEE [3] transformer connections and a
phasor diagram of the delta side and wye side voltages. These relations and phase
displacements are applicable to positive sequence voltages.

The International Electrotechnical Commission (IEC) allocates vector groups,
giving the type of phase connection and the angle of advance turned though in
passing from the vector representing the high-voltage side emf to that representing
the low-voltage side emf at the corresponding terminals. The angle is indicated much
like the hands of a clock, the high-voltage vector being at 12 o’clock (zero) and the
corresponding low-voltage vector being represented by the hour hand. The total
rotation corresponding to hour hand of the clock is 360°. Thus, Dyll and Ydl1l
symbols specify 30° lead (11 being the hour hand of the clock) and Dyl and Ydl
signify 30° lag. Table 2-1 shows some IEC vector groups of transformers and their
winding connections.

2.5.3 Phase Shift for Negative Sequence Components

The phase shifts described above are applicable to positive sequence voltages or
currents. If a voltage of negative phase sequence is applied to a delta—wye connected
transformer, the phase angle displacement will be equal to the positive sequence
phasors, but in the opposite direction. Therefore, when the positive sequence cur-
rents and voltages on one side lead the positive sequence current and voltages on the
other side by 30°, the corresponding negative sequence currents and voltages will lag
by 30°. In general, if the positive sequence voltages and currents on one side lag the
positive sequence voltages and currents on the other side by 30°, the negative
sequence voltages and currents will lead by 30°.

Example 2.1

Consider a balanced three-phase delta load connected across an unbalanced three-
phase supply system, as shown in Fig. 2-7. The currents in lines ¢ and b are given.

Figure 2-6 Phase designations of terminal markings in three-phase transformers according
to ANSI/IEEE standard.
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Table 2-1

Transformer Vector Groups, Winding Connections, and Vector Diagrams

Weactor group
&phase shift

Winding Connections

Vector Diagram

Yy0

gu

H, X,

H X,

H, X,
%

Yy6
180°

Ddo

00

bz

Dz6

180

DdB

180°
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Table 2-1 (continued)

:e:h@;gf:h"il; winding Connacticns Vector diagram
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H X
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M o= L X, 309 (\
Dy11 ' 0N /\ X 5'
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b 1,=20-10 z
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Figure 2-7 Balanced delta-connected load on an unbalanced three-phase power supply.

The currents in the delta-connected load and also the symmetrical components of
line and delta currents are required to be calculated. From these calculations, the
phase shifts of positive and negative sequence components in delta windings and line
currents can be established.

The line current in ¢ is given by

Ic = _([a + ]b)
— —30 + j6.0A

The currents in delta windings are
Ing = %(1‘, — 1)) = =3.33 +j4.67 = 5.735 < 144.51°A
Igc = %(I[7 —1,)=16.67—j533 —17.50 < —17.7°A
Ica = %(IC —1,) = —13.33 +0.67 = 13.34 < 177.12°A

Calculate the sequence component of the currents /5. This calculation gives
Inp1 = 9.43 < 89.57°A
Iagy = 7.181 < 241.776°A
Iago = 0A
Calculate the sequence component of current /,. This calculation gives
1, =16.33 < 59.57°A
I, =12437 < 271.76°A
1, =0A

This shows that the positive sequence current in the delta winding is 1/+4/3 times the
line positive sequence current, and the phase displacement is +30°, i.e.,

I 16.33
Iy =9.43 < 89.57° = -2 < 30° = —— < (59.57° + 30°)A
ABI1 \/§ \/g ( )
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The negative sequence current in the delta winding is 1/+/3 times the line negative
sequence current, and the phase displacement is —30°, i.e.,

Iy 12.437
Ingy = 7.181 < 241.76° = ~2 < —30° =
AB2 ﬁ ﬁ

This example illustrates that the negative sequence currents and voltages undergo a
phase shift which is the reverse of the positive sequence currents and voltages.

The relative magnitudes of fault currents in two winding transformers for
secondary faults are shown in Fig. 2-8, on a per unit basis. The reader can verify
the fault current flows shown in this figure.

< (271.76° — 30°)A

FAULT TYPE PRIMARY SECONDARY

Three-Phase

Line-ta-Line

Three-Phase

Ling-to-Line

Line-to-Neulral
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FAULT TYPE PRIMARY SECONDARY

Three-Phase
Line-to-Line
Three-Phasa
0.87
pullir H,
0.87
prudly
Ling-to-Line

[=]

Line-to-Meutral

Figure 2-8 Three-phase transformer connections and fault current distribution for second-
ary faults.

2.6 UNSYMMETRICAL FAULT CALCULATIONS
Example 2.2

The calculations using symmetrical components can best be illustrated with an
example. Consider a subtransmission system as shown in Fig. 2-9. A 13.8-kV
generator Gy voltage is stepped up to 138 kV. At the consumer end the voltage
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Figure 2-9 A single line diagram of power system for Example 2.2.

is stepped down to 13.8 kV, and generator G, operates in synchronism with the
supply system. Bus B has a 10,000-hp motor load. A line-to-ground fault occurs at
bus B. It is required to calculate the fault current distribution throughout the
system and also the fault voltages. The resistance of the system components is
ignored in the calculations.

Impedance Data

The impedance data for the system components are shown in Table 2-2. Generators
G, and G, are shown solidly grounded, which will not be the case in a practical
installation. A high-impedance grounding system is used by utilities for grounding
generators in step-up transformer configurations. Generators in industrial facilities,
directly connected to the load buses are low-resistance grounded, and the ground
fault currents are limited to 200-400 A. The simplifying assumptions in the example
are not applicable to a practical installation, but clearly illustrate the procedure of
calculations.

The first step is to examine the given impedance data. Generator-saturated
subtransient reactance is used in the short-circuit calculations and this is termed
positive sequence reactance; 138-kV transmission line reactance is calculated from
the given data for conductor size and equivalent conductor spacing. The zero
sequence impedance of the transmission line cannot be completely calculated from
the given data and is estimated on the basis of certain assumptions, i.e., a soil
resistivity of 100 Q m.

Compiling the impedance data for the system under study from the given
parameters, from manufacturers’ data, or by calculation and estimation can be
time consuming. Most computer-based analysis programs have extensive data
libraries and companion programs for calculation of system impedance data and
line constants, which has partially removed the onus of generating the data from
step-by-step analytical calculations. Appendix B provides models of line constants
for coupled transmission lines, bundle conductors, and line capacitances. References
3 and 4 provide analytical and tabulated data.

Next, the impedance data are converted to a common MVA base. A
familiarity with the per unit system is assumed. The voltage transformation ratio
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Table 2-2 Impedance Data for Example 2.2

Per unit
impedance 100-

Equipment Description Impedance data MVA base

G, 13.8-kV, 60-MVA, 0.85 Subtransient reactance = 15% X, =025
power factor generator Transient reactance = 20% X, =0.28

Zero sequence reactance = 8% Xy =0.133
Negative sequence
reactance = 16.8%

T, 13.8-138 kV step-up Z = 9% on 50-MVA base X=X =X,
transformer, 50/84 MVA, =0.18
delta—wye connected, wye
neutral solidly grounded

L, Transmission line, 5 miles Conductors at 15 ft (4.57 m) X1 =X,=0.04
long, 266.8 KCMIL, equivalent spacing Xy =0.15
ACSR

T, 138-13.2 kV, 30-MVA step- Z =8% Xi=X=X,
down transformer, wye— =0.24
delta connected, high-
voltage wye neutral solidly
grounded

G, 13.8-kV, 30-MVA, 0.85 Subtransient reactance = 11% X, =0.37
power factor generator Transient reactance = 15% X, =0.55

Zero sequence reactance = 6% X0 =0.20
Negative sequence reactance
=16.5%

M 10,000-hp induction motor ~ Locked rotor reactance = 16.7%  X; = 1.67
load on motor base kVA (consider 1 X, = 1.80

hp ~ 1kVA) Xy =00

Resistances are neglected in the calculations.
KCMIL: Kilo-circular mils, same as MCM.
ACSR: Aluminum conductor steel reinforced.

of transformer T, is 138—13.2 kV, while a bus voltage of 13.8 kV is specified, which
should be considered in transforming impedance data on a common MVA base.

Table 2-1
impedances.

shows raw impedance data and their conversion into sequence

For a single line-to-ground fault at bus B, the sequence impedance net-

work connections are shown in Fig. 2-10, with the impedance data for compo-
nents clearly marked. This figure is based on the fault equivalent circuit shown
in Fig. 2-1(b), with fault impedance Z; = 0. The calculation is carried out per
unit, and the units are not stated in every step of the calculation.

The positive sequence impedance to the fault point is

j0.37 x j1.67
j(0.37+1.67)
7037 x j1.67
J(0.37 +1.67)

j(0.25+0.18 +0.04 + 0.24) x

Zl ==
7(0.25 4+ 0.18 4 0.04 + 0.24) +

This gives Z; = j0.212.
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Figure 2-10 Sequence network connections for single line-to-ground fault, (Example 2.2).

j0.55 x j1.8
j(0.55+1.8)

. 7055 %18
0.28 + 0.18 + 0.04 + 0.24) 41022 X 15
JO-28+0.18+0.04+024) +70557 7%

j(0.28 +0.18 4 0.04 + 0.24) x
ZZ =
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This gives Z, = j0.266.
Zy =j0.2. Therefore,
E 1

] = =
" Zi+Z,+ Z,  j0.212+0.266 + /0.2

= —j1.475pu

I, =1, =—j1.475
1, =1+ 1, + 1, = 3(—j1.475) = —j4.425pu
The fault currents in phases b and ¢ are zero:
I,=1.=0
The sequence voltages at a fault point can now be calculated:
Vo = —1yZy =j1.475 x j0.2 = —0.295
V, =—-0LZ, =j1.475 x j0.266 = —0.392,
Vi=E—-LZ =1(Zy+ Z,) =1—(—j1.475 x j0.212) = 0.687

A check of the calculation can be made at this stage; the voltage of the faulted
phase at fault point B = 0:

Veo=Vo+ Vi +V,=-0295-0.392+0.687 =0
The voltages of phases b and ¢ at the fault point are
Vy=Vo+aV,+aV,
= Vo —0.5(Vy + V,) —j0.866(V, — V>)
= —0.295 — 0.5(0.687 — 0.392) — j0.866(0.687 + 0.392)
= —0.4425 — j0.9344

[V, = 1.034pu
Similarly,
V.=Vy—=0.5V, + V3)+,0.866(V, — V>)
= —0.4425 +j0.9344
|V.] = 1.034pu

The distribution of the sequence currents in the network is calculated from the
known sequence impedances. The positive sequence current contributed from the
right side of the fault, i.e., by G, and motor M is

j(0.2540.18 + 0.04 + 0.24)
7037 x j1.67
j(0.37 4+ 1.67)

This gives —;j1.0338. This current is composed of two components, one from the
generator G, and the other from the motor M. The generator component is
j1.67

—j1.0338)— 0" _j0.8463
(= 037 +160)

—j1.475
j(0.25 4 0.18 4 0.04 + 0.24) +
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The motor component is similarly calculated and is equal to —j0.1875.
The positive sequence current from the left side of bus B is

j0.37 x j1.67
7037+ 1.67)

7(0.25+0.18 + 0.04 + 0.24) +

/1475 7037 x j1.67

7037+ 1.67)

This gives —j0.441. The currents from the right side and the left side should sum to
—j1.475. This checks the calculation accuracy.
The negative sequence currents are calculated likewise and are as follows:

In generator G, = —j0.7172

In motor M = —j0.2191

From left side, Bust B = —j0.5387
From right side = —j0.9363

The results are shown in Fig. 2-10. Again, verify that the vectorial summation at the
junctions confirms the accuracy of calculations.

Currents in generator G,
1(Gy) = [(Gy) + L(Gy) + 1n(Gy)
= —j0.8463 — j0.7172 — j1.475
= —j3.0385
|1,(G2)| = 3.0385pu

1,(Gy) = Iy — 0.5(; + 1) — jO.866(1; — 1)
= —j1.475 — 0.5(—j0.8463 — j0.7172) — j0.866(—;0.8463 + j0.7172)
= —0.1118 —;0.6933
[1,(G,)| = 0.7023pu
1.(Gy) = Iy — 0.5(1; + 1) +j0.866(1; — 1)
=0.1118 —;0.6933
|1.(G,)| = 0.7023pu

This large unbalance is noteworthy. It gives rise to increased thermal effects due to
negative sequence currents and results in overheating of the generator rotor. A
generator will be tripped quickly on negative sequence currents.

Currents in Motor M. The zero sequence current in the motor is zero. Thus,
I,M) = [,(M) + L,(M)
= —j0.1875 —j0.2191
= —j0.4066
|7,(M)| = 0.4066pu
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I,(M) = —0.5(—j0.4066) — j0.886(0.0316) = 0.0274 + j0.2033
I.(M) = —0.0274 +0.2033
[,(M)| = [[.(M)| = 0.2051pu
The summation of the line currents in the motor M and generator G, are
1,(Gy) + I,(M) = —j0.4066 — j3.0385 = —j3.4451
1(Gy) + I,(M) = —0.1118 — j0.6993 + 0.0274 + j0.2033 = —0.084 — j0.490
1.(Gy) + I.(M) =0.1118 — j0.6933 — 0.0274 4 0.2033 = 0.084 — j0.490
Currents from the left side of the bus B are
1, = —j0.441 — j0.539
= —j0.98
I, = —0.5(—j0.441 — j0.5387) — j0.866(—;0.441 + j0.5387)
= 0.084 4 ;0.490
1. = —0.084 +0.490

These results are consistent as the sum of currents in phases » and ¢ at the fault
point from the right and left side is zero and the summation of phase a currents gives
the total ground fault current at b = —j4.425. The distribution of currents is shown
in a three-line diagram (Fig. 2-11).

Continuing with the example, the currents and voltages in the transformer T,
windings are calculated. We should correctly apply the phase shifts for positive and
negative sequence components when passing from delta secondary to wye primary of
the transformer. The positive and negative sequence current on the wye side of
transformer T, are

Lipy =1 <30° = —j0.441 < 30° = 0.2205 — j0.382
Ly =1L < —=30° = —j0.539 < —30° = —0.2695 — j0.4668
Also, the zero sequence current is zero. The primary currents are
Lupy = 1o + i) + Lap)
0.441 < 300° 4+ 0.5397 < 240° = —0.049 — ;0.8487

Ib(p) = a2ll(p) + alz(p) = —0.0979
L = alyp) + @Iy = —0.049 — j0.8487

Currents in the lines on the delta side of the transformer T, are similarly
calculated. The positive sequence component, which underwent a 30° positive shift
from delta to wye in transformer T,, undergoes a —30° phase shift; as for an ANSI
connected transformer it is the low-voltage vectors which lag the high-voltage side
vectors. Similarly, the negative sequence component undergoes a positive phase shift.
The currents on the delta side of transformers Ty and T, are identical in amplitude
and phase. Figure 2-11 shows the distribution of currents throughout the distribu-
tion system.
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Figure 2-11 Three-line diagram of fault current distribution, (Example 2.2).

The voltage on the primary side of transformer T, can be calculated. The
voltages undergo the same phase shifts as the currents. Positive sequence voltage
is the base fault positive sequence voltage, phase shifted by 30° (positive) minus the
voltage drop in transformer reactance due to the positive sequence current:

Vl(p) =1.0 < 30° _jll(p)Xll
— 1.0 < 30° — (j0.441 < 30°)(—j0.24)
= 0.958 +0.553
Vaw) =0 = Ly Xot
— (0.539 < —30°)(0.24 < 270°)
=0.112 —j0.0647
Thus,
Vap) = 0.9577 = j0.553 + 0.112 — j0.0647 = 1.0697 + j0.4883 = 1.17 < 24.5°
Vi) = —0.5V1p) + V) = j0-866(V 1) — Vagp)
— —j0.9763
Vi) = =0.5V1p) + Vo) = 70-866(Va) = Vi)
= —1.0697 4+;0.4883 = 1.17 < 155.5°
Note the voltage unbalance caused by the fault.
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2.7 SYSTEM GROUNDING AND SEQUENCE COMPONENTS

The alternating current power system grounding is concerned with the nature and
location of an intentional electric connection between the electrical system phase
conductors and ground. The utility systems at high-voltage transmission level,
subtransmission level, and distribution level are solidly grounded. The utility
generators connected through step-up transformers are invariably high-resistance
grounded. The industrial systems at medium-voltage level are low-resistance
grounded. Recent trends for low-voltage industrial systems are high-resistance
grounded systems for continuity of processes in a continuous process plant. It is
not the intention here to describe the power system grounding methods or their
characteristics, except to point out the role of symmetrical components and fault
current calculations that are often required for these systems.

In a solidly grounded system, no intentional impedance is introduced between
the system neutral and ground. These systems meet the requirement of “effectively
grounded” systems in which the ratio X;/X; is positive and less than 3.0 and the
ratio Ry/X, is positive and less than 1, where X, X,, and R, are the positive
sequence reactance, zero sequence reactance, and zero sequence resistance, respec-
tively. The coefficient of grounding (COG) is defined as a ratio of Eyg/EpL in
percentage, where Ejg is the highest rms voltage on a sound phase, at a selected
location, during a fault affecting one or more phases to ground, and Ejy is the rms
phase-to-phase power frequency voltage that is obtained at the same location with
the fault removed. Calculations in Example 2.2 show the fault voltage rises on
unfaulted phases. Solidly grounded systems are characterized by a COG of 80%.
By contrast, for ungrounded systems, definite values cannot be assigned to ratios X,/
X, and Ry/X,. The ratio X,/ X; is negative and may vary from low to high values.
The COG approaches 120%. For values of X,/X; between 0 and —40, a possibility
of resonance with consequent generation of high voltages exists. The COG affects
the selection of rated voltage of the surge arresters and stresses on the insulation
systems. The overvoltages based on relative values of sequence impedances are
plotted in Ref. 4.

In impedance grounded systems, an intentional low or high impedance is
introduced between the neutral and ground. In a high-resistance grounded system,
the resistance is calculated so that 7, is at least equal to /., where I, is the current
through the resistor and /. is the system capacitance current returning to ground due
to distributed phase capacitances of the power system equipment like motors, cables,
and transformers. The total ground current is therefore +/21..

Example 2.3

Figure 2-12(a) shows a 5-MVA 34.5-2.4 kV delta—delta transformer serving indus-
trial motor loads. It is required to derive an artificial neutral through a wye—delta
connected transformer and high-resistance ground the 2.4-kV secondary system
through a grounding resistor. The capacitance charging current of the system is
8 A. Calculate the value of the resistor to limit the ground fault current through
the resistor to 10 A. Neglect transformer resistance and source resistance.

The connection of sequence networks is shown in Fig. 2-12(b) and the given
impedance data reduced to a common100-M VA base are shown in Table 2-3. Motor
wye-connected neutrals are left ungrounded in the industrial systems, and therefore
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Figure 2-12 (a) Artificially derived neutral grounding in a delta—delta system through a
wye—delta grounding transformer, (Example 2.3); (b) connection of sequence impedances for
high-resistance fault calculations, (Example 2.3).

motor zero sequence impedance is infinite. (This contrasts with grounding practices
in some European countries, where the motor neutrals are grounded.) The source
zero sequence impedance can be calculated based on the assumption of equal posi-
tive and negative sequence reactances. The motor voltage is 2.3 kV and, therefore its
per unit reactance on 100-MVA base is given by

16.7\ (2:3\°
(1.64) (ﬂ) =93
Similarly, the grounding transformer per unit calculations should be adjusted
for correct voltages:

1.5 2.4
%= (o) 7vs) =

The equivalent positive and negative sequence reactances are: 1.41 per unit each. The
zero sequence impedance of the grounding transformer is 50 + j75 per unit. The total
fault current should be limited to 10-j8 = 12.80 amperes. Thus, the required impe-
dance is
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The base ohms (100-MVA base) = 0.0576. The required Z; = 324.8/base
ohms = 5638.9 per unit. This shows that the system positive and negative sequence
impedances are low compared to the desired total impedance in the neutral circuit.
The system positive and negative sequence impedances can, therefore, be neglected.

Iro = 10/3 =333 A. Therefore, Zgo = (2400/+/3)/3.33 = 416.09 ohms =
416.09/base ohms = 7223.9 per unit. The additional resistor to be inserted:

Rro =/ Z}y — X — Ry

=+/7223.92 — 752 — 50

= 7173.5 per unit
Multiplying by base ohms, the required resistance = 413.2 ohms.
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Table 2-3 Impedance Data for Example 2.3—High-Resistance Grounding

Per unit impedance on

Equipment Given data 100-MVA base
34.5-kV source Three-phase fault = 1500 MVA X = Xy = 0.067
Line-to-ground fault = 20 kA sym Xy =0.116

345*24 kV, 5-MVA X] == Xz == X() == 80/0 th == XQ == XtO = 160
transformer, delta—delta
connected

2.3 kV 1800-hp (1640kVA)  Locked rotor reactance = 16.7% X1 = X2 = 9.35
induction motor load (on motor base kVA)

Grounding transformer, Xo=15% Xo=T5
60-kVA, wye—delta Ry =1.0% Ry =50

connected 2400:120 V

These values are in symmetrical component equivalents. In actual values, referred to
120 V secondary, the resistance value is

2
Rr = (%) 413.2 x 3 = 3.1 ohms

If we had ignored all the sequence impedances, including that of the ground-
ing transformer, the calculated value is 3.12 ohms. This is often done in the
calculations for grounding resistance for high-resistance grounded systems, and
all impedances including that of the grounding transformer can be ignored without
appreciable error in the final results. The grounding transformer should be rated to
permit continuous operation, with a ground fault on the system. The per phase
grounding transformer kVA requirement is 4.16 x 3.33 A = 13.8 kVA, i.e., a total
of 13.8 x 3 =41.5 kVA. The grounding transformer of the example is, therefore,
adequately rated.

2.8 OPEN CONDUCTOR FAULTS

Symmetrical components can also be applied to the study of open conductor faults.
These faults are in series with the line and are called series faults. One or two
conductors may be opened, due to mechanical damage or by operation of fuses
on unsymmetrical faults.

2.8.1 Two-Conductor Open Fault

Consider that conductors of phases b and ¢ are open-circuited. The currents in these
conductors then go to zero.

IL=1=0 (2.23)

The voltage across the unbroken phase conductor is zero, at the point of break, Fig.
2-13(a).
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Figure 2-13 (a) Two-conductor open series fault; (b) connection of sequence networks.

VaO = Vaul + VaoZ + VuO =0

1 (2.24)
Iy =1p=1p= gla
This suggests that sequence networks can be connected in series as shown in Fig.

2-13(b).

2.8.2 One Conductor Open

Now consider that phase a conductor is broken, Fig. 2-14(a)
1,=0 Vio— Ve =0 (2.25)
Thus,

1
Vot = Vaor = Vaoo = 3 Vao (2.26)

Iai + Ia2 + Ia() =0
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Figure 2-14 (a) One-conductor open series fault; (b) connection of sequence networks.

This suggests that sequence networks are connected in parallel, Fig. 2-14(b).

Example 2.4

Consider that one conductor is broken on the high-voltage side at the point marked
O in Fig. 2-9. The equivalent circuit is shown in Fig. 2-15.

An induction motor load of 10,000 hp was considered in the calculations for a
single-line-to-ground fault in Example 2.2. All other static loads, i.e., lighting and
resistance heating loads, were ignored, as these do not contribute to short-circuit
currents. Also, all drive system loads, connected through converters, are ignored,
unless the drives are in a regenerative mode. If there are no loads and a broken
conductor fault occurs, no load currents flow.

Therefore, for broken conductor faults all loads, irrespective of their types,
should be modeled. For simplicity of calculations, again consider that a 10,000-hp
induction motor is the only load. Its positive and negative sequence impedances for
load modeling will be entirely different from the impedances used in short-circuit
calculations.
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Figure 2-15 Equivalent circuit of an open conductor fault, (Example 2.4).

Chapter 12 discusses induction motor equivalent circuits for positive and nega-
tive sequence currents. The range of induction motor impedances per unit (based
upon motor kVA base) are

X, =0.14 — 0.2 < 83° — 75°
X;tg =0.9—0.95 < 20° — 26° (2.27)
)(l;ad ~ Xlr

where X, = induction motor locked rotor reactance at its rated voltage, X;" , =
positive sequence load reactance, and X4 = negative sequence load reactance.

The load impedances for the motor are as shown in Fig. 2-15. For an open
conductor fault as shown in this figure, the load is not interrupted. Under normal
operating conditions, the motor load is served by generator G,, and in the system of
Fig. 2-15 no current flows in the transmission line L. If an open conductor fault
occurs, generator G,, operating in synchronism, will trip on operation of negative
sequence current relays. To proceed with the calculation assume that G, is out of
service, when the open conductor fault occurs.

The equivalent impedance across an open conductor is
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(j0.25 + jO.18 + j0.08 +j0.24 + 9.9 + j4.79).
+ [( JO.28 4 j0.18 +j0.04 +j0.24 + 0.20 + j1.65), |

(jO.18 4 j0.15 + 0.24) ;. |
=9.918 +6.771 = 12.0 < 34.32°

The motor load current is
0.089 < —25.84° pu (at 0.9 power factor [PF])
The load voltage is assumed as the reference voltage, thus the generated voltage is:
Ve=1<0°4(0.089 < —25.84°)(j0.25 +j0.18 + j0.04 + 0.24)
= 1.0275 4 ;0.0569 = 1.0291 < 3.17°
The positive sequence current is

1.0291 < 3.17°
12.00 < 34.32°

= 0.0857 < 31.15° = 0.0733 40.0443

Ilg: VG/Zt:|:

The negative sequence and zero sequence currents are

Zy
Ly, =1, =———
% 7, + 7,
T 0.53 <90°
= (00857 < 31.15 )[W]
0.0157 < 215.44°
Z
Iy 2

Tz 7
= 0.071 < 210.33°
Calculate line currents:
Ly =Ty + L+ 1; =0
Iy = @11y + alyg + Ipg = 0.1357 < 250.61°
I, =0.1391 < —-8.78°

The line currents in the two phases are increased by 52%, indicating serious
overheating. A fully loaded motor will stall. The effect of negative sequence currents
in the rotor is simulated by the equation:

=1+ ki3 (2.28)

where k can be as high as 6. The motors are disconnected from service by anti single
phasing devices and protective relays.

The “long way” of calculation using symmetrical components, illustrated by
the examples, shows that, even for simple systems, the calculations are tedious and
lengthy. For large networks consisting of thousands of branches and nodes these are
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impractical. There is an advantage in the hand calculations, in the sense that ver-
ification is possible at each step and the results can be correlated with the expected
final results. For large systems, matrix methods and digital simulation of the systems
are invariable. This gives rise to an entirely new challenge for analyzing the cryptical
volumes of analytical data, which can easily mask errors in system modeling and
output results.

Problems

1. A double line-to-ground fault occurs on the high-voltage terminals of
transformer T, in Fig. 2-9. Calculate the fault current distribution and
the fault voltages throughout the system, similar to Example 2.2.

2. Repeat Problem 1 for a line-to-line fault and then for a line-to-ground
fault.

3. Calculate the percentage reactance of a 60/100 MVA, 13.8-138 kV trans-
former in Fig. 2-P1 to limit the three-phase fault current at bus A to 28
kA symmetrical. for a three-phase symmetrical fault at the bus. Assume
only nondecaying ac component of the short-circuit current and neglect
resistances.

4. In Problem 3, another similar generator is to be added to bus A. What is
the new short-circuit current? What can be done to limit the three-phase
short-circuit level at this bus to 36 kA?

5. Calculate the three-phase and single line-to-ground fault current for a
fault at bus C, for the system shown in Fig. 1-P1, Chapter 1. As all the
generators are connected through delta—wye transformers, and delta
windings block the zero-sequence currents, does the presence of genera-
tors (1) increase, (2) decrease, or (3) have no effect on the single line-to-
ground fault at bus C.

6. In Problem 5 list the fault types in the order of severity, i.e., the magni-
tude of the fault current.

Source Fault

46 MVA MY A=5200 e
X'g=X,=16% [ g4 f G2 )
115 kV \\._ s

/N ==L 060 MVA

13.8 k¥ BUS A

Figure 2-P1 Distribution system for Problem 3.
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Figure 2-P2  System configuration for Problem 7.

Source Fault MYA=5200(three-phase)
=1500MYA[ line-te-ground)

48 kV

10 MVA
2,=2,-Z,~8%

%
3

4.16 kV

LG Fault 8000-hp motor load
M PF=0.85
Efficiency=0.94

Figure 2-P3 System configuration for Problem 8.

7. Calculate the three-phase symmetrical fault current at bus 3 in the system
configuration of Fig. 2-P2. Neglect resistances.

8. Figure 2-P3 shows an industrial system motor load being served from a
115-kV utility’s system through a step-down transformer. A single line-to-
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ground fault occurs at the secondary of the transformer terminals. Specify
the sequence network considering the motor load. Consider a load oper-
ating power factor of 0.85 and an overall efficiency of 94%. Calculate the
fault current.

9. A wye-wye connected transformer, with neutral isolated and a tertiary
close-circuited delta winding serves a single phase load between two
phases of the secondary windings. A 15-ohm resistance is connected
between two lines. For a three-phase balanced supply voltage of 480V
between the primary windings, calculate the distribution of currents in all
the windings. Assume a unity transformation ratio.

10. Calculate the COG factor in Example 2.2 for all points where the fault
voltages have been calculated.

11.  Why is it permissible to ignore all the sequence impedances of the system
components and base the fault current calculations only on the system
voltage and resistance to be inserted in the neutral circuit when designing
a high-resistance grounded system?
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3

Matrix Methods for Network Solutions

Calculations for the simplest of power systems, i.c., Example 2.2, are involved and
become impractical. For speed and accuracy, modeling on digital computers is a
must. The size of the network is important. Even the most powerful computer may
not be able to model all the generation, transmission, and consumer connections of a
national grid, and the network of interest is “islanded”” with boundary conditions
represented by current injection or equivalent circuits. Thus, for performing power
system studies on a digital computer, the first step is to construct a suitable math-
ematical model of the power system network, and define the boundary conditions.
As an example, for short-circuit calculations in industrial systems, the utility’s con-
nection can be modeled by sequence impedances, which remain invariant. This gen-
eralization may not, however, be valid in every case. For a large industrial plant,
with cogeneration facilities, and the utility’s generators located close to the industrial
plant, it will be necessary to extend the modeling into the utility’s system. The type of
study also has an effect on the modeling of the boundary conditions. For the steady-
state analysis this model describes the characteristics of the individual elements of the
power system and also the interconnections.

A transmission or distribution system network is an assemblage of a linear,
passive, bilateral network of impedances connected in a certain manner. The points
of connections of these elements are described as buses or nodes. The term bus is
more prevalent and a bus may be defined as a point where shunt elements are
connected between line potential and ground, though it is not a necessary require-
ment. A bus may be defined in a series circuit as the point at which a system
parameter, i.e., current or voltage, needs to be calculated. The generators and
loads are also connected to buses or nodes.

Balanced three-phase networks can be described by equivalent positive
sequence elements with respect to a neutral or ground point. An infinite conducting
plane of zero impedance represents this ground plane, and all voltages and currents
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are measured with reference to this plane. If the ground is not taken as the reference
plane, a bus known as a slack or swing bus is taken as the reference bus and all the
variables are measured with reference to this bus.

3.1 NETWORK MODELS

Mathematically, the network equations can be formed in the bus (or nodal) frame of
reference, in the loop (or mesh) frame of reference, or in the branch frame of
reference. The bus frame of reference is important. The equations may be repre-
sented using either impedance or admittance parameters.

In the bus frame of reference, the performance is described by n — 1 linear
independent equations for n number of nodes. As stated carlier, the reference
node, which is at ground potential, is always neglected. In the admittance form,
the performance equation can be written as

Iy = YpVy (3.1)

where I is the vector of injection bus currents. The usual convention for the flow of
current is that it is positive when flowing toward the bus, and negative when flowing
away from the bus. Vg is the vector of bus or nodal voltages measured from the
reference node, and Yy is the bus admittance matrix. Expanding Eq. (3.1):

I Y Y, . Yy 14
5 Yy Yn . Yyn1 Vs
— (3.2)
T—y Yo-i1 Yu-n2 - Ya—i),o=0 || Vot
Yy is a nonsingular square matrix of order (n — 1)(n — 1). It has an inverse:
Yi! =2Z (3.3)

where Zg is the bus impedance matrix. Equation (3.3) shows that this matrix can
be formed by inversion of the bus admittance matrix; Zg is also of the order
(n—1)(n—1). It also follows that

I;'B - Z_BI_B (34)

3.2 BUS ADMITTANCE MATRIX

We note the similarity of the bus impedance and admittance matrices; however, there
are differences in their formation and application as we will examine. In the impe-
dance matrix the voltage equations are written in terms of known constant voltage
sources, known impedances, and unknown loop currents. In the admittance matrix,
current equations are written in terms of known admittances and unknown node
voltages. The voltage source of Thévenin branch equivalent acting through a series
impedance Z is replaced with a current source equal to EY, in parallel with an
admittance Y = 1/Z, according to Norton’s current equivalent. The two circuits
are essentially equivalent, and the terminal conditions remain unaltered. These net-
works deliver at their terminals a specified current or voltage irrespective of the state
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of the rest of the system. This may not be true in every case. A generator is neither a
true current nor a true voltage source.

The formation of a bus admittance matrix for a given network configuration is
straightforward. Figure 3-1(a) shows a five-node impedance network with three
voltage sources, E,, E,, and E_; Fig. 3-1(b) shows the admittance equivalent network
derived from the impedance network. The following current equations can be written
for each of the nodes 1-5. Note that node 0 is the reference node. Five independent
node-pair voltages are possible, measured from node 0 to the other nodes. As node 0
is taken as the reference node, there is one node—voltage pair less than the number of
the nodes. The current equation at node 1 is

EY, +EY,=VyY,+Vo —=Vp3) Yy + Vo1 — Vir) Y,

EY,=Va(Y,+ Yy +Y)— VY. — VisY, ¢
Similarly, for node 2:
EY, =Vop(Y.+ Y+ Y)= VoY, = VouYs—VosY, (3.6)
and equations for nodes 3-5 are
Node 3: —E Y, =Vi(Y,+ Y+ Y,) = VoY, — VY, (3.7
Node 4: 0= Vou(Yy+ Yo+ Y)) = Voa Yy = Vs Ve — Vs Y (3.8)
Node 5: —E. Y, =Vys(Y,+Y,) = VoY, — VY, (3.9

In writing these equations, the direction of current flow must be properly
accounted for by change of sign. If a source current arrow is directed away from

Z, 1 Z, 2 Z,
A A Wiy
Zb Za
Z, Z Z,
W A A
&} ] 4 5
(a}

g@
%

Ya YC
YD Eva g \Ifd Ye EZYo
Y, Y Yy
W A AV
o) 3 4 5
o

Figure 3-1 (a) Network with voltage sources; (b) identical network with Norton equivalent
current sources.
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the node, a minus sign is associated with the term. The above equations can be
written in the matrix form:

EY,+EY,
E,Y,
—E,Y,
0
_E.Y,
(Y4 Y, + Y.) —v. —y, 0 0
=Y, Y +Y,+7Y) 0 =Yy -7,
= ~Y, 0 (Yy+ Y, + Y, Y, 0 |x
0 -Y, -Y, Yo+ Y, + 7)) =Y,
0 -7, 0 -Y, (Y, + 7Y
Voi
Voo
Vos
Vou
Vs (3.10)

For a general network with n 4+ 1 nodes:
Yo Y o Yy
Y = ! 3.11)

Yn 1 Yn 2 . Yn n

where each admittance Y; (i =1, 2, 3,4, ...) is the self-admittance or driving point
admittance of node 7, given by the diagonal elements, and it is equal to an algebraic
sum of all admittances terminating in that node. Y, (i, k = 1,2, 3,4...) is the mutual
admittance between nodes i and k or transfer admittance between nodes i and k and
is equal to the negative of the sum of all admittances directly connected between
those nodes. The current entering a node is given by

n
=Y YuV, (3.12)
n=I1

To find an element, say, Y,,, the following equation can be written:
12=Y21V1+Y22V2+Y23V3+"'+Y2,7Vn (313)

The self-admittance of a node is measured by shorting all other nodes and finding the
ratio of the current injected at that node to the resulting voltage (Fig. 3-2):

I
Y22:72(V1:V3:--~Vn:0) (3.14)
2
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Figure 3-2 Calculations of self-admittance in a network, with unit voltage applied at a bus
and other buses short-circuited to ground or reference node.

Similarly, the transfer admittance is

I
Y21:721(V2:V3:-~-V,1:0) (3.15)

Example 3.1

Figure 3-3(a) shows a simple network of three buses with series and shunt elements.
Numerical values of circuit elements are impedances. The shunt resistors may repre-
sent unity power factor loads. Write the bus admittance matrix by examination and
by use of Eqs (3.14) and (3.15).

The bus admittance matrix is formed by inspection. At node 1 the self admit-
tance Yy is 1 +1/j0.2 = 1 — 5, and the transfer admittance between node 1 and 2,

Y1, = —(1/j0.2) = 5. Similarly, the other admittance elements are easily calculated:
Y Y Y
Yp=|Yy Yy Yo
Yy Yy Y3 (3.16)
1 =5 J5 0
=| j5 0.5-,833 j3.33
0 j3.33 0.33 —3.33

Alternatively, the bus admittance matrix can be constructed by use of Eqs
(3.14) and (3.15). Apply unit voltages, one at a time, to each bus while short-circuit-
ing the other bus voltage sources to ground. Figure 3-3(b) shows unit voltage applied
to bus 1, while buses 2 and 3 are short-circuited to ground. The input current / to bus
1 gives the driving point admittance. This current is given by

V
ot =1-j5= Yy

v
1.0 02
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{d)

Figure 3-3 (a) Network for Examples 3.1 and 3.2; (b) calculation of admittance elements by
unit voltage injection; (c) calculation of impedance elements by unit current injection; (d)
diagram of network.

Bus 2 is short-circuited to ground; the current flowing to bus 2 is

-V
j()72: Yo=Yy
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Only buses directly connected to bus 1 have current contributions. The current
flowing to bus 3 is zero:

Y3=Y5=0

The other elements of the matrix can be similarly found and the result obtained is the
same as in Eq. (3.16).

3.3 BUS IMPEDANCE MATRIX
The bus impedance matrix for (n + 1) nodes can be written as
4 Zy Zyn - Zi ||

V) _ Zoy Zy - Zy || b (3.17)

Vm Zml Zm2 : me ]m

Unlike the bus admittance matrix, the bus impedance matrix cannot be formed by
simple examination of the network circuit. The bus impedance matrix can be formed
by the following methods:

e Inversion of the admittance matrix
e By open circuit testing
e By step-by-step formation
e From graph theory.
Direct inversion of the Y matrix is rarely implemented in computer applica-
tions. Certain assumptions in forming the bus impedance matrix are:

1. The passive network can be shown within a closed perimeter, (Fig. 3-4). It
includes the impedances of all the circuit components, transmission lines,
loads, transformers, cables, and generators. The nodes of interest are

PASSIVE
NETWORK

MNodes of Inlerest

Figure 3-4 Representation of a network as passive elements with loads and faults excluded.
The nodes of interest are pulled out of the network and unit voltage is applied at the common
node.
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brought out of the bounded network, and it is excited by a unit generated
voltage.

2. The network is passive in the sense that no circulating currents flow in the
network. Also, the load currents are negligible with respect to the fault
currents. For any currents to flow an external path (a fault or load) must
exist.

3. All terminals marked 0 are at the same potential. All generators have the
same voltage magnitude and phase angle and are replaced by one equiva-
lent generator connected between 0 and a node. For fault current calcula-
tions a unit voltage is assumed.

3.3.1 Bus Impedance Matrix from Open-Circuit Testing

Consider a passive network with m nodes as shown in Fig. 3-5 and let the voltage at
node 1 be measured when unit current is injected at bus 1. Similarly, let the voltage
at bus 1 be measured when unit current is injected at bus 2. All other currents are

Q
»

—h

PASSIVE o
NETWORK 5 @ (D

1=1.0 PU
—O ;
m i
~ ¥
-
0
(a)
iy
4
PASSIVE ~
NETWORK | Vg
O,
1
| -
. 1=1.0 PU
m
O
0

(b)

Figure 3-5 (a, b) Equivalent networks for calculations of Z;; and Z;, for formation of bus
impedance matrix.
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zero and the injected current is = 1 per unit. The bus impedance matrix equation
(3.17) then becomes:

Vi Zy
ol | Za (3.18)
Vm Zml

where Z|; can be defined as the voltage at bus 1 when one per unit current is injected
at bus 1. This is the open circuit driving point impedance. Z, is defined as voltage at
bus 1 when one per unit current is injected at bus 2. This is the open-circuit transfer
impedance between buses 1 and 2. Z,; is defined as voltage at bus 2 when one per unit
current is injected at bus 1. This is the open-circuit transfer impedance between buses
2 and 1. Generally,

Zin =2y (3.19)

To summarize, the open-circuit driving point impedance of bus i is determined
by injecting a unit current between bus i and the reference node and keeping all other
buses open circuited. This gives the diagonal elements of the bus impedance matrix.
The open-circuit transfer impedance between buses i and j is found by applying a
unit current between bus i and the reference node and measuring the voltage at bus j,
while keeping all other buses open circuited. This gives the off-diagonal elements.

Example 3.2

Find the bus impedance matrix of Example 3.1 by inversion and also by open-circuit
testing.

The inversion of the admittance matrix in Eq. (3.16), calculated in Example
3.1, gives

0.533 +0.05  0.543 —j0.039 0.533 — j0.092
Zp =|0.543 —j0.039  0.55+0.069 0.552 4 j0.014 (3.20)
0.533 —0.092 0.52240.014 0.577 +,0.258

From Eq. (3.20) we note that the zero elements of the bus admittance matrix get
populated in the bus impedance matrix. As we will discover, the admittance matrix
for power system networks is sparse and this sparsity is lost in the impedance matrix.

The same bus impedance matrix can be constructed from the open-circuit test
results. Unit currents are injected, one at a time, at each bus and the other current
sources are open circuited. Figure 3-3(c) shows unit current injected at bus 1 with bus
3 current source open circuited. Z;; is given by voltage at node 1 divided by current
I;(= 1.0 per unit):

1] [2 +,0.02)| (3 +,0.03)] = Z;; = 0.533 +,0.05

The injected current divides as shown in Fig. 3-3(c). Transfer impedance Z;, = Z,,
at bus 2 is the potential at bus 2. Similarly, the potential at bus 3 gives Z;5 = Z3;.
The example shows that this method of formation of bus impedance matrix is
tedious.
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3.4 LOOP ADMITTANCE AND IMPEDANCE MATRICES

In the loop frame of reference:
I7L = Z_LI_L (321)
where ¥} is the vector of loop voltages, I; is the vector of unknown loop currents,

and Z is the loop impedance matrix of order / x /; Zy is a nonsingular square
matrix and it has an inverse:

Zi'l=1, (3.22)
where Yy is the loop admittance matrix. We can write:
IL=Y.V, (3.23)

It is important to postulate the following:

e The loop impedance matrix can be constructed by examination of the net-
work. The diagonal elements are the self-loop impedances and are equal
to the sum of the impedances in the loop. The off-diagonal elements are
the mutual impedances and are equal to the impedance of the elements
common to a loop.

e The loop admittance matrix can only be constructed by inversion of the loop
impedance matrix. It has no direct relation with the actual network com-
ponents.

Compare the formation of bus and loop impedance and admittance matrices.

The loop impedance matrix is derived from basic loop-impedance equations. It
is based on Kirchoff’s voltage law which states that voltage around a closed loop
sums to zero. A potential rise is considered positive and a potential drop, negative.
Consider the simple network of Fig. 3-6. Three independent loops can be formed as
shown in this figure, and the following equations can be written:

Ey=1(Z+ 2y - Lz,
0=—-1L2Z,+ L(Z,+ Z3) — LZ, (3.24)
—E2 = O - 1224 + I3(Z4 + ZS)

In the matrix form, these equations can be written as:

El Zl + Zz —22 O Il
0 = —Z2 Zz + Z3 —Z4 12 (325)
—E, 0 ~Zy  Zy+Zs|| I
iZ? [23
—_— -
AN

%nz Rl

Figure 3-6 Network with correct choice of loop currents.
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The impedance matrix in the above example can be written without writing the
loop equations and by examining the network. As stated before, the diagonal ele-
ments of the matrix are the self-impedances around each loop, while off-diagonal
elements are the impedances common to coupled loops. An off-diagonal element is
negative when it carries a current in a loop in the opposite direction to the current in
the coupled loop.

3.4.1 Selection of Loop Equations

The selection of loop equations is arbitrary, yet there are certain limitations in
forming these equations. The selection should result in a sufficient number of inde-
pendent voltage equations. As an example, in Fig. 3-7 the selection of loop currents,
I, and I, is not adequate. An additional loop current marked /5 must be selected.

3.5 GRAPH THEORY

Linear network graphs help in the assembly of a network. The problem for large
networks can be stated that a minimum number of linearly independent equations of
zero redundancy must be selected to provide sufficient information for the solution
of the network.

A topographical graph or map of the network is provided by shorting
branch emfs, opening branch current sources, and considering all branch impe-
dances as zero. The network is, thus, replaced by simple lines joining the nodes.
A linear graph depicts the geometric interconnections of the elements of a net-
work. A graph is said to be connected only if there is a path between every pair
of nodes. If each element is assigned a direction, it is called an oriented graph.
The direction assignment follows the direction assumed for the current in the
element.

Consider the network of Fig. 3-8(a). It is required to construct a graph.
First, the network can be redrawn as shown in Fig. 3-8(b). Each source and the
shunt admittance across it are represented by a single element. Its graph is shown
in Fig. 3-8(c). It has a total of nine branches, which are marked from 1 through 9.

Figure 3-7 Incorrect choice of loop currents in the network when only two loops /; and I,
are selected. I3 must be selected.
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The node or vertex of a graph is the end point of a branch. In Fig. 3-8(c), the
nodes are marked as 0—4. Node 0 is at ground potential. A route traced out
through a linear graph which goes through a node no more than one time is
called a path.

The tree-link concept is useful when large systems are involved. A tree of the
network is formed which includes all the nodes of a graph, but no closed paths.
Thus, a tree in a subgraph of a given connected graph, which has the following
characteristics:

e It is connected
e It contains all the nodes of the original graph
e It does not contain any closed paths.

Figure 3-8(d) shows a tree of the original graph. The elements of a tree are called tree
branches. The number of branches B is equal to the number of nodes minus 1, which
is the reference node:

B=n—1 (3.26)

The number of tree branches in Fig. 3-8(d) is four, one less than the number of
nodes. The elements of the graph that are not included in the tree are called links or
link branches and they form a subgraph, which may or may not be connected. This
graph is called a cotree. Figure 3-8(e) shows the cotree of the network. It has five
links. Each link in the tree will close a new loop and a corresponding loop equation is
written. Whenever a link closes a loop, a tie-set is formed, which contains one link
and one or more branches of the established tree. A tree and cotree of a graph are
not unique. A set of branches of a connected graph is called a cuz-set, if the following
properties hold:

e If the branches of the cutset are removed, the graph is split into two parts,
which are not connected.

e No subset of the above set has this property. This ensures that no more than
the minimum number of branches are included in the cut-set.

Basic cut-sets are those which contain only one branch and, therefore, the
number of basic cut-sets is equal to the number of branches. An admittance matrix
can be formed from the cut-sets. The network is divided into pieces of cut-sets and
Kirchoff’s current law must be satisfied for each cut-set line. No reference node need
be given. The various cut-sets for the tree in Fig. 3-8(d) are as shown in Fig. 3-8(f).

A loop which is formed by closing only one link is called a basic loop. The
number of basic loops is equal to the number of links. In a metallically coupled
network, loops L are given by

L=c—B (3.27)

where B is the number of tree branches, and e is the number of nodes. The graph of
Fig. 3-8(c) has nine elements and there are four tree branches. Therefore, the number
of loops is equal to five.

If any two loops, say loops 1 and 2, have a mutual coupling, the diagonal term
of loop 1 will have all the self-impedances, while off-diagonal terms will have mutual
impedance between 1 and 2.
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Figure 3-8 (a) Equivalent circuit of a network; (b) network redrawn with lumped elements
and current injections at the nodes; (c) oriented connected graph of the network; (d) tree of the
oriented network; (e) cotree of the oriented network; (f) cut-sets of the network.

Elimination of loop currents can be done by matrix partitioning. In a large
network, the currents in certain loops may not be required and these can be elimi-
nated. Consider a partitioned matrix:

E, Z, Z,||1L
=2 Y (3.28)
E, | |Zy Z||I,
The current given by array I is only of interest. This is given by:
I.=[2 - 2,2:' 2] 'E, (3.29)
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3.6 BUS ADMITTANCE AND IMPEDANCE MATRICES BY GRAPH
APPROACH

The bus admittance matrix can be found by graph approach:
Yp=AY,A' (3.30)

where A is the bus incidence matrix, fp is the primitive admittance matrix and A is
the transpose of the bus incident matrix. Similarly, the loop impedance matrix can be
formed by

Z, = BZ,B' (3.31)

where B is the basic loop incidence matrix, B’ its transpose, and Z_p the primitive bus
impedance matrix.

3.6.1 Primitive Network

A network clement may contain active and passive components. Figure 3-9 shows
impedance and admittance forms of a network element, and equivalence can be
established between these two. Consider the impedance form shown in Fig. 3-9(a).
The nodes P and Q have voltages V;, and V, and let V}, > V. Self-impedance, Z,
has a voltage source, €pg> in series. Then:

Vot epqg = Zpalpg = Vg

or (3.32)

Voa +€pq = Zpq Vg
Where V,q=V,—Vq= voltage across P-Q and iy is current through P-Q.
In the admittance form and referring to Fig. 3-9(b):

ipq TJpq = YpaVpq

Also, (3.33)

Y,

Jpq = T Lpqfpq

Where j,q is current source in parallel with P-Q.

The performance equations of the primitive network can be derived from Eqgs.
(3.32) and (3.33). For the entire network, the variables become column vector and

e - Y

- VeV Vg
|
(b) o
AN
[ Q
o I ¥ FH——
vV, . . v
’ qu quﬂpq :

Figure 3-9 (a, b) Primitive network, impedance and admittance forms.
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parameters becomes matrices. The performance equations in impedance and admit-
tance forms are

V+e=2Z,i

= hY (3.34)
Also, '

> 1

Y, =2,

The diagonal elements are the impedances or admittances of the element p—¢g, and the
off-diagonal elements are mutual impedances/admittances. When there is no cou-
pling between the elements, the matrices are diagonal.

Example 3.3

Write the primitive admittance matrix of the network of Fig. 3-8(b).
The matrix is written by simply examining the figure. There are no mutual
couplings between the elements. The required matrix is

1 2 3 4 5 6 7 8 9
0-1 02 03 04 12 1-3 14 24 34

0-1  yo

0-2 Y20
0-3 Y30

0-4 Y40

1-2 Y12
1-3 Y13

1-4 V14

2-4 V24
34 V34

The top and left-side identifications of the elements between nodes is helpful in
formation of the matrix. It is a diagonal matrix. If there are mutual couplings
between elements of the network, the appropriate off-diagonal elements in the
matrix are populated.

3.6.2 Incidence Matrix from Graph Concepts

Consider a graph with n nodes and e elements. The matrix 4 of Eq. (3.30) has n rows
which correspond to the n nodes and e columns which correspond to the e elements.
This matrix is known as an incidence matrix. The matrix elements can be formed as
follows:

a; = 1, if the jth element is incident to and directed away from the node i.
a; = —1, if the jth element is incident to but directed fowards the node i.
a;y = 0, if the jth element is not incident to the node.
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When a node is taken as the reference node, then the matrix A is called a reduced
incidence matrix or bus incidence matrix.

Example 3.4

Form an incidence and reduced incidence matrix from the graph of the network in
Fig. 3-8(a).
The bus incidence matrix is formed from the graph of the network in Fig. 3-

8(c):

This matrix is singular. The matrix without the last row pertaining to the reference
node, which is shown shaded, is a reduced incidence matrix. It can be partitioned as
follows:

e/(n—1) Branches Links

Buses Ay, Ar

We can therefore write:
Ap-1).e = (Ab)(nfl),(nfl)X(AL)(nfl),l (3.35)

Using Eq. (3.30), the bus admittance matrix is

Yo+ Yo+ Y3+ Yy -Yi -Yi3 —Yy
o _ —-Y, Yo+ Yo+ Y, 0 -Y-
AT, A= Fy— 12 20 12 24 24
-Y3 0 Yo+ Yi3+ Yy3 Yy
—Yy —Yyu —Yy Yoo+ Yia+ Yoy + Ya3
(3.36)
Example 3.5

Form the primitive admittance matrix of network in Fig. 3-3(a) and then the bus
incidence matrix. From these calculate the bus admittance matrix.

The graph of the network is shown in Fig. 3-3(d). The primitive admittance
matrix is

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



1 0 0 0 0
005 0 0 0

Y,=[0 0 0333 0 0
00 0 —5 0
00 0 0 —333

From the graph of Fig. 3-3(d), the reduced bus incidence matrix (ignoring node 0) is
1 00 1 0
01 0 -1 -1
001 0 1

The bus admittance matrix is

1—j5 j5 0
Yp=AY,A'=| j5 0.5-,833 j3.33
0 7333 0.33-,3.33

This is the same matrix as calculated before.

The loop impedance matrix can be similarly formed from the graph concepts.
There are five basic loops in the network of Fig. 3-8(b). The basic loop matrix B; of
Eq. (3.31) is constructed with its elements as defined below:

b; =1, if jth element is incident to ith basic loop and is oriented in the same
direction.

b = —1, if jth element is incident to the ith basic loop and is oriented in the
opposite direction.

b = 0, if ith basic loop does not include the jth element.

Branch Frame of Reference

The equations can be expressed as follows:

Ver = Zprlpr 337
Igr = YerVar

The branch impedance matrix is the matrix of the branches of the tree of the con-
nected power system network and has dimensions, b x b; Vg is the vector of branch
voltages and Iy is the vector of currents through the branches.

3.7 ALGORITHMS FOR CONSTRUCTION OF BUS IMPEDANCE
MATRIX

The Z matrix can be formed step by step from basic building concepts. This method
is suitable for large power systems and computer analysis.

Consider a passive network with m independent nodes. The bus impedance
matrix of this system is given by
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Zyn Zun - Zi

N
Il

(3.38)
Zm] ZmZ . me

The build-up of the impedance matrix can start with an arbitrary element between a
bus and a common node and then adding branches and links, one by one. The
following procedure describes the building blocks of the matrix.

3.7.1 Adding a Tree Branch to an Existing Node

Figure 3-10(a) shows that a branch pk is added at node p. This increases the dimen-
sions of the primitive bus impedance matrix by 1:

[ |
I
PASSIVE : R
NETWORK |
1
1 :
m
(a)
T4
PASSIVE i
NETWORK zp %
k
—)
m
{b}
PASSIVE
NETWORK

©

Figure 3-10 (a) Adding a tree-branch; (b) and (c) adding a link, in the step-by-step forma-
tion of bus impedance matrix.
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Zun Zyn - Ziw Ziu

Z= (3.39)
Zml ZmZ ! me ka

Zin Zio  Zim Lk

This can be partitioned as shown:

ny,xy ny,pk Ixy _ ny (3 40)
Zpk,xy Zp/c,pk ka Vpk

where Z_xy,xy = Primitive bus impedance matrix. This remains unchanged as addition
of a new branch does not change the voltages at the nodes in the primitive matrix.
Z_xy,pk = Mutual impedance matrix between the original primitive matrix and ele-
ment pq. Zy , = Zy,  and Z,; ;. = Impedance of new element.

From Eq. (3.40):

I pk ka Xy ka Dk Vpk
where:
. . . . -1
%xy,xy %xy,pk _ ‘ Z_xy,xy Z_,\‘y,pk (342)
ka, Xy ka, pk Z pk,xy Z pk,pk
The matrix Z has therefore to be inverted.
From Eq. (3.41):
I_pk = fpk.xy I7xy + ka,p/c I7pk (343)

If 1 per unit current is injected at any bus other than k and all other currents are zero
then I, = 0. This gives

7y = — Teex Vo
! ka,pk
_ Yoo (Ve =V,
V,— V= _ o Vs = V) (3.44)
ka,pk
> > Y k,x (A_/x - Z-r)
i — Ly = P\ Ay Vi
Yok pk
thus, Zy; (j = 1,2,...,m, j # k) can be found from the following equation:
_ - Y2y -2,
Zyg = Zpy + L2020 2y = 2y) (3.45)
ka,p/c
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If a per unit current is injected at bus k and all other currents are zero, then Eq.

(3.43) bec

omes:

-1 = ka,xy ny + Yp/c,pk Vpk

This gives Z;:

Zik

= 1+ Yo (Zu = Zw)

= Zy+

Yy pi

(3.46)

(3.47)

2. If there is no coupling between pk and any existing branch xy, then,

j#k

Z_k/’

=Z)

j=12,...,m,

Zy = Z_pk + Z_pk,pk

(3.48)
(3.49)

3. If the new branch is added between p and the reference node 0, then

Zy

=0

3.7.2 Adding a Link

(3.50)
(3.51)
(3.52)

A link can be added as shown in Fig. 3-10(b). As k is not a new node of the system,
the dimensions of the bus impedance matrix do not change; however, the elements of
the bus impedance matrix change. To retain the elements of the primitive impedance
matrix let a new node e be created by breaking the link pk, as shown in Fig. 3-10(c).
If E, is the voltage of node e with respect to node k, the following equation can be

written:
Vi
V)

Zml
Zel

Z, m2
Z e2

zZ Im

me
Z,

em

Zﬂl(’,
Z

ee

I
I,

(3.53)

In this case the primitive impedance matrix does not change, as the new branch
pe can be treated like the addition of a branch from an existing node to a new node,
as discussed above. The impedances bearing a subscript ¢ have the following defini-

tions:

Z,. = voltage at bus 1 with respect to the reference node when unit current is
injected at k.
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Z,; = voltage at bus e with reference to k when unit current is injected at bus 1
from reference bus.

Z,, = voltage at bus e with respect to k when unit current is injected to bus e
from k.

Equation (3.53) is partitioned as shown:

_x y _ _x Y, XY }ivx y,pe I?xy (3 ' 54)
I pe Ype,xy Ype, pe Vpe
Thus,
I_pe = _pe,xy ny + Ype,pe I}pe (355)

If unit current is injected at any node, except node e, and all other currents are zero:
pe,xy V\')/ + Yp(’,p@ Vp(’ (3.56)
This gives

Y, pe.Xy(_ZXJ' — Z}y')

Zy=2y—Zij+ j=1,2,....m je (3.57)

pe.pe

If 1, is 1 per unit and all other currents are zero:

-1= Ype,xy ny + pe.,pe I7/7e (358)
This gives
= - = 1+Ye\’/'Z_\‘e_Z_Ve
Zoe =Zpe = Zye + £ )l,( : : ) (3.59)
pe,pe

Thus, this treatment is similar to that of adding a link. If there is no mutual coupling
between pk and other branches and p is the reference node:

Z, = (3.60)
Z_ee = _pk,pk - Z_ke (362)

The artificial node can be eliminated by letting voltage at node e = 0:

I;vbus _ Z_bus %je I_b_us (363)
0 Z,; Z,|l 1.
> > Z_jeZ_j/e
Zbus,modiﬁed = Zbus,primitive - Z—— (364)
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3.7.3 Removal of an Uncoupled Branch

An uncoupled branch can be removed by adding a branch in parallel with the branch
to be removed, with an impedance equal to the negative of the impedance of the
uncoupled branch.

3.7.4 Changing Impedance of an Uncoupled Branch

The bus impedance matrix can be modified by adding a branch in parallel with the
branch to be changed with its impedance given by

zZZ
z, = Z”<7z+§ ) (3.65)
n

where Z, is the required new impedance and Z is the original impedance of the
branch.

3.7.5 Removal of a Coupled Branch

A branch with mutual coupling M can be modeled as shown in Fig. 3-11. We
calculated the elements of bus impedance matrix by injecting a current at a bus
and measuring the voltage at the other buses. The voltage at buses can be maintained
if four currents as shown in Fig. 3-11 are injected at either side of the coupled
branch:

Iy, Yongh  Yenpi || Ve — Vi
gh _ 8h.g 8gh,p g (366)
ka ka,gh ka,pk Vp - V/\’
This gives
I th.gh - Yg/z,gh th, pk - th,pk Vg
-1 . - th. gh th. gh -7, gh,pk th, pk Vh
1/ ka,gh - ka,gh ka,p/c - l/Zpk,p/c - ka,pk + 1/Zp/c,pk Vp
-1’ - ka,gh ka,gh - ka,pk + l/Zpk,pk ka,pk - l/Zpk,pk Vk
(3.67)
which is written in abbreviated form as
I, =KV, (3.68)

o] k
] [
M } |
P, z g : h z
v _v PASSIVE ! ' | PASSIVE
- B+ P
=1, - |
m gl U 1 [
o !
0 I 0
1=1.0

Figure 3-11 Adding a coupled branch in the step-by-step formation of impedance matrix.
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Partition the original matrix, separating out the coupled portion as follows:

2ARE? 1

Ve

Vi

Vo

Vit | = x | - (3.69)
Vi

Vg Zgl Zgg Zgh ng Zkk 1

Vi Zn -1

v, | |2, I

Vi Zj Zio| Zin| Zip | Zik ~I'

This is written as

Vu||4 B||L
N I (3.70)
V.||C D|| I,
From Egs. (3.68) and (3.70):
IfI,=0
- - -] ==
w= (I —DK) DI, (3.71)
/, = BKV, + BI, (3.72)
If 1,0
V,=(I-DK)'Cl, (3.73)
V,=AIl,+ BKV, (3.74)
If the transformed matrix is defined as
A B
o 3.75
& B (3.75)

then Eqs. (3.71)<(3.74) give C', D', A', and B’, respectively.
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Example 3.6

Consider a distribution system with four buses, whose positive and negative
sequence networks are shown Fig. 3-12(a) and zero sequence network in Fig.
3-12(b). The positive and negative sequence networks are identical and rather
than r+ jx values, numerical values are shown for ease of hand calculations.
There is a mutual coupling between parallel lines in the zero sequence network.
It is required to construct bus impedance matrices for positive and zero
sequence networks.

The primitive impedance or admittance matrices can be written by examination
of the network. First consider the positive or negative sequence network of Fig.
3-12(a). The following steps illustrate the procedure.

1. The build-up is started with branches 01, 02, and 03 that are connected to
the reference node, Fig. 3-13(a). The primitive impedance matrix can be simply
written as

A /2N

0.06

0.40 | {010 0.20 io_ao
| — 030 .- :
i _r010 i
el e Al
{b}

Figure 3-12 (a) Positive and negative sequence network for Example 3.6; (b) zero-sequence
network for Example 3.6.
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0.05 0 0
0 02 O
0 0 0.05

2. Next, add link 1-2, Fig. 3-13(b). As this link has no coupling with other
branches of the system:

Zoj=Zp—Zij
Zoo =Zpipik + Zpe — Ze
p=1k=2.
Zy =Zy — Zy = 0.05
Zp=Zp,—2Z,»b=0-02=-0.2
Zpy=213—23=0
Zee =212+ 21, — 25, =0.04+0.054+0.2=10.29
The augmented matrix is

0.05 0 0 0.05
0 0.2 0 -02
0 0 005 0

0.05 =02 0 0.29

3. Eliminate the last row and last column by using Eq. (3.64). This gives
0.0414 0.0345 0

0.0345 0.0621 0
0 0 0.05

4. Add link 2-3, Fig. 3-13(c):

p =2, k=3 and there is no mutual coupling with other branches:
This gives

Zy=Ze—2Z,; =0345-0=0.345

Zyp = Zye =0.0621 — 0 = 0.0621

Zys=2Z3e=0-0.05=-0.05

Zoe = Zr3 03+ 2, — Z5, = 0.06 4+ 0.0621 — (—0.05) = 0.1721

The augmented matrix is

0.0414 0.0345 0 0.0345
0.0345 0.0621 0 0.0621

0 0 0.05 —0.05
0.0345 0.0621 —0.05 0.1721
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Figure 3-13 (a—f) Step-by-step formation of impedance matrix.

5. Eliminate last row and column. The modified matrix is

0.0345 0.0221 0.010
0.0221 0.0397 0.018
0.010 0.0180 0.355

6. Addbranch3to4,p=3 k=4

Zy =Z3 =0.01

Zy =73 =0.018

Zyy = Z3; =0.0355

Zyy = Zzy+ Z3434 = 0.0355+ 0.1 = 0.1355

The augmented matrix is

0.0345 0.0221 0.01 0.01

0.0221 0.0397 0.018 0.018
0.01  0.018 0.0355 0.0355
0.01  0.018 0.0355 0.1355

7. Add first parallel link 1-4, Fig. 3-13(d):
p=1k=4
Z, = Z1e=0.0345-0.01 = 0.0245
Zy =Zre =0.0221 — 0.018 = 0.0041
Z,; = Zze =0.01 —0.0355 = —0.0255
Z,y = Z4e =0.01 —0.1355 = 0.1255
Z, = 0.2+0.0245 — (—0.1255) = 0.350
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This gives the matrix:

0.0345
0.0221
0.01
0.01
0.0245

0.0221 0.01
0.0397  0.018
0.018  0.0355
0.018  0.0355
0.0041 —0.0255

0.01
0.018
0.0355
0.1355
—0.1255

0.0245
0.0041
—0.0255
—0.1255
0.349

8. Eliminate last row and last column using Eq. (3.64):

0.0328
0.0218
0.0118
0.0188

0.0218
0.0397
0.0183
0.0195

0.0118
0.0183
0.0336
0.0264

0.0188
0.0195
0.0264
0.0905

9. Finally, add second parallel link 1-4, Fig. 3-13(e):

Z, = Zje =0.0328 — 0.0188 = 0.014
Zy = Zye = 0.0218 — 0.0195 = 0.0023

Z,3 = Zze = 0.0118 — 0.0264 = —0.0146
Z,4 = Zse = 0.0188 — 0.0905 = —0.0717

Zpo = 0.2 +0.014 — (0.0717) = 0.2857

This gives

0.0328
0.0218
0.0118
0.0188
0.014

0.0218  0.0118
0.0397  0.0183
0.0183  0.0336
0.0195 0.0264
0.0023 —0.0146

0.0188
0.0195
0.0264
0.0905
—0.0717

10. Eliminate last row and column:

0.0328
0.0218
0.0118
0.0188

0.014
0.0023
—0.0146
—0.0717
0.2857

0.0218 0.0118
0.0397 0.0183
0.0183 0.0336
0.0195 0.0264

0.0188
0.0195
0.0264
0.0905

0.014
0.0023
—0.0416
—0.0717

10.014 0.0023 —0.0146 —0.0717 |

0.2857
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This gives the final positive or negative sequence matrix as

0.0321 0.0217 0.0125 0.0223
0.217 0.0397 0.0184 0.0201
0.0125 0.0184 0.0329 0.0227
0.0223 0.0201 0.0227 0.0725

zZt 7" =

Zero Sequence Impedance Matrix

The zero sequence impedance matrix is similarly formed, until the last parallel
coupled line between buses 1 and 4 is added. The zero sequence impedance matrix,
until the coupled branch is required to be added, is formed by a step-by-step pro-
cedure as outlined for the positive sequence matrix:

0.0184 0.0123 0.0098 0.0132
0.0123 0.0670 0.0442 0.314
0.0098 0.0442 0.0806 0.0523
0.0132 0.0314 0.0523 0.1567

Add parallel coupled lines between buses 1 and 4, p = 1, k = 4.
The coupled primitive impedance matrix is

0.3 0.1
0.1 03

Zy =

Its inverse is given by

o3 ol 3750 —1.25
o1 003 |=1.25 3.750
Ypepe = 3.75

Yoy = —1.25

p =1, k =4 coupled with 2-3. Thus,
Z., =0.0184, Z, =0.0123, Z,3 =0.0098, Z4 =0.0132
Z,, =0.0132, Z, =0.0314, Z,; =0.0523, Z,4 =0.1567
This gives
Ype,pe(le - Zyl)
Y

pe,pe
(—1.25)(0.0184 — 0.0132)
3.75

Za=2Zy—2Zy+

=0.0184 — 0.0132 + = —0.0035

Similarly,

3.75

1.
3.75

82_00123—0314+(1 )(00123—0314) —0.0127

[\)

Z,3 = 0.0098 — 0.523 + ( )(0 0098 — 0.0523) = —0.0283
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~1.25
Zoy = 0.0132 — 0.1567 + (375>(0.0132 —0.1567) = —0.0957

Z,, 1s given by

1+ (=1.25)(Z,) — Z.4)

3.75

1 4 (—1.25)(0.0035 — (—0.0957))
3.75

Z(’E = Zle — Z4€+

=0.3328

= 0.0035 — (—0.0957) +

The modified impedance matrix is now:

0.0184 0.0123  0.0098  0.0132  0.0035
0.0123  0.0670  0.0442  0.0314 —0.0127
0.0098 0.0442  0.0806  0.0523 —0.0283
0.0132 0.0324  0.0523  0.1567 —0.0957
0.0035 —0.0127 —0.0283 —0.0957 0.3328

Finally, eliminate the last row and column:

0.0184 0.0123 0.0098 0.132
0.0123 0.0670 0.0442 0.0314
0.0098 0.0442 0.0806 0.0523
0.0132 0.0314 0.0523 0.1567
0.0035
—0.0127
10.0035 —0.0127 —0.0283 —0.0957 |
—0.0283

—0.0957

0.3328
This gives the final zero sequence bus impedance matrix:

0.0184 0.0124 0.0101 0.0142
0.0124 0.0665 0.0431 0.0277
0.0101 0.0431 0.0782 0.0442
0.0142 0.0277 0.0442 0.1292

Note that at each last row and column elimination, Z,; = Z5, Z,3 = Z3,, etc.
Also, in the final matrix there are no negative elements. If a duplex reactor is
modeled (Appendix C), some elements may be negative; the same is true, in some
cases, for modeling of three-winding transformers. Other than that, there is no check
on correct formation.
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3.8 SHORT-CIRCUIT CALCULATIONS WITH BUS IMPEDANCE
MATRIX

Short-circuit calculations using bus impedance matrices follow the same logic as
developed in Chapter 2. Consider that the positive negative and zero sequence bus
impedance matrices Z., Z2%, and Z% are known and a single line-to-ground fault
occurs at the rth bus. The positive sequence is then injected only at the rth bus and all
other currents in the positive sequence current vector are zero. The positive sequence
voltage at bus r is given by

yl=—_z1I (3.76)
Similarly, the negative and zero sequence voltages are
V2= 7217
(3.77)
Vo= 7%
From the sequence network connections for a line-to-ground fault:
1.0
I'=r=I=— — (3.78)
er + er + er + 3Zf
This shows that the following equations can be written for a shorted bus s.
3.8.1 Line-to-Ground Fault
0 1 2 1
Iy =1 =I5 = 1 5) 0 (3.79)
sz + Z.m + sz + 3Zf
3.8.2 Line-to-Line Fault
1 2 1
Iy = -1 = e R e — (380)
ZSS + Z.\‘S + Z/
3.8.3 Double Line-to-Ground Fault
Il = ! (3.81)
L ZNZ5+3Z)) '
” ng + (ZSSO + 3Zf)
z2
L= ‘ (3.82)

— IV

~7% 437
p=_CLt) (3.83)
st + (ZSS + 3Zf)

The phase currents are calculated by
L =1,0" (3.84)
The voltage at bus j of the system is
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V'l ojop |2 0 0|0

vii=|t|=10 =z o |1 (3.85)
2 2 2
v 0 0 0 ZillL

where j=1,2,...,s,...,m.

The fault current from bus x to bus y is given by

0 0 0 0
I Yo, o o[-0

1 _ 1 1 1
=0 v, o/vi-v (3.86)
L, 0 0 YL||vi-yp?
where
I
IO
L=|" (3.87)
IO
and

0 0 0
Yoo Yz Yiom

0 _ | o 0 0

Yx}’_ Y13,12 Y13,13 Y13,mn (388)

0 0 0
Ymn, 12 Ymn, 13 Ymn,mn

where Y, Sy is the inverse of the primitive matrix of the system. Similar expressions
apply to positive sequence and negative sequence quantities.

Example 3.7

The positive, negative, and zero sequence matrices of the system in Fig. 3-12 are
calculated in Example 3.6. A double line-to-ground fault occurs at bus 4. Using the
matrices already calculated, it is required to calculate:

Fault current at bus 4

Voltage at bus 4

Voltage at buses 1, 2, and 3

Fault current flows from buses 3to 4, 1 to 4,2 to 3
Current flow in node 0 to bus 3.

The fault current at bus 4 is first calculated as follows:
1
2 0

Z+ Y
4 T Zag

1
0.0725 x 0.1292
0.0725 4+ 0.1292

I} =

0.0725 +

= 8.408
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_ —0.0725 x 8.408
~ 0.0725 +0.1292

= -3.022
—Z4
L% — 22 4s 5 Ii
4s + Z4s

_ —0.1292 x 8.408
~0.0727 4 0.1292

= —5.386
The line currents are given by
8 = .90
1e.,
I [N I W)
Li=1 & a L}
I§ 1 a &2
1 1 1]-3.022
=1 & al| 8408
1 a a||-5386
0 0
= | —4.533 —j11.946 | = | 12.777 < 249.2°
—4.533 +j11.946 12.777 < 110.78°

Sequence voltages at bus 4 are given by

127 0 z9 I
vil=|1]- Zi I
Vi 0 zZi g
0] 101292 0 0 ||-3.022
=|1|—] 0 00725 0 8.408
0 0 0  0.0725|| —5.386
0.3904
=10.3904
0.3904

Line voltages are, therefore,
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Vi

Vi

Similarly,

V?,I,Z

laanf

1 1 1]]0.3904 1.182
1 & all039%4|=] 0

1 a d0.3904 0
0[/0.0142 0 0 ||-3.022
1| 0o 0023 0 8.408
0| 0 0 0.0223||—5.386
0.0429

0.8125

0.1201

Sequence voltages at buses 2 and 3, similarly calculated, are

=10.8310

0.0837

0.1083
0.1336
0.8091
0.1223

The sequence voltages are converted into line voltages:

V] abc —

0.976 < 0° 1.023 < 0°

0.734 < 125.2° |[1,™ = 0.735 < 1215° |V, =

0.734 < 234.8° 0.735 < 238.3°

1.065 < 0°
0.681 < 119.2°
0.681 < 240.8°

The sequence currents flowing between buses 3 and 4 are given by

1/0.2 0 0 0.1336 — 0.3904

0 1/0.1 0 0.8091 — 0.3904
0 0 1/0.1]]0.1223 —0.3904
—1.284
4.1870
—2.681

Similarly, the sequence currents between bus 3 to 2 are
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I3 1/0.08 0 0 0.1336 — 0.0837 0.624

Ih| = 0 1/0.06 0 0.8091 — 0.8310 | = | —0.365
£ 0 0 1/0.06 (] 0.1223 — 0.1083 0.233
This can be transformed into line currents.
0.492 0.222
I =10.69 +,0.518 | I3 = | —2.037 45.948
0.69 —;0.518 —2.037 +j5.948

_ The lines between buses 1 and 4 are coupled in the zero sequence network. The
Y matrix between zero sequence coupled lines is

70, — 375 —1.250
—-1.25 3.5
Therefore, the sequence currents are given by
Iy, 37 =125 0 0 0 01]]0.0429 —0.3904 —0.8688
Ly —1.25 375 0 0 0 01]0.0429 —0.3904 —0.8688
I, 0 0 5 0 0 0}]]0.8125—0.3904 2.1105
Iy N 0 0 0 5 0 0]/0.8125—-0.3904 N 2.1105
I, 0 0 0 0 5 0]/0.1201 —0.3904 —1.3515
Iy, 0 0 0 0 0 5//0.1201 —0.3904 —1.3515

Each of the lines carries sequence currents:

—0.8688
=15 = 2.1105
—1.3515

Converting into line currents:
—0.11
Ii5s = Ifgs = | —1.248 — j2.998
—1.248 +j2.998
Also the line currents between buses 3 and 4 are:
0.222
I = | =2.037 — j5.948
—2.037 +j5.948

Within the accuracy of calculation, the summation of currents (sequence com-
ponents as well as line currents) at bus 4 are zero. This is a verification of the
calculation. Similarly, the vectorial sum of currents at bus 3 should be zero. As
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the currents between 3 and 4 and 3 and 2 are already known, the currents from node
0 to bus 3 can be calculated.

Example 3.8

Reform the positive and zero sequence impedance matrices of Example 3.6 after
removing one of the parallel lines between buses 1 and 4.

Positive Sequence Matrix

The positive sequence matrix is

0.0321
0.0217
0.0125
0.0223

0.0217
0.0397
0.0184
0.0201

0.0125
0.0184
0.0329
0.0227

0.0223
0.0201
0.0277
0.0725

Removing one of the parallel lines is similar to adding an impedance of —0.2 between

1 and 4:

Zie=Z, =Zy, — Zg = 0.0321 — 0.0223 = 0.0098
Zoe = Zp = Zyy — Zgp = 0.0217 — 0.0201 = 0.0016
Zye = Zpy = Zy3 — Zagy = 0.0125 — 0.0227 = —0.0102
Zye = Zoy = Z1g — Zag = 0.0223 — 0.0725 = 0.0502
Z,o = —0.2 +0.0098 — (—0.0502) = —0.14

The augmented impedance matrix is, therefore,

0.0321 0.0217 0.0125  0.0223  0.0098
0.0217 0.0397 0.0184  0.0201 0.0016
0.0125 0.0184 0.0329  0.0227 —0.0102
0.0223 0.0201 0.0227  0.0725 —0.0502
0.0098 0.0016 —0.0102 —0.0502 —0.14
Eliminate the last row and column:
0.0321 0.0217 0.0125 0.0223
0.0217 0.0397 0.0184 0.0201
0.0125 0.0184 0.0329 0.0227
0.0223 0.0201 0.0227 0.0725
0.0098
0.0016
00102 |0.0998 0.0016 —0.0102 —0.0502]
—0.0502

—0.14
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This is equal to

0.0328 0.0218 0.0118 0.0188
0.218 0.0397 0.0183 0.0195
0.0118 0.0183 0.0336 0.0264
0.0188 0.0195 0.0264 0.0905

The results can be checked with those of Example 3.6. This is the same matrix that
was obtained before the last link between buses 1 and 4 was added.

Zero Sequence Matrix

Here, removal of a coupled link is involved. The zero sequence matrix from Example

3.61s

1 2 3 4
1 0.0184 | 0.0124 | 0.0101 0.0142
2 0.0124 | 0.0665 0.0431 0.0277
3 0.0101 0.0431 0.0782 | 0.0442
4 0.0142 | 0.0277 0.0442 | 0.1292

Rewrite this matrix as

2 3 1 4
2 0.0665 | 0.0431 || 0.0124 | 0.0277
3 0.0431 | 0.0782 || 0.0101 | 0.0442
1 0.0124 | 0.0101 || 0.0184 | 0.0142
4 0.0277 | 0.0442 || 0.0142 | 0.1292
Therefore,
Vs 0.0665 0.0431 0.0124 0.0277 0
Vs 0.0431 0.0782 0.0101 0.0442 0
14 N 0.0124 0.0101 0.0184 0.0142|| 1 +1’
Va4 0.0277 0.0442 0.0142 0.1292 || -1 -1’
or
Vo| |4 Bl
V‘ “le bl

From adding the coupled link in Example 3.6, we have
Iy
I

375 —1.25
—-1.25 3.75

V=V,
V,—V,
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The matrix K is:
Yigra —Yigua —Yi4140 — Y4140
—Yis Yigua — Y4140 Y1440
Yigors —Yiaars  Yiaarsa =1/ Z1arsa Yisaraa + 1/ 2144144
~ Y14 —Yisgi1sa —Yiaa14a + 1/ Z14g180  Yida180 — 1/ Z 140,140
Substituting the values:
3.75 3.75 —1.25 1.25
—=3.75 3.75 1.25 —1.25
—1.25 1.25 0.4167 —0.4167
1.25 —1.25 —-0.4167 0.4167
From Eq. (3.68):

I Vi
i -1 _z V4
I |8
I’ V4
This gives
I+1 1.6667 —1.6667 || V;
11 N —1.6667  1.6667 ||V,

Therefore, from equivalence of currents, we apply Eq. (3.71)—(3.74).
New C',/, #0

- -] ==

V,=(—-DK) (I,

Vi 1 0| [0.0184 0.0142 1.6667 —1.6667|]"

V42:|:0 1] ]0.0142 0.1292||—1.6667 1.6667 }
0.0124  0.0101 || 1
“0.0277 0.0442] 0

This is equal to

1.0087  —0.0087 || 0.0124 0.0123
—0.2392  1.2392 ||0.0277 N 0.0314
Similarly,
7 1 0 0.0184 0.0142]| 1.6667 —1.6667|]"
V4 3:|:0 . 0.0142 0.1292|| —1.6667  1.6667 :|
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x [0.0124  0.0101 0.0277 0.0442 |

0
1

1.0087 —0.0087]{0.0101 0.0098
- —0.2392  1.2392 |]0.0442 - 0.0523
Therefore, the new C’ is
- 0.0123 0.0098
" 0.0314 0.0523
New A'l, # 0
V,=Al,+ BKV,
Thus
V, 0.0665 0.0431 (|1 0.0124 0.0277|| 1.6667 —1.6667
Vs 2: 0.0431 0.07821|0 * 0.0101 0.0442 || —1.6667 1.6667
0.0123 0.067
0.0314 B 0.0442
Similarly,
v, 0.0442
Vil,  |0.0806

Thus, the new A’ is

0.0670 0.0442
0.0442 0.0806

New D’,/, =0

V,=(I-DK)"'DI,

-

X

1 0 0.0184 0.0142
0 1 0.0142 0.1292
0.0184 0.0142]|1
0.0142 0.1292]|0
0.0184
0.0132

1.6667 —1.6667
—1.6667 1.6667

P

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.




Similarly,
Vi
Vy
Therefore D’ is

0.0184 0.0132
0.0132 0.1567

0.0132
0.1567

4

New B',/, =0

v, = BRV, + B

V, 0.0124 0.0277|| 1.6667 —1.6667|0.0184 0.0124
Vs 1: 0.0101 0.0442 || —1.6667 1.6667 || 0.0132 * 0.0101
0.0123
- 0.0098
Similarly,
v, 0.0314
vil, 00523
The new B’ is

0.0123 0.0314
0.0098 0.0523

Substituting these values, the impedance matrix after removal of the coupled line is

2 3 1 4
2 0.0670 | 0.0442 || 0.0123 | 0.0314
3 0.0442 | 0.0806 || 0.0098 | 0.0523

1 0.0123 | 0.0098 || 0.0184 | 0.0132
0.0314 | 0.0523 || 0.0132 | 0.1567

Rearranging in the original form:

0.0184 | 0.0123 | 0.0098 | 0.0132
0.0123 | 0.0670 | 0.0442 | 0.0314
0.0098 | 0.0442 | 0.0806 | 0.0523
0.0132 | 0.0314 | 0.0523 | 0.1567

B W =
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Referring to Example 3.6, this is the same matrix before the coupled link between 1
and 4 was added. This verifies the calculation.

3.9 SOLUTION OF LARGE NETWORK EQUATIONS

The bus impedance method demonstrates the ease of calculations throughout the
distribution system, with simple manipulations. Yet it is a full matrix and requires
storage of each element. The Y-matrix of a large network is very sparse and has a
large number of zero elements. In a large system the sparsity may reach 90%,
because each bus is connected to only a few other buses. The sparsity techniques
are important in matrix manipulation and are covered in Appendixes A and D. Some
of these matrix techniques are:

e Triangulation and factorization: Crout’s method, bifactorization, and pro-
duct form.

e Solution by forward—backward substitution.

e Sparsity and optimal ordering.

A matrix can be factored into lower, diagonal, and upper form called LDU
form. This is of special interest. This formation always requires less computer sto-
rage. The sparse techniques exhibit a distinct advantage in computer time required
for the solution of a network and can be adapted to system changes, without rebuild-
ing these at every step.

Problems

1. For the network in Fig. 3-P1, draw its graph and specify the total
number of nodes, branches, buses, basic loops, and cut-sets. Form
a tree and a cotree. Write the bus admittance matrix by direct inspec-
tion. Also, form a reduced bus incidence admittance matrix, and form
a bus admittance matrix using Eq. (3.30). Write the basic loop inci-
dence impedance matrix and form loop impedance matrix, using Eq.
(3.31).

Figure 3-P1 Network for Problem 1.
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Figure 3-P2 Network for Problem 2.

0.1

For the network shown in Fig. 3-P2, draw its graph and calculate all the
parameters, as specified in Problem 1. The self-impedances are as shown
in Fig. 3-P2. The mutual impedances are as follows:

Buses 1-3: 0.2 ohms; buses 2-5 = 0.3 ohms
Figure 3-P3 shows the positive and negative sequence network of a power
system. Form the bus impedance matrix by a step-by-step build-up pro-
cess, as illustrated in Example 3.6.
A double line-to-ground fault occurs at bus 2 in the network of Fig. 3-P3.
Find the fault current. Assume for the simplicity of hand calculations that
the zero sequence impedance network is the same as the positive and
negative sequence impedance.
In Problem 4, calculate all the bus voltages.
In Problem 4, calculate the fault currents flowing between nodes 1-2, 4-2,
3-1, and a 3-4, also the current flowing between node 0 and bus 1.
Remove the coupled element of 0.4 between buses 3 and 4 and reform the
bus impedance matrix.

PAAN

0.2 0.1

0.2 0.3 &

0.4 {‘0-1 -

0.3

0.5

REFERENCE

Figure 3-P3 Network for Problems 3-8.
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8. A single line-to-ground fault occurs at bus 4 in Problem 7, after the
impedance matrix is reformed. Calculate the fault current and fault vol-
tages at buses 1, 2, 3, and 4, and the currents flowing between all buses
and the current in the ground circuit from buses 1 and 2.
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4

Current Interruption in AC Networks

Current interruption in high-voltage ac networks has been intensively researched
since the introduction of high-voltage transmission lines. These advances can be
viewed as an increase in the breaker interrupting capacity per chamber or a decrease
in the weight with respect to interrupting capacity. Fundamental electrical phenom-
ena occurring in the electrical network and the physical aspects of arc interruption
processes need to be considered simultaneously. The phenomena occurring in an
electrical system and the resulting demands on the switchgear can be well appre-
ciated and explained theoretically, yet no well founded and generally applicable
theory of the processes in a circuit breaker itself exists. Certain characteristics
have a different effect under different conditions, and care must be applied in gen-
eralizations.

The interruption of short-circuits is not the most frequent duty a circuit
breaker has to perform, but this duty subjects it to the greatest stresses for which
it is designed and rated. As a short-circuit represents a serious disturbance in the
electrical system, a fault must be eliminated rapidly by isolating the faulty part of the
system. Stresses imposed on the circuit breaker also depend on the system config-
uration and it is imperative that the fault isolation takes place successfully and that
the circuit breaker itself is not damaged during fault interruption and remains ser-
viceable.

This chapter explores the various fault types, their relative severity, effects on
the electrical system, and the circuit breaker itself. The basic phenomenon of inter-
ruption of short-circuit currents is derived from the electrical system configurations
and the modifying effect of the circuit breaker itself. This chapter shows that short-
circuit calculations according to empirical methods in IEC or ANSI/IEEE standards
do not and cannot address all the possible applications of circuit breakers. It pro-
vides a background in terms of circuit interruption concepts and paves a way for
better understanding of the calculation methods to follow in the following chapters.
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The two basic principles of interruption are: (1) high-resistance interruption or
an ideal rheostatic circuit breaker, and (2) low resistance or zero-point arc extinction.
Direct current circuit breakers also employ high-resistance arc interruption; how-
ever, emphasis in this chapter is on ac current interruption.

4.1 RHEOSTATIC BREAKER

An ideal rheostatic circuit breaker inserts a constantly increasing resistance in the
circuit until the current to be interrupted drops to zero. The arc is extinguished when
the system voltage can no longer maintain the arc, because of high-voltage drops.
The arc length is increased and the arc resistance acquires a high value. The energy
stored in the system is gradually dissipated in the arc. The volt—amp characteristic of
a steady arc is given by

Ve = Anode voltage + Cathode voltage 4+ Voltage across length of arc

C D

A+—+<B+—>d 4.1)
[arc Iarc

where I, is the arc current, V. is the voltage across the arc, d is the length of the

arc, and A4, B, C, and D are constants. For small arc lengths, the voltage across the

arc length can be neglected:

C
Vare = A+-— (42)
Iarc
The voltage across the arc reduces as the current increases. The energy dissipated in
the arc is
!
Eye = J judr (43)
0

Where i = i, sinwt is current and v = ir voltage in the arc.
Equation (4.3) can be written as

t

Eyo = J i2,rsin” wtdt (4.4)
0

The approximate variation of arc resistance, r, with time, ¢, is obtained for different

parameters of the arc by experimentation and theoretical analysis.

In a rheostatic breaker, if the arc current is assumed to be constant, the arc
resistance can be increased by increasing the arc voltage. Therefore, the arc voltage
and the arc resistance can be increased by increasing the arc length. The arc voltage
increases until it is greater than the voltage across the contacts. At this point, the arc
is extinguished. If the arc voltage remains lower, the arc will continue to burn until
the contacts are destroyed.

Figure 4-1 shows a practical design of the arc lengthening principle. The arc
originates at the bottom of the arc chutes and is blown upwards by the magnetic
force. It is split by arc splitters, which may consist of resin-bonded plates of high-
temperature fiber glass, placed perpendicular to the arc path. Blow-out coils, in some
breaker designs, subject the arc to a strong magnetic field, forcing it upwards in the
arc chutes.
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Figure 4-1 Principle of a rheostatic breaker and arc elongation.

This principle has been successfully employed in some commercial designs of
medium-voltage breakers, and is stated here for reference only. All high-voltage
breakers are current-zero breakers and further discussions are confined to this
method of arc interruption.

4.2 CURRENT-ZERO BREAKER

In a current-zero circuit breaker, the interruption takes place during the passage of
current through zero. At the same time the electrical strength of the break-gap
increases so that it withstands the recovery voltage stress. All high-voltage breakers,
and high-interrupting capacity breakers, whatever may be the arc quenching medium
(oil, air, or gas), use current zero interruption. In an ideal circuit breaker, with no
voltage drop before interruption, the arc energy is zero. Modern circuit breakers
approach this ideal on account of short arc duration and low arc voltage.

Figure 4-2(b) shows a typical short-circuit current waveform in an inductive
circuit of Fig. 4-2(a), the short-circuit being applied at ¢+ = 0. The short-circuit cur-
rent is limited by the impedance R+ jwL and is interrupted by breaker B. The
waveform shows asymmetry as discussed in Chap. 1. At ¢ = ¢;, the contacts start
parting. The time #; — ¢ is termed the opening time, since it takes some finite time for
the breaker operating mechanism to set in motion and the protective relaying to
signal a fault condition.

As the contacts start parting, an arc is drawn, which is intensely cooled by the
quenching medium (air, SF¢, or oil). The arc current varies sinusoidally for a short
duration. As the contacts start parting, the voltage across these increases. This
voltage is the voltage drop across the arc during the arcing period and is shown
exaggerated in Fig. 4-2(c) for clarity. The arc is mostly resistive and the voltage in the
arc is in phase with the current. The peculiar shape of the arc voltage shown in Fig.
4-2(c) is the result of the volt-ampere characteristic of the arc, and at a particular
current zero, the dielectric strength of the arc space is sufficiently high. The contacts
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Figure 4-2 Current interruption in a current-zero breaker: (a) circuit diagram showing a
mainly inductive circuit and short-circuit at terminals; (b) current waveform; (c) voltage dur-
ing interruption and after fault clearance.

part at high speed, to prevent continuation of the arc. When the dielectric strength
builds and a current zero occurs, the current is interrupted. In Fig. 4-2(c) it occurs at
t =t,, and the interval #, — ¢; is the arcing time. The interval ¢, — ¢ is the total
interrupting time. With modern high-voltage breakers it is as low as two cycles or
even lower, based on the system power frequency. The ANSI standard defines the
rated interrupting time of a circuit breaker as the time between trip circuit energiza-
tion and power arc interruption on an opening operation, and it is used to classify
breakers of different speeds. The rated interrupting time may be exceeded at low
values of current and for close—open operations; also, the time for interruption of the
resistor current for interrupters equipped with resistors may exceed the rated inter-
rupting time. The increase in interrupting time on close—open operation may be
important from the standpoint of line damage or possible instability.

The significance of interrupting time on breaker interrupting duty can be
appreciated from Fig. 4-2(b). As the short-circuit current consists of decaying ac
and dc components, the faster is the breaker, the greater the asymmetry and the
interrupted current.
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The interrupting current at final arc extinction is asymmetrical in nature, con-
sisting of an ac component and a dc component. The rms value is given by

I, = \/ (rms of ac component)’ + (dc component)? 4.5)

IEC specifications term this as the breaking current.

4.3 TRANSIENT RECOVERY VOLTAGE

The essential problem of current interruption consists in rapidly establishing an
adequate electrical strength across the break after current zero, so that restrikes
are eliminated. Whatever may be the breaker design, it can be said that it is achieved
in most interrupting mediums, i.e., oil, air blast, or SF¢ by an intense blast of gas.
The flow velocities are always governed by aerodynamic laws. However, there are
other factors that determine the rate of recovery of the dielectric medium: nature of
the quenching gases, mode of interaction of pressure and velocity of the arc, arc
control devices, contact shape, number of breaks, etc. Interruption in vacuum circuit
breakers is entirely different and not discussed.

At the final arc interruption, a high-frequency oscillation superimposed on the
power frequency appears across the breaker contacts. A short-circuit current loop is
mainly inductive, and the power frequency voltage has its peak at current zero;
however, a sudden voltage rise across the contacts is prevented by the inherent
capacitance of the system, and in the simplest cases a transient of the order of
some hundreds to 10,000 c/sec occurs. It is termed the natural frequency of the
circuit. Figure 4-3 shows the recovery voltage profile after final current extinction.
The two components of the recovery voltage, (1) a high-frequency damped oscilla-
tion, and (2) the power frequency recovery voltages, are shown. The high-frequency

"

“4—  High frequency restrike voltage
(TAV}

-4+— Power frequency recovery

. voltage
\\
—/\/

\t

X Final current

\ J interruption

Arc voltage ."‘.. 1
\\_ .""
e & Short-cirguit
current

Figure 4-3 Final current interruption and the resulting recovery voltages.
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component is called the transient recovery voltage (TRV) and sometimes the restrik-
ing voltage. Its frequency is given by

(4.6)

where f, is the natural frequency, and L and C are equivalent inductance and
capacitance of the circuit.

If the contact space breaks down within a period of 1/4 cycle of initial arc
extinction, the phenomena are called reignitions and if the breakdown occurs after
1/4 cycle, the phenomena are called restrikes.

The transient oscillatory component subsides in a few microseconds and the
power frequency component continues.

4.3.1 First Pole to Clear Factor

TRV refers to the voltage across the first pole to clear, because it is generally higher
than the voltage across the other two poles of the breaker, which clear later.
Consider a three-phase ungrounded fault; the voltage across the breaker phase,
first to clear, is 1.5 times the phase voltage (Fig. 4-4). The arc interruption in

Type of Fault First pole to clear factor

X, %,

}

Lo 22X +T)Y,
12X, + %) X,

:

!

(b}

Y, Y

1
"

!

Lo _2%o/X,
1+2X,/X,

= c)

!

Figure 4-4 First pole to clear factor for three-phase faults: (a) a three-phase terminal fault
with no connection to ground; (b) three-phase fault with no contact to ground and an exten-
sion of the load side circuit; (c) three-phase fault with ground contact.
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three phases is not simultaneous, as the three phases are mutually 120° apart. Thus,
theocratically, the power frequency voltage of the first pole to clear is 1.5 times the
phase voltage. It may vary from 1.5 to 2, rarely exceeding 3, and can be calculated
using symmetrical components. The first pole to clear factor is defined as the ratio of
rms voltage between the faulted phase and unfaulted phase and phase-to-neutral
voltage with the fault removed. Figure 4-4 shows first pole to clear factors for three-
phase terminal faults. The first pole to clear factor for a three-phase fault with
ground contact is calculated as

15 2Xo/X,

. 4.7
142X,/ X, @.7)

where X and X, are the positive and zero sequence reactances of the source side.
Also, in Fig. 4-4, Y| and Y, are the sequence reactances of the load side. Figure 4-5
illustrates the slopes of tangents to three TRV waveforms of different frequencies. As
the natural frequency rises, the rate of rise of recovery voltage (RRRYV) increases.
Therefore, it can be concluded that:

1. Voltage across breaker contacts rises slowly, as RRRV decreases.

2. There is a swing beyond the recovery voltage value, the amplitude of
which is determined by the circuit breaker and breaker damping.

3. The higher is the natural frequency of the circuit the lower is the breaker
interrupting rating.

4. Interrupting capacity/frequency characteristics of the breaker should not
fall below that of the system.

The TRV is affected by many factors, amongst which the power factor of the current
being interrupted is important. At zero power factor, maximum voltage is impressed
across the gap at the instant of current zero, which tends to reignite the arc in the hot
arc medium.

it

Figure 4-5 Effect of frequency of transient recovery voltage (TRV) on the rate of rise of
recovery voltage (RRRYV).
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TRYV can be defined by specifying the crest and the time to reach the crest, and
alternatively, by defining the segments of lines which envelop the TRV waveform.

The steepest rates of rise in a system are due to short-circuits beyond transfor-
mers and reactors which are connected to a system of high short-circuit power. In
these cases, the capacitance which retards the voltage rise is small; however, the
breaking capacity of the breaker for such faults need only be small compared to
the short-circuit power of the system, as the current is greatly reduced by the reac-
tance of the transformers and reactors. It means that, in most systems, high short-
circuit levels of current and high natural frequencies may not occur simultaneously.

The interrupting capacity of every circuit breaker decreases with an increase in
natural frequency. It can, however, be safely said that the interrupting (or breaking)
capacity for the circuit breakers decreases less rapidly with increasing natural fre-
quency than the short-circuit power of the system. The simplest way to make the
breaking capacity independent of the natural frequency is to influence the RRRV
across breaker contacts by resistors, which is discussed further. Yet, there may be
special situations where the interrupting rating of a breaker may have to be reduced
or a breaker of higher interrupting capacity may be required.

A circuit of a single-frequency transient occurs for a terminal fault in a power
system composed of distributed capacitance and inductances. A terminal fault is
defined as a fault close to the circuit breaker, and the reactance between the fault
and the circuit breaker is negligible. TRV can vary from low to high values, in the
range 20-10,000 Hz.

A circuit with inductance and capacitance on both sides of the circuit breaker
gives rise to a double-frequency transient. After fault interruption, both circuits
oscillate at their own frequencies and a composite double-frequency transient
appears across the circuit-breaker contacts. This can occur for a short-line fault.
Recovery may feature traveling waves, depending on the faulted components in the
network.

In the analyses to follow, we will describe IEC methods of estimating the TRV
wave shape. The ANSI/IEEE methods are described in the rating structure of ANSI-
rated breakers in Chapter 5. The IEC methods are simpler for understanding the
basic principles and these are well defined in the IEC standard.

Figure 4-6 shows the basic parameters of the TRV for a terminal fault in a
simplified network. Figure 4-6(a) shows power system constants, i.e., resistance,
inductance, and capacitances. The circuit shown may well represent the 7 model
of a transmission line (see Chap. 10). Figure 4-6(b) shows the behavior of the
recovery voltage, transient component, and power frequency component. The ampli-
tude of the power frequency component is given by

O[\/EM() (48)

where o depends on the type of fault and the network, and u is the rated system rms
voltage. The rate of rise of recovery voltage (RRRV = S) is the tangent to the TRV
starting from the zero point of the unaffected or inherent transient recovery voltage
(ITRV). This requires some explanation. The TRV can change by the circuit breaker
design and operation. The TRV measured across terminals of two circuit breakers
can be different. The power system characteristics are calculated, ignoring the effect
of the breakers. This means that an ideal circuit breaker has zero terminal impedance
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Figure 4-6 Basic parameters of the recovery voltage profile in a simplified terminal fault: (a)
system configuration—R, X, C;, and C, are system resistance, reactance, and shunt capaci-
tances respectively; (b) recovery voltage profile; (c) initial TRV curve, delay line, and RRRYV,
shown as S.
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when carrying its rated current, and when interrupting short-circuit current its term-
inal impedance changes from zero to infinity instantaneously at current interruption.
The TRV is then called inherent transient recovery voltage (ITRV).

Figure 4-6(c) shows an enlarged view of the slope. Under a few microseconds
the voltage behavior may be described by the time delay ¢4, which is dependent on
the ground capacitance of the circuit. The time delay 74 in Fig. 4-6(c) is approximated
by

ta= CZ, (4.9)

where C is the ground capacitance and Z; is the surge impedance. Measurements
show that a superimposed high-frequency oscillation often appears. IEC specifica-
tions recommend a linear voltage rise with a surge impedance of 450 ohms and no
time delay, when the faulted phase is the last to be cleared in a single line-to-ground
fault. This gives the maximum TRYV. It is practical to distinguish between terminal
faults and short-line faults for these phenomena.

4.4 THE TERMINAL FAULT

This is a fault in the immediate vicinity of a circuit breaker, which may or may not
involve ground. This type of fault gives the maximum short-circuit current. There are
differences in the system configuration, and the TRV profile differs widely. Two- and
four-parameter methods are used in the IEC standard.

4.41 Four-Parameter Method

Figure 4-7 shows a representation of the TRV wave by the four-parameter method.
In systems above 100 kV or locations where the short-circuit currents are relatively
heavy compared to the maximum short-circuit current in the system, the TRV wave
has an initial period of high rise, followed by a low rate of rise. Such waveforms can
be represented by the four-parameter method:

u; = first reference voltage (kV)
¢, = time to reach u;, in usec

—

— |1 {vollage)
=

4 t

—

Figure 4-7 1EC four-parameter representation of TRV.
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u, = second reference voltage, peak value of TRV
t, = time to reach u,, in usec

IEC specifies values of u;, uc, t, and f, for the circuit breakers. The interrupt-
ing current tests are carried out on circuit breakers with specified TRVs. The seg-
ments can be plotted, as shown in Fig. 4-7, based on the breaker data. For systems
with rated voltages not exceeding 100 kV, the parameter u; is given by

1.5 2u,
Uy =—— 4.10
I NG (4.10)
For systems with rated voltages > 100 kV:
U = L\/Euf 4.11)
NE

where u, is the breaker rated voltage. Factors 1.5 and 1.3 in Eqs (4.10) and (4.11) are
first pole to clear factors. The amplitude factor k is defined as the ratio of the peak
recovery voltage and the power frequency voltage:

= (4.12)
Uy

The natural frequency is given by

3
fu= - Kiz (4.13)

4.4.2 Two-Parameter Representation

Figure 4-8 shows representation of TRV wave by two parameter method. This
waveform occurs in systems less than 100 kV or locations where short-circuit current
is low compared to the maximum short-circuit current in the system. TRV can be
approximately represented by a single frequency transient.

u. = peak of TRV wave (kV)
t; = time to reach peak (usec)

u (voltage)
n:

—
~..

t - ¢

Figure 4-8 1EC two-parameter representation of TRV.
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The initial rate of rise of TRV is contained within segments drawn according to the
two- or four-parameter method by specifying the delay line, as shown in Fig. 4-6.
The rate of rise of TRV can be estimated from

S =2nf\2I,7Z, (4.14)

where I is short-circuit current and Zj is the surge impedance; Z, can be found from
sequence impedances. For a three-phase ungrounded fault, and with »n equal out-
going lines:

274/ Z,

(4.15)
where Z; and Z, are the surge impedances in positive and negative sequence of
individual lines and »n is the number of lines emanating from the substation. For
single-frequency transients, with concentrated components, IEC tangent (rate of
rise) can be estimated from

ZﬁfnkMO
0.85

where f, is the natural frequency and k is the amplitude factor.

The peak value u,. in the four-parameter method cannot be found easily, due to
many variations in the system configurations. The traveling waves are partially or
totally reflected at the points of discontinuity of the surge impedance. A superimpo-
sition of all forward and reflected traveling waves gives the overall waveform.

S = (4.16)

4.5 THE SHORT-LINE FAULT

Faults occurring between a few and some hundreds of kilometers from the breaker
are termed short-line faults. A small length of the line lies between the breaker and
the fault location, Fig. 4-9(a). After the short-circuit current is interrupted, the
breaker terminal at the line end assumes a sawtooth oscillation shape, as shown in
Fig. 4-9(c). The rate of rise of voltage is directly proportional to the effective surge
impedance (which can vary between 35 and 450 ohms, the lower value being applic-
able to cables) and to the rate of rise of current at current zero. The component on
the supply side exhibits the same waveform as for a terminal fault, Fig. 4-9(b). The
circuit breaker is stressed by the difference between these two voltages, Fig. 4-9(d).
Because of the high-frequency oscillation of the line side terminal, the TRV has a
very steep initial rate of rise. In many breaker designs the short-line fault may
become a limiting factor of the current-interrupting capability of the breaker.

It is possible to reduce the voltage stresses of TRV by incorporating resistances
or capacitances in parallel with the contact break. SF¢ circuit breakers of single
break design up to 345 kV and 50 kA interrupting rating have been developed.

4.6 INTERRUPTION OF LOW INDUCTIVE CURRENTS

A circuit breaker is required to interrupt low inductive currents of transformers at
no load, high-voltage reactors or locked rotor currents of motors. On account of
arc instability in a low-current region, current chopping can occur, irrespective of
the breaker interrupting medium. In a low-current region, the characteristics of the
arc decrease, corresponding to a negative resistance which lowers the damping of
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Figure 4-9 Behavior of TRV in a short-line fault: (a) system equivalent circuit; (b) recovery
voltage on the source side; (c) recovery voltage on the load side; (d) voltage across the breaker
contacts.

the circuit. This sets up a high-frequency oscillation, depending on the LC of the
circuit.

Figure 4.10(a) shows the circuit diagram for interruption of low inductive
currents. The inductance L, and capacitance C> on the load side can represent
transformers and motors. As the arc becomes unstable at low currents, the capaci-
tances C; and C, partake in an oscillatory process of frequency:

fi= S (4.17)

GG
2 | L———+
C+G
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Figure 4-10 Interruption of low inductive currents: (a) the equivalent circuit diagram; (b)
chopped current i, at u,; (c) source side voltage; (d) load side voltage; (e) voltage across
breaker contacts; (f) phenomena of repeated restrikes.

Practically no current flows through the load inductance L, This forces a current
zero, before the natural current zero, and the current is interrupted, Fig. 4-10(b).
This interrupted current i, is the chopped current at voltage u,, Fig. 4-10(c). Thus,
the chopped current is not only affected by the circuit breaker, but also by the
properties of the circuit. The energy stored in the load at this moment is

L C I
252 2 %2
Iy P ay ( )
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which oscillates at the natural frequency of the disconnected circuit:
1
fh=5—"F—
27'[«/ L2 C2
This frequency may vary between 200 and 400 Hz for a transformer. The maximum
voltage on the load side occurs when all the inductive energy is converted into
capacitive energy:
» GG oL

(4.19)

Uymax > = + la— (4.20)
The source side voltage builds up with the frequency:
1
| = 4.21
fl 2n_m ( )

The frequency f'lies between 1 and 5 kHz. This is shown in Fig. 4-10(c).
The linear expression of magnetic energy at the time of current chopping is not
strictly valid for transformers and should be replaced with

B

Volume of transformer core x J ' HdB (4.22)
0

where B is the magnetic flux density and H the magnetic field intensity (B-H hyster-
esis curve).

The load side voltage decays to zero, on account of system losses. The max-
imum load side overvoltage is of concern; from Fig. 4-10(d) and from the simplified
relationship (4.20), it is given by

Uy max = uczl + 13 2 (423)
G
A similar expression applies for the supply side voltage.

Thus, the overvoltage is dependent on the chopped current. If the current is
chopped at its peak value, the voltage is zero. The chopped currents in circuit break-
ers have been reduced with better designs and arc control. The voltage across the
supply side of the break, neglecting the arc voltage drop, is us and it oscillates at the
frequency given by L and Cy. The voltage across the breaker contacts is u; = u, — u;.
The supply side frequency is generally between 1 and 5kHz.

If the circuit breaker voltage intersects the dielectric recovery characteristics of
the breaker, reignition occurs and the process is repeated anew, Fig. 4-10(f). With
every reignition, the energy stored is reduced, until the dielectric strength is large
enough and further reignitions are prevented. Overvoltages of the order of two to
four times may be produced on disconnection of inductive loads.

4.7 INTERRUPTION OF CAPACITIVE CURRENTS

A breaker may be used for line dropping and interrupt charging currents of cables
open at the far end or shunt capacitor currents. These duties impose voltage
stresses on the breaker. Consider the single-phase circuit of Fig. 4-11(a). The
distributed line capacitance is represented by a lumped capacitance C,, or C,
may be a power capacitor. The current and voltage waveforms of capacitance
current interruption in a single pole of a circuit breaker under the following
three conditions are shown:
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Figure 4-11 Interruption of capacitance current. (a) The equivalent circuit diagram; (b)
current and voltage waveforms without restrike, with restrike and with current chopping.
i, is chopping current and u, is voltage on the disconnected side on current chopping.
A = damping factor< 1.
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e Without restrike
e With restrike
e With restrike and current chopping

After interruption of the capacitive current, the voltage across the capacitance C,
remains at the peak value of the power frequency voltage:

o,
VA

The voltage at the supply side oscillates at a frequency given by supply side C; and
Ly, about the driving voltage u,. The difference between these two voltages appears
at the breaker pole. This can be more than double the rated voltage, with no prior
charge on the capacitors.

If the gap across poles of a circuit breaker has not recovered enough dielectric
strength, restrike may occur. As the arc bridges the parting contacts, the capacitor
being disconnected is again reconnected to the supply system. This results in a
frequency higher than that of the natural frequency of the source side system
being superimposed on the 60-Hz system voltage. The current may be interrupted
at a zero crossing in the reignition process. Thus, the high-frequency voltage at its
crest is trapped on the capacitors. Therefore, after half a cycle following the restrike,
the voltage across the breaker poles is the difference between the supply side and the
disconnected side, which is at the peak voltage of the equalizing process, and a
second restrike may occur. Multiple restrikes can occur, pumping the capacitor
voltage to 3, 5, 7, ... times the system voltage at each restrike. The multiple
restrikes can terminate in two ways: (1) these may cease as the breaker parting
contacts increase the dielectric strength, and (2) these may continue for a number
of cycles, until these are damped out.

A distinction should be made between reignitions in less than 5 msec of current
zero and reignitions at 60-Hz power frequency. Reignitions in less than 5 msec have a
low voltage across the circuit breaker gap and do not lead to overvoltages.

Disconnecting a three-phase capacitor circuit is more complex. The instant of
current interruption and trapped charge level depends on the circuit configuration.
In an ungrounded three-phase wye-connected bank, commonly applied at medium-
and high-voltage levels, let phase a current be first interrupted. This will occur when
the voltage of phase « is at its peak. Figure 4-12(a) shows that phase a is interrupted
first. The charge trapped in phase a is one per unit and that trapped in phases b and ¢
is 0.5 per unit.

The interruption of phase a changes the circuit configuration and connects the
capacitors in phases b and ¢ in series. These capacitors are charged with equal and
opposite polarities. The current in phases b and ¢ will interrupt simultaneously as
soon as the phase-to-phase current becomes zero. This will occur at 90° after the
current interruption in phase a, at the crest of the phase-to-phase voltage so that an
additional charge of 4/3/2 is stored in the capacitors, as shown in Fig. 4-12(b). These
charges will add to those already trapped on the capacitors in Fig. 4-12(a) and thus
voltages across capacitor terminals are:

Uy (4.24)
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Figure 4-12 Sequence of creating trapped charges in a three-phase ungrounded capacitor
bank: (a) first phase a clears; (b) phases b and ¢ clear in series.

E, =0.634
E,. = 1.73 per unit (4.25)
E,. = 2.37 per unit

Further escalation of voltages occurs if the phases b and ¢ are not interrupted after
90° of current interruption in phase a. It is hardly possible to take into account all
forms of three-phase interruptions with restrikes.

4.8 PRESTRIKES IN BREAKERS

A prestrike may occur on closing a circuit breaker, establishing the current flow,
before the contracts physically close. A prestrike occurs in a current flow at a
frequency given by the inductances and capacitances of the supply circuit and the
circuit being closed. In Fig. 4-13, this high-frequency current is interrupted at ¢ = ¢;.
Assuming no trapped charge on the capacitors, the voltage rises to approximately 2
per unit. A high-frequency voltage given by source reactance and stray capacitance is
superimposed on the recovering bus voltage. If a second prestrike occurs at t = 5, a
further escalation of the bus voltage occurs. Thus, the transient conditions are
similar as for restrikes; however, the voltage tends to decrease as the contacts
come closer in a closing operation. In Fig. 4-13, u,, is the maximum system voltage,
u, is the recovery voltage, and u is the voltage across the breaker contacts.

U,

/ :

u,

t t

- W W
i

N
™

Voltage per
unit of u,

Figure 4-13  Voltages due to prestrikes at = ¢, and ¢ = t,. The inrush current is interrupted
at 1 = .
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4.9 OVERVOLTAGES ON ENERGIZING HIGH-VOLTAGE LINES

The highest overvoltages occur when unloaded high-voltage transmission lines are
energized and re-energized and this imposes voltage stresses on circuit breakers.

Figure 4-14(a) shows the closing of a line of surge impedance Z, and of length
/, open at the far end. Before the breaker is closed, the voltage on the supply side of
the breaker terminal is equal to the power system voltage, while the line voltage is
zero. At the moment of closing the voltage at the sending end must rise from zero to
the power frequency voltage. This takes place in the form of a traveling wave on the
line with its peak at wu, interacting with the supply system parameters. As an
unloaded line has capacitive impedance, the steady-state voltage at the supply end
is higher than the system voltage and, due to the Ferranti effect, the receiving end
voltage is higher than the sending end (see Chap. 10 for further discussions).
Overvoltage factor can be defined as follows:

u
Total overvoltage factor = OV, = —
n

(4.26)

where u,, is the highest voltage peak at a given point and u, is the power frequency
voltage at supply side of breaker before switching.

R X, 2yl
—{ = 1

Open

(@)

Yoz

Supply end voltage after
closure

{B)

Bus side

Line side {c)

Figure 4-14 Overvoltages to ground on closing a transmission line: (a) basic circuit; (b) and
(c) voltages on the source and line side and superimposition of traveling waves occurs at ¢ = f;.
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u
Power frequency overvoltage factor = OV y = —pf (4.27)
un
This is the ratio of the power frequency voltage u, after closure at a point and power
frequency voltage u, on supply side before closing.

. u
Transient overvoltage factor = OV,, = —

Llpf

(4.28)

The power frequency overvoltage factor can be calculated by known line parameters.
This is given by
1

4.2
cosal — X,/Z,sinal (4.29)
where the surge impedance and « are given by
L,
Zy= [|— 4.30
0 C, (4.30)
a=27rf\/L1C1 (431)

The relationship between sending and receiving end voltages is 1/ cos «l.

This shows that the increase in power frequency voltage depends considerably
on the line length. The transient voltage is not so simple to determine and depends on
the phase angle at the closing instant (Fig. 4-13). At the instant ¢ = ¢, the maximum
superposition of the transient and power frequency voltages occurs.

Trapped charges occur on the transmission lines in three-pole autoclosure
operations. Contact making of three poles of a circuit breaker is nonsimultaneous.
Consider breakers at the sending and receiving ends of a line and a transient ground
fault, which needs to be cleared by an auto-reclosure operation. The opening of the
two breakers is nonsimultaneous and the one which opens later must clear two line
phases at no load. These two phases can, therefore, remain charged at the peak of the
power frequency voltage, which is still present when the closure takes place. After the
dead time, one breaker has to close with two phases still charged. If the closing
instant happens to be such that the trapped charge and the power frequency voltage
are of opposite polarity, maximum transient overvoltage will occur.

4.9.1 Overvoltage Control

The power frequency component of the overvoltage is controlled by connecting high-
voltage reactors from line to ground at the sending and receiving ends of the trans-
mission lines. The effect of the trapped charge on the line can be eliminated if the
closing takes place during that half cycle of the power frequency voltage, which has
the same polarity as the trapped charge. The high-voltage circuit breakers may be
fitted with devices for polarity-dependent closing. Controlling overvoltages with
switching resistors is yet another method.

Lines with trapped charge and no compensation and no switching resistors in
breakers may have overvoltages greater than three times the rated voltage. Without
trapped charge this overvoltage will be reduced to 2.0-2.8 times the rated voltage.

With single-stage closing resistors and compensated line, overvoltages are
reduced to less than twice the rated voltage. With two-stage closing resistors or
compensated lines with optimized closing resistors, the overvoltage factor is 1.5.
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4.9.2 Synchronous Operation

A breaker can be designed to open or close with reference to the system voltage
sensing and zero crossing. An electronic control monitors the zero crossing of the
voltage wave and controls the shunt release of the breaker. The contacts can be made
to touch at voltage zero or voltage crest. In the opening operation the current zero
occurs at a definite contact gap. As the zeroes in three-phase voltages will be dis-
placed, the three poles of the breaker must have independent operating mechanisms.

4.10 OUT-OF-PHASE CLOSING

Figure 4-15 shows two interconnected systems which are totally out of phase. In Fig.
4-15(a), a voltage equal to three times the system peak voltage appears across the
breaker pole, while in Fig. 4-15(b), a ground fault exists on two different phases at
the sending and receiving ends (rather an unusual condition). The maximum voltage
across a breaker pole is 2 x +/3 times the normal system peak voltage. The present-
day high-speed relaying has reduced the tripping time and, thus, the divergence of
generator rotors on fast closing is reduced. Simultaneously, the high-speed auto-
reclosing to restore service and remove faults increases the possibility of out-of-
phase closing, especially under fault conditions. The effect of the increased recovery
voltage when the two systems have drifted apart can be stated in terms of the short-
circuit power that needs to be interrupted. If the interrupting capacity of a circuit
breaker remains unimpaired up to double the rated voltage, it will perform all events
satisfactorily as a tie-line breaker when the two sections of the system are completely
out of synchronism. The short-circuit power to be interrupted under out-of-step

Figure 4-15 Overvoltages due to two interconnected systems totally out of phase: (a)
unfaulted condition, the maximum voltage equal to three times the peak system voltage; (b)
ground faults on different phases on the source and load sides, the maximum voltage equal to
24/3 times the peak system voltage.
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Figure 4-16 Interrupting capacity P, in the case of out-of-step operation as a function of
ratio of short circuit reactances X,/Xy, and P,, the total short-circuit capacity.

conditions is approximately equal to the total short-circuit power of the entire
system, but reaches this level only if the two systems which are out-of-phase have
the same capacity (Fig. 4-16). In this figure, P, is the interrupting capacity under
completely out-of-phase conditions of two interconnected systems, and P, is the total
short-circuit capacity; X, and X, are the short-circuit reactances of the two systems.

4.11 RESISTANCE SWITCHING
Circuit breaker resistors can be designed and arranged for the following functions:

e To reduce switching surges and overvoltages.
e For potential control across multibreaks per phase.
e To reduce natural frequency effects.

Figure 4-17 shows a basic circuit of resistance switching. A resistor ‘r’ is provided in
parallel with the breaker pole, and R, L, and C are the system parameters on the
source side of the break. Consider the current loops in this figure. The following
equations can be written:

, di 1],
un=1R+La+Echdt (4.32)
lJidz—ir (4.33)
C C - r M
=i+ (4.34)
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Figure 4-17 Resistance “r” connected in parallel with the circuit breaker contacts (resis-
tance switching) on a short-circuit interruption.

This gives
d*, (R 1\di 1 R\,
dt2+(L+rC>dt+(LC+rLC)lr_0 (333

The frequency of the transient is given by

11 1R 1Y

h=57 LC_4(L_rC> (4.36)

In power systems, R is < L. If a parallel resistor across the contacts of value
r< %\/Z/C is provided, the frequency reduces to zero. The value of r at which

frequency reduces to zero is called the critical damping resistor. The critical resis-
tance can be evaluated in terms of the system short-circuit current, /g:

o1 [ u (4.37)

"2V I.C

Figure 4-18 shows the effect of the resistors on the recovery voltage. Opening
resistors are also called switching resistors and are in parallel with the main break
and in series with an auxiliary resistance break switch. On an opening operation, the
resistor switch remains closed and opens with a certain delay after the main contacts

LKV / s

With parallel resistor

—m oltage

05kV  us

—

Figure 4-18 Reduction of RRRV with parallel resistance switching.
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have opened. The resistance switch may be formed by the moving parts in the
interrupter or striking of an arc dependent on the circuit breaker design.

Figure 4-19 shows the sequence of opening and closing in a circuit breaker
provided with both opening and closing resistors. The closing resistors control the
switching overvoltage on energization of, say, long lines. An interrupting and closing
operation is shown. The main break is shown as SB, the breaking resistor as RB. On
an opening operation, as the main contact start arcing, the current is diverted
through the resistor RB, which is interrupted by contacts SC. In Fig. 4-19(d) the
breaker is in open position. Figures 4-19(¢) and (f) show the closing operation.
Finally, the closed breaker is in shown in Fig. 4-19(a).

4.12 FAILURE MODES OF CIRCUIT BREAKERS

In ac circuit breakers the phenomena of arc interruption are complex. Arc plasma
temperatures of the order of 25,000 K—5000 K are involved, with conductivity chan-
ging a billion times as fast as temperature in the critical range associated with
thermal ionization. Supersonic turbulent flow occurs in changing flow and contact
geometry at speeds from 100 to 1000 m/sec in the arc. The contact system should
accelerate from a stationary condition to high speeds in a very short time.

With parabolic pressure distribution in the contact zone of a double-nozzle
configuration, a cylindrical arc with temperatures nearing 25,000 K exists. Due to the
low density of gas at high temperatures, the plasma is strongly accelerated by an
axial pressure gradient. A so-called thermal arc boundary at a temperature of 300—
2000 K exists. The arc downstream expands into nozzles and in this region the
boundary layer between arc and gas is turbulent with formation of vortices.

Two types of failures can occur: (1) dielectric failure which is usually coupled
with a terminal fault, and (2) thermal failure which is associated with a short-line
fault. If after a current zero, the RRRYV is greater than a critical value, the decaying
arc channel is re-established by ohmic heating. This period, which is controlled by
the energy balance in the arc is called the thermal interruption mode. Figure 4-20
shows successful thermal interruption and a thermal failure. Within 2 psec after
interruption, the voltage deviates from TRV. It decreases and approaches the arc
voltage.

Following the thermal mode, a hot channel exists at temperatures from 300—
5000 K, and a gas zone adjacent to the arc diminishes at a slow rate. The recovering
system voltage distorts and sets the dielectric limits. After successful thermal inter-
ruption, if the TRV can reach such a high peak value that the circuit breaker gap
fails, it is called a dielectric failure mode. This is shown in Fig. 4-21. Figure 4-21(a)
shows successful interruption, and Fig. 4-21(b) shows dielectric failure at the peak of
the recovery voltage, and rapid voltage decay.

The limit curves for circuit breakers can be plotted on a log # and log I basis, as
shown in Fig. 4-22. In this figure, u is the system voltage and I the short-circuit
current. The portion in thick lines shows dielectric limits, while the vertical portion in
thin lines shows thermal limits. In thermal mode: (1) metal vapor production form
contact surfaces, (2) di/d¢, i.e., the rate of decrease of the current at current zero, (3)
arc constrictions in the nozzle due to finite velocity, (4) nozzle configurations, (5)
presence of parallel capacitors and resistors, and (6) type of quenching medium and
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Figure 4-19 Sequence of closing and opening operation of a high-voltage circuit breaker
provided with opening and closing resistors.
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Figure 4-20 Thermal failure mode of a circuit breaker, while opening: (a) successful inter-
ruption; (b) failure in the thermal mode.

pressures are of importance. In the dielectric mode, the generation of electrons in an
electric field is governed by Townsend’s equation:

% = —anae—;/e + (¢ — nn,V, (4.38)
where n. is the number of electrons, « is the Townsend coefficient (number of
charged particles formed by negatively charged ions), d is the spacing of electrodes,
n is the attachment coefficient, and ¥, is the electron drift velocity.

The failure rate of circuit breakers all over the world is decreasing on account
of better designs and applications.

250 kY
> =
i i
—_— 1 -1
w0

(@) (b)

Figure 4-21 Dielectric failure mode of a high-voltage circuit breaker: (a) successful inter-
ruption; (b) failure at the peak of TRV.
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Figure 4-22  General form of limiting curve in a circuit breaker plotted as logu versus log 1,
where V is the rated voltage of the breaker and I is the short-circuit current; » indicates the
number of interrupting chambers in series. Thick lines show dielectric mode and thin lines
thermal mode of possible failure.

4.12.1 Stresses in Circuit Breakers

The stresses in a circuit breaker under various operating conditions are summarized
in Fig. 4-23. These stresses are shown in terms of three parameters, current, voltage,
and du/dt, in a three-dimensional plane. Let the current stress be represented along
the x axis, the du/d¢, stress along the y axis, and the voltage stress along the z axis.
We see that a short-line fault (A, A,, Az ) gives the maximum RRRYV stress, though
the voltage stress is low. A terminal fault (B;, B,, B3) results in the maximum
interrupting current, while capacitor switching (C) and out-of-phase switching (D)
give the maximum voltage stresses. All the stresses do not occur simultaneously in an
interrupting process.

Problems

1. Distinguish between reignitions, restrikes, and current chopping in high-
voltage circuit breakers.

2. What is a delay line in TRV representation by two- and four-parameter
representation? Describe the parameters on which it depends and its
calculation.

3. Describe two accepted failure modes of circuit breakers. Categorize the
fault types which can lead to each of these two modes.

4. Find the recovery voltage across the breaker contacts while interrupting
the 4-A (peak) magnetizing current of a 138-kV, 20-MVA transformer.
Assume a capacitance of 4nF to ground and an inductance of 4 H.

5. What is the value of a switching resistor to eliminate the restriking tran-
sient in Problem 4?

6. On the source side of a generator breaker, L = 1.5 mH and C = 0.005 pF.
The breaker interrupts a current of 20 kA. Find (a) RRRYV, (b) time to
reach peak recovery voltage, and (c) frequency of oscillation.
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Figure 4-23 Stresses in a high-voltage circuit breaker in terms of short-circuit current,
RRRYV, and maximum overvoltage. A, A,, and Aj short-line faults; By, B,, and B; terminal
faults; C capacitance currents; D out-of-phase or asynchronous conditions.

7. Explain the influence of power factor and first pole to clear on TRV.
What is the effect of frequency of TRV and load current on interrupting
duty of the circuit breaker?

8. A synchronous breaker is required to control a large shunt capacitor
bank. Overvoltages can be reduced by closing the breaker at (1) peak
of the voltage, and (2) zero crossing of the voltage. Which of the two
statements is correct? Assume that the capacitors do not have a residual
charge.

9. Comment on the correctness of these statements: (1) interrupting an
asymmetrical current gives rise to higher TRV than interrupting a sym-
metrical current; (2) as the current to be interrupted reduces, so does the
initial rate of rise of the recovery voltage; (3) the thermal mode of a
failure of breaker is excited when interrupting a capacitor current, due
to higher TRV; (4) an oscillatory TRV occurs for a fault on a transformer
connected to a transmission line; (5) selecting a breaker of higher inter-
rupting rating is an assurance that, in general, its TRV capability is
better.

10. Describe a simple circuit element to control the RRRV, when interrupt-
ing a highly magnetizing current.

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



BIBLIOGRAPHY

1.

hed

K Ragaller. Current Interruption in High Voltage Networks. New York: Plenum Press,
1978.

A Braun, A Eidinger, E Rouss. Interruption of Short-Circuit Currents in High-Voltage
AC Networks. Brown Boveri Review, vol. 66. Baden, April 1979.

IEC. High-Voltage Alternating Current Circuit Breakers. 1987, Standard 60056.

A Greenwood. Electrical Transients in Power Systems. New York: Wiley Interscience,
1991.

H Toda, Y Ozaki, I Miwa. Development of 800-kV Gas Insulated Switchgear. IEEE
Trans PD 7: 316-322, 1992.

CIGRE Working Group 13-02. Switching Overvoltages in EHV and UHV Systems with
Special Reference to Closing and Reclosing Transmission Lines. Electra 70-122, 1973.

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



3]

Application and Ratings of Circuit
Breakers and Fuses According to
ANSI Standards

In Chap. 4, we discussed current interruption in ac circuits and the stresses that can
be imposed on the circuit breakers, depending on the nature of fault or the switching
operation. We observed that the system modulates the arc interruption process and
the performance of a circuit breaker. In this chapter, we will review the ratings of
circuit breakers and fuses according to ANSI, mainly from the short-circuit and
switching point of view, and examine their applications. While a general-purpose
circuit breaker may be adequate in most applications, yet higher duties may be
imposed in certain systems which should be carefully considered. This chapter also
forms a background to the short-circuit calculation procedures in Chap. 7. Recent
revisions of ANSI/IEEE Standards promote harmonization with IEC and world
standards.

5.1 TOTAL AND SYMMETRICAL CURRENT RATING BASIS

Prior to 1964, high-voltage circuit breakers were rated on a total current basis [1,4].
At present, these are rated on a symmetrical current basis [2,3]. Systems of nominal
voltage less than 1000V are termed low voltage, from 1000 to 100,000 V as medium
voltage, and from 100 to 230kV as high voltage. Nominal system voltages from 230
to 765kV are extra-high voltage (EHV) and higher than that ultra-high voltage
(UHYV). ANSI covers circuit breakers rated above 1 to 800kV. The difference in
total and symmetrical ratings depends on how the asymmetry in short-circuit current
is addressed. The symmetrical rating takes asymmetry into account in the rating
structure of the breaker itself. The asymmetrical profile of the short-circuit current
shown in Fig. 5-1 is the same as that of Fig. 1-1, except that a decaying ac component
is shown. The rms value of a symmetrical sinusoidal wave, at any instant, is equal to
the peak-to-peak value divided by 2.828. The rms value of an asymmetrical wave-
shape at any instant is given by Eq. (4.5). For circuit breakers rated on a total
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Figure 5-1 Asymmetrical current wave with decaying ac component.

current rating basis, short-circuit interrupting capabilities are expressed in total rms
current. For circuit breakers rated on a symmetrical current basis, the interrupting
capabilities are expressed as rms symmetrical current at contact parting time. The
symmetrical capacity for polyphase or phase-to-phase faults is the highest value of
the symmetrical component of the short-circuit current in rms amperes at the instant
of primary arcing contact separation, which the circuit breaker will be required to
interrupt at a specified operating voltage on the standard operating duty and irre-
spective of the dc component of the total short-circuit current [2].

Figure 5-2 shows an asymmetrical current waveform, where ¢ is the instant of
contact parting. The peak-to-peak value of the asymmetrical ac current is given by
ordinate A. This is the sum of two ordinates 4’ and B’, called the major ordinate and
minor ordinates, respectively, as measured from the zero line. The dc component D is

A" — B

D="F— (5.1)

The rms value of ac component B is

Envelope of short-circuig,/f T e RMS value
current wave -
e o I
- ' A -
A

~ T8 :
. - Axis of wave
; P \ Zero line

Figure 5-2 Evaluation of rms value of an offset wave.
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_ A" + B’
T 2.828

(5.2)

Thus, total interrupting current in rms is:

VB + D? (5.3)

Equation (5.3) forms the total current rating basis and Eq. (5.2) forms the
symmetrical current basis. Figure 5-3 shows that the total rms symmetrical current
is higher than the rms of the ac component alone. This does not mean that the effect
of the dc component at the contact parting time is ignored in the symmetrical rating
of the breakers. It is considered in the testing and rating of the breaker. Breakers
rated on a symmetrical current basis are discussed in the rest of this chapter.

5.2 ASYMMETRICAL RATINGS

The asymmetry in polyphase and phase-to-phase interrupting is accounted for by
testing the breaker at higher total current (asymmetrical current) based on a mini-
mum contact parting time. This includes the tripping delay. The contact parting is the
sum of the tripping delay plus breaker opening time. The ANSI standard [3] specifies
that the primary contact parting time will be considered equal to the sum of one-half
cycle (tripping delay) and the lesser of: (1) the actual opening time of the particular
breaker; or (2) 1.0, 1.5, 2.5, or 3.5 cycles for breakers having a rated interrupting time
of 2, 3, 5, or 8 cycles, respectively. This means that 2, 3, 5, and 8 cycle breakers have
contact parting times of 1.5, 2, 3, and 4 cycles, respectively, unless the test results
show a lower opening time plus a half-cycle tripping delay.

The asymmetrical rating is expressed as a ratio S, which is the required asym-
metrical interrupting capability per unit of the symmetrical interrupting capability.
This is shown in Fig. 5-4. Ratio S is found by multiplying the symmetrical inter-
rupting capability of the breaker determined for the operating voltage by an appro-
priate factor. The value of S is specified as 1.4, 1.3, 1.2, 1.1, or 1.0 for breakers
having a contact parting time of 1, 1.5, 2, 3, or 4 or more cycles, respectively.

The tripping delay can be less than one-half cycle or more than one-half cycle.
In either case, the effect on the asymmetrical rating should be considered.

—= t{cycles) 4

Figure 5-3 Symmetrical ac and total current profiles, rms values.
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Figure 5-4 Ratio S as a function of contact parting time. Ref. [3], year 1999 plots the
asymmetrical capability in terms of contact parting time in ms and % dc component which
conceptually is identical with earlier standard, i.e., for a contact parting time of 2 and 3 cycles,
the required dc component is 48% and 32%. (From Ref. 3. Copyright 1979 IEEE. All rights
reserved. Reproduced with permission.)

5.3 VOLTAGE RANGE FACTOR K

The maximum symmetrical interrupting capability of a circuit breaker is K times the
rated short-circuit current. Between the rated maximum voltage and 1/K times the
rated maximum voltage, the symmetrical interrupting capacity is defined as

Rated maximum voltage

Rated short circuit current x (5.4)

Operating voltage
This is illustrated in Fig. 5-5. The interrupting rating at lower voltage of application
cannot exceed the rated short-circuit current multiplied by K. For breakers rated at
72.5-800kV, K = 1. Also Ref. [5], year 2000 sets k=1 for all breakers including
indoor circuit breakers to 38kV.

Example 5.1

A 15-kV circuit breaker (maximum rated voltage) has a K factor of 1.30 and rated
short-circuit current of 37 kA rms. What is its interrupting rating at 13.8 kV? What is
the breaker maximum symmetrical interrupting capability?

The rated interrupting current at 13.8kV is given by Eq. (5.4) and is
37 x (15/13.8) = 40.2kA. The maximum symmetrical interrupting capability of
this breaker is 37K = 48 kA rms.

5.4 CAPABILITIES FOR GROUND FAULTS

Symmetrical and asymmetrical interrupting capabilities for line-to-ground faults are
1.15 times the symmetrical and asymmetrical values, respectively, specified for poly-
phase and phase-to-phase faults. In no case are these capabilities required to exceed
K times the symmetrical interrupting capability and K times the asymmetrical inter-
rupting capability.
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Figure 5-5 Relationship of interrupting capacity, closing and latching capability, and car-
rying capability to rated short-circuit current. (From Ref. 3. Copyright 1979 IEEE. All rights
reserved. Reproduced with permission.)

Example 5.2

Consider the 15-kV circuit breaker of Example 5.1. Its symmetrical interrupting
capability for a line-to-ground fault is 40.2 x 1.15 =46kA, when applied at
13.8kV. Its maximum symmetrical interrupting capability, whether for polyphase
or a single line-to-ground fault is 37K, i.e., 48 kA rms. This circuit breaker has an
interrupting time of five cycles, and a contact parting time of three cycles. From Fig.
5-4, S = 1.1. The required asymmetrical rating for polyphase faults at an operating
voltage of 13.8 kV is, therefore, = 40.2 x 1.1 = 44.22 kA. For line-to-ground faults it
is 40.2 x 1.1 x 1.15 = 50.8. This cannot exceed the asymmetrical rating at the max-
imum rated voltage of 15kV = 37K x 1.1 = 52.8kA.

5.5 CLOSING-LATCHING-CARRYING INTERRUPTING
CAPABILITIES

A circuit breaker is capable of performing the following operations in succession:

It will close and immediately after that latch any normal frequency current, which does
not exceed 1.6K times rated short-circuit current, peak not exceeding 2.7 K times the
rated short-circuit current. This factor is changed to 2.6 (for 60-Hz circuit breakers) and
2.5 (for 50-Hz circuit breakers) in the revised standards.
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This is the total current, and not the symmetrical current and it is not a function of
voltage of use. This current is closely approximated by using the ac and dc compo-
nents measured at the half-cycle point. The close and latch capabilities are compared
against the first-cycle (momentary) total rms or peak short-circuit duty imposed by
the power system. In Fig. 5-1, the crest of the first-cycle short-circuit current is given
by PP’. The ratio of the peak value of the current to the rms value varies with the
asymmetry. A peak value corresponding to approximately 90% asymmetry forms
the rating basis. At 90% asymmetry the peak value, rms value, and the ratio of peak
value to rms value are 2.69, 1.62, and 1.66, respectively.

Table 5-1 gives asymmetrical factors, based upon fault point X/R ratio or
power factors. The relation between rms asym and peak values for factor 2.7 is
given by:

IMS,gym = \/ (Peak ,gym — V2)Y +1 (5.5)

It will carry a short-circuit current, 7, for any time up to the permissible tripping delay.
The rated permissible tripping delay, Y, in seconds is the maximum value of time for
which the breaker is required to carry K times the rated short-circuit current, after
closing on this current and before tripping.

The values of Y are specified in an ANSI standard [5], i.e., for circuit breakers of
72.5kV and below, the rated permissible delay is 2 sec and for circuit breakers of
121kV and above it is 1 sec. The tripping delay at lower values of current can be
increased and within a period of 30 min should not increase the value given by

t
J i*dr = Y[K x rated short-circuit current]’ (5.6)
0

It will then be capable of interrupting any short-circuit current, which at the instant of

primary arcing contact separation has a symmetrical value not exceeding the required
asymmetrical capability.

Table 5-1 Asymmetrical Factors Based on X /R Ratio or Short-Circuit Power Factor

Ratio of rms sym. amperes to:

Short-circuit power Max. single-phase Max. single-phase
factor (%) X /R ratio inst. peak rms at % cycle
0 () 2.828 1.732
1 100.00 2.785 1.697
2 49.993 2.743 1.662
3 33.332 2.702 1.630
4 24.979 2.663 1.599
5 19.974 2.625 1.569
6 16.623 2.589 1.540
18 5.4649 2.231 1.278
40 2.2913 1.819 1.062
70 1.0202 1.517 1.002
100 0000 1.414 1.000
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Table 5-2 Preferred Ratings of Indoor Oil-Less Circuit Breakers

Maximum Closing and
symmetrical latching
Rated short- Rated maximum interrupting capability 2.7K
circuit current at voltage divided capability and  times rated
Rated maximum Rated voltage Rated continuous current rated maximum Rated by K rated short-time short-circuit
voltage range factor at 60 Hz kv interrupting (kV, rms) current current
(kV, rms) (K) (amperes, rms) (kA, rms) time cycles (kA, rms) (kA, peak)
4.76 1.36 1200 8.8 5 3.5 12 32
4.76 1.24 1200,2000 29 5 3.85 36 97
4.76 1.19 1200,2000,3000 41 5 4.0 49 132
8.25 1.25 1200,2000 33 5 6.6 41 111
15.0 1.3 1200,2000 18 5 11.5 23 62
15.0 1.3 1200,2000 28 5 11.5 36 97
15.0 1.3 1200,2000,3000 37 5 11.5 48 130
38.0 1.65 1200,2000,3000 21 5 23.0 35 95
38.0 1.0 1200,3000 41 5 38.0 40 108

Ref. [5], year 2000 revision shows preferred ratings for K=1. Example: Rated voltage 15kV, short-circuit and rated short-time current rating 40, 50, 63 kA and
corresponding close and latch capability 104,130, and 164 kA peak (2.6 times the rated short-circuit current). Factor Ty for TRV calculations is specified for the first time.
It is 50 ps for 4.76 kV, 75 ps for 15kV and 125 ps for 38 kV breakers. Ratings with earlier K > 1 will remain popular for some years to come.

Source: Ref. 5. Copyright 1987, 2000 IEEE. Reproduced with permission.
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Table 5-3 Preferred Ratings for Outdoor Circuit Breakers 121 kV and Above Including Circuit Breakers Applied in Gas-Insulated Substations

Closing and

Rated short- latching
circuit current capability, 2.6K

Rated at rated times rated
Maximum Rated voltage Rated continuous current maximum  Rated time to  Rated rate Rated delay Rated Maximum short-circuit
voltage range factor at 60 Hz voltage point P R time interrupting permissible current
kV) (K) (ampéres, rms) (kA, rms) (T, psec) (kV/usec) (T, psec) time cycles  tripping delay  (kA, peak)
123 1.0 1200,2000 31.5 260 2.0 2 3(50ms) 1 82

123 1.0 1600,2000,3000 40 260 2.0 2 3 1 104
123 1.0 2000,3000 63 260 2.0 2 3 1 164

145 1.0 1200,2000 31.5 330 2.0 2 3 1 82
145 1.0 1600,2000,3000 40 310 2.0 2 3 1 104
145 1.0 2000,3000 63 310 2.0 2 3 1 164
145 1.0 2000,3000 80 310 2.0 2 3 1 208
170 1.0 1600,2000,3000 31.5 360 2.0 2 3 1 82
170 1.0 2000 40 360 2.0 2 3 1 104
170 1.0 2000 50 360 2.0 2 3 1 130
170 1.0 2000 63 360 2.0 2 3 1 164

245 1.0 1600,2000,3000 31.5 520 2.0 2 3 1 82
245 1.0 2000,3000 40 520 2.0 2 3 1 104

245 1.0 2000,3000 50 520 2.0 2 3 1 130
245 1.0 2000,3000 63 520 2.0 2 3 1 164
362 1.0 2000,3000 40 775 2.0 2 2(33ms) 1 104
362 1.0 2000,3000 63 775 2.0 2 2 1 164
550 1.0 2000,3000 40 1325 2.0 2 2 1 104
550 1.0 3000,4000 63 1325 2.0 2 2 1 164
800 1.0 2000,3000 40 1530 2.0 2 2 1 104
800 1.0 3000,4000 63 1530 2.0 2 2 1 164

Source: Ref. 5. Copyright 2000 IEEE. Reproduced with permission.
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The requirements set out in the above paragraphs are successively applied.
Tables 5.2 [S] and 5.3 [5] show the preferred ratings of indoor oil-less circuit breakers
up to 72.5kV and outdoor high-voltage circuit breakers of 121 kV and above, respec-
tively. These tables show the close and latch capability in terms of peak asymmetrical
currents. Table 5.2 shows earlier ratings based upon factor 2.7k, while Table 5.3
shows ratings based on factor 2.6.

5.6 SHORT-TIME CURRENT CARRYING CAPABILITY

The circuit breaker will be capable of carrying any short-circuit current for 3 sec
whose rms value, determined from the envelope of a current wave at the time of
maximum crest, does not exceed 1.6K times the rated short-circuit current, or whose
maximum crest value does not exceed 2.7K times the rated short-circuit current. The
rms value as determined over a 3-sec period does not exceed K times the rated short-
circuit current. Mathematically:

1 T
I= (TJO i2d1> (5.7)

where T = 3sec and [ is the instantaneous rms current in amperes. The breaker is
not capable of interrupting until it has cooled down to normal heat run temperature.

5.7 SERVICE CAPABILITY DUTY REQUIREMENTS AND RECLOSING
CAPABILITY

ANSI rated circuit breakers are specified to have the following interrupting perfor-
mance:

1. Between 85 and 100% of asymmetrical interrupting capability at operat-
ing voltage and for breakers above 121 kV, two standard duty cycles.
O—-15s—CO —3min—CO or O —0.3s—
CO — 3 min — CO for circuit breakers for rapid reclosing.
For generator breakers: CO—30 min—CO
2. Between rated current and 85% of required asymmetrical capability a
number of operations in which the sum of interrupted currents do not
exceed 400% of the required asymmetrical interrupting capability of the
breaker at rated voltage.
CO: close—open

Whenever a circuit breaker is applied having more operations or a shorter time
interval between operations, other than the standard duty cycle, the rated short-
circuit current and related required capabilities are reduced by a reclosing capability
factor R, determined as follows:

R = (100 — D)% (5.8)

(15—-1) (15—-1)

5 +d, 15 + ... (5.9)
where D is the total reduction factor in per cent, d; is specified in an ANSI standard
[3], n is the total number of openings, #; is the first time interval (< 15sec), and 7, is

the second time interval (<15 sec).

D=d1(n—2)+d1
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Interrupting duties thus calculated are subject to further qualifications. These
should be adjusted for X/R ratios. All breakers are not rated for reclosing duties.
Breakers rated more than 1200 A and below 72.5kV are not intended for reclosing
operations. Breakers rated 72.5kV and above have reclosing capabilities irrespective
of the current ratings.

5.7.1 Transient Stability on Fast Reclosing

High-speed reclosing is used to improve transient stability and voltage conditions in
a grid system. Figure 5-6 illustrates the effect of high-speed single-phase reclosing on
transient stability, using equal area criteria of stability. A transient single line-to-
ground fault occurs on the tie line; the tie line breaker opens and then closes within a
short-time delay, called the dead time of the breaker. Some synchronizing power
flows through two unfaulted phases, during a single line-to-ground fault, and no
power flows during the dead time. The dead time of the circuit breaker on fast
reclosing implies a time interval sufficient for the arc fault path to become deionized
(Chap. 4). In Fig. 5-6, 0,—0, is the breaker dead time. Synchronous motors and
power capacitors tend to prolong the arcing time.

Powsr/angle curve

before fault and
after reclosing

Power —

P
Powarfangle curva
during line-to-ground
fault

Breaker
recloses

Torgque angls, o
)]

Figure 5-6 Transient stability of a tie line circuit with fast reclosing on a single line-to-
ground fault: (a) equivalent system representation; (b) equal area criteria of stability. Fault
occurs at torque angle oy; breaker opens at o and recloses at o, to remove the transient fault.
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5.8 CAPACITANCE CURRENT SWITCHING

ANSI ratings [5] distinguish between general-purpose and definite-purpose circuit
breakers and there is a vast difference between their capabilities for capacitance
current switching. Definite-purpose breakers may have different constructional fea-
tures, i.e., a heavy-duty closing and tripping mechanism and testing requirements.
Table 5-4 shows the capacitance current switching ratings. General-purpose breakers
do not have any back-to-back capacitance current switching capabilities. A 121-kV
general-purpose circuit breaker of rated current 2 kA and 63 kA symmetrical short-
circuit has overhead line charging current or isolated capacitor switching current
capability of 50 A rms and no back-to-back switching capability. The following
definitions are applicable:

1. Rated open wire line charging current is the highest line charging current
that the circuit breaker is required to switch at any voltage up to the rated
voltage.

2. Rated isolated cable charging and isolated shunt capacitor bank switch-
ing current is the highest isolated cable or shunt capacitor current that the
breaker is required to switch at any voltage up to the rated voltage.

The cable circuits and switched capacitor bank are considered isolated
if the rate of change of transient inrush current, di/d¢ does not exceed the
maximum rate of change of symmetrical interrupting capability of the
circuit breaker at the applied voltage [6]:

di . .
<a> = V2w [rated maximum voltage/operating voltage]/ (5.10)

max
where [ is the rated short-circuit current in amperes.

3. Cable circuits and shunt capacitor banks are considered switched back-
to-back if the highest rate of change of inrush current on closing exceeds
that for which the cable or shunt capacitor can be considered isolated.

The oscillatory current on back-to-back switching is limited only by the impedance
of the capacitor bank and the circuit between the energized bank and the switched
bank.

The inrush current and frequency on capacitor current switching can be calcu-
lated by solution of the following differential equation:

iR+L$+J%t:Emsinwt (5.11)
The solution to this differential equation is discussed in many texts and is of the
form:

i = Asin(wt + a) + Be XL sin(wyt — B) (5.12)
where

wy = % — 4%22 (5.13)

The first term is a forced oscillation, which in fact is the steady-state current, and the
second term represents a free oscillation, and has a damping component e~"/?L. Tts
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Table 5-4 Preferred Capacitance Current Switching Rating for Outdoor Circuit Breakers 121 kV and Above, Including Circuit Breakers Applied
in Gas-Insulated Substations

Definite-purpose breakers rated capacitance switching current shunt capacitor bank

or cable
General- Back-to-back switching
Rated short- purpose circuit General- Inrush current
Rated circuit current at breakers, rated purpose circuit
maximum  rated maximum Rated continuous overhead line breakers, rated Overhead line Rated isolated
voltage voltage current at 60 Hz current isolated current current current Current Peak current Frequency
(kV) (kA, rms) (ampéres, rms)  (ampéres, rms) (ampéres, rms) (ampeéres, rms) (ampéres, rms) (ampeéres, rms) (kA) (Hz)
123 31.5 1200,2000 50 50 160 315 315 16 4250
123 40 1600,2000,3000 50 50 160 315 315 16 4250
123 63 2000,3000 50 50 160 315 315 16 4250
145 31.5 1200,2000 80 80 160 315 315 16 4250
145 40 1600,2000,3000 80 80 160 315 315 16 4250
145 63 2000,3000 80 80 160 315 315 16 4250
145 80 2000,3000 80 80 160 315 315 16 4250
170 31.5 1600,2000 100 100 160 400 400 20 4250
170 40 2000,3000 100 100 160 400 400 20 4250
170 50 2000,3000 100 100 160 400 400 20 4250
170 63 2000,3000 100 100 160 400 400 20 4250
245 31.5 1600,2000,3000 160 160 200 400 400 20 4250
245 40 2000,3000 160 160 200 400 400 20 4250
245 50 2000,3000 160 160 200 400 400 20 4250
245 63 2000,3000 160 160 200 400 400 20 4250
362 40 2000,3000 250 250 315 500 500 25 4250
362 63 2000,3000 250 250 315 500 500 25 4250
550 40 2000,3000 400 400 500 500 500 25 4250
550 63 3000,4000 400 400 500 500 500 25 4250
800 40 2000,3000 500 500 500 500 - - -
800 63 3000,4000 500 500 500 500 -

Source: Ref. 5. Copyright 2000 IEEE. Reprinted with permission.
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frequency is given by w,/2m. Resistance can be neglected and this simplifies the
solution. The maximum inrush current is given at an instant of switching when
t = /(LC). For the purpose of evaluation of switching duties of circuit breakers,
the maximum inrush current on switching an isolated bank is

I ﬁErmS ¢ (5.14)

peak — 7§ I
where FE is the line-to-line voltage and C and L are in H and F, respectively. The
inrush frequency is

1
flnrush - m

For back-to-back switching, i.e., energizing a bank on the same bus when
another energized bank is present, the inrush current is entirely composed of inter-
change of currents between the two banks. The component supplied by the source is
of low frequency and can be neglected. This will not be true if the source impedance
is comparable to the impedance between the banks being switched back-to-back. The
back-to-back switching current is given by

V2 C,C,
Lovush = ~—= Erg. | ——— e 5.16
ush \/§ e (Cl C2)(Leq) ( )

where L is the equivalent reactance between the banks being switched. The inrush
frequency is

(5.15)

1
finrush =
2T Leq Cl C2
(C1+ &)

Example 5.3

(5.17)

Consider the system of Fig. 5-7. Two capacitor banks C; and C, are connected on
the same 13.8-kV bus. The inductances in the switching circuit are calculated in
Table 5-5. Let C; be first switched. The inrush current is mostly limited by the source
inductance, which predominates. The inrush current magnitude and frequency, using
the expressions in Eqs (5.14) and (5.15), are 5560 A peak and 552.8 Hz, respectively.
The maximum rate of change of current is

277(552.81)(5560) x 107 = 19.31A/psec

Consider that a definite-purpose indoor 15-kV breaker of 2kA continuous rating
and 40.2 kA interrupting at 13.8kV. From Eq. (5.10) the breaker di/dz is:

27(60)+/2(40200)10~° = 21.43A /psec

This is more than 19.283 A/usec as calculated above. Thus, the capacitor bank can
be considered isolated.

Now calculate the inrush current and frequency on back-to-back switching,
i.e., capacitor C, is switched when C; is already connected to the bus. The equivalent
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/ = B50 MVA, X/R=30

13.8 kV
T T
C c, Loads

1
9.88% Mvar 6.59 Mvar

(2)

Source
Reactance

13.8 KV bus 13.8 kY bus

YN ~WHET
Cables Cables
Capacitor bank Capacitor bank

, {0} ,
T 9.8385 Mvar —|_ 6.59Mvar

Figure 5-7 (a) Connection diagram for capacitor bank switching; (b) equivalent reactance
diagram (Example 5.3).

inductance on back-to-back switching consists of a small length of bus between the
banks and their cable connections. The source inductance is ignored, as practically
no current is contributed from the source. The inductance in the back-to-back
switching circuit is 14.46 pH. From Eqs (5.16) and (5.17) the inrush current is
22.7kA and the inrush frequency is 5653 Hz. From Table 5-4 the intended defi-
nite-purpose breaker to be used has a maximum crest current of 18 kA and an inrush
frequency of 2.4kHz. In this example even the definite-purpose circuit breaker will
be applied beyond its rating. In order to reduce the inrush current and frequency an
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Table 5-5 Capacitor Switching (Example 5.3): Calculation of Inductances and
Capacitances

Calculated inductance

No. System data or capacitance

1 Three-phase short-circuit level at 13.8-kV bus, L, source = 593.97 uH
850 MVA, X/R =30

2 3’ of 13.8-kV bus L, bus =0.63uH

3 30" of 2-3/C 500 KCMIL cables L; cable = 1.26 uH

4 Inductance of the bank itself L4 bank = 5pH

5 Total inductance, when capacitor C; is switched 600.86 pH
=L +L,+ L+ 1L,

6 Capacitance of bank C;, consisting of 9 units in C, =0.138 x 107°F

parallel, one series group, wye connected, rated
voltage 8.32kV, 400 kvar each, total three-phase
kvar at 13.8kV = 9.885 Mvar

7 Total inductance when C, is switched and C; is 14.42 pyH
already energized = inductance of 9 feet of
13.8kV bus, 60 feet of cables and inductances
of banks themselves

8 Capacitance of bank C,, consisting of 6 units in C, =0.092 x 107°F
parallel, one series group, wye connected, rated
voltage 8.32kV, 400 kvar each, total three-phase
kvar at 13.8kV = 6.59 Mvar

additional reactance should be introduced into the circuit. An inductance of 70 pH
will reduce the inrush current to 9.4 kA and the frequency to 2332 Hz. Inrush current
limiting reactors are generally required when the capacitor banks are switched back-
to-back on the same bus. In the case where power capacitors are applied as shunt
tuned filters, the filter reactors will reduce the inrush current and its frequency, so
that the breaker duties are at acceptable levels.

Rated transient overvoltage factor is defined as the ratio of the transient voltage appear-
ing between a circuit breaker disconnected terminal and the neutral of the disconnected
capacitance during opening to the operating line-to-neutral crest voltage prior to open-
ing [6].

For definite-purpose breakers the overvoltage factor should not exceed the
values given below in 50 random three-phase operations [6].

e 2.5 for circuit breakers rated 72.5kV and below
e 2.0 for circuit breakers rated 121 kV and above

For general-purpose circuit breakers, the transient overvoltage factor will not exceed
3.0. The overvoltage control and synchronous breakers are described in Chap. 4.

Rated transient inrush current is the highest magnitude which the circuit breaker will be
required to close at any voltage up to the rated maximum voltage and will be measured
by the system and unmodified by the breaker. Rated transient inrush frequency is the
highest natural frequency which the circuit breaker is required to close at 100% of its
rated back-to-back shunt capacitor or cable switching current.
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For systems below 72.5kV, shunt capacitors may be grounded or ungrounded and
for systems above 121 kV both the shunt capacitors and the systems will be solidly
grounded. If the neutral of the system, the capacitor bank, or both, are ungrounded,
the manufacturer should be consulted for circuit breaker application. The first phase
to interrupt affects the recovery voltage.

Special applications may exist where the circuit-breaker duties need to be care-
fully evaluated [5, 6]. These applications may be:

1. Switching through a transformer of turns ratio greater than one will have
the effect of increasing the switching current. Dropping EHV and UHV
lines through low-voltage circuit breakers can increase the effective line
charging current in the 750-1000 A range.

2. The effect of the capacitive discharge currents on voltage induced in the
secondary of the bushing type current transformer should be considered.
In certain system configurations, i.e., when a number of capacitors are
connected to a bus, for a fault on a feeder circuit, all bus connected
capacitors will discharge into the fault. The BCT (bushing current trans-
former) secondary voltage may reach high values. This secondary voltage
can be estimated from

BCT ratio

Transient frequency
System frequency

1
<7> (Crest transient current) ((Relay reactance)
(5.18)

Higher than the normal inrush currents are possible on fast reclosing of
power capacitors. Reclosing is, generally, not attempted on power capa-
citor banks. Capacitors over 600 V are provided with internal discharge
devices (resistors) to reduce the residual charge to 50V or less within 5
min.

3. When parallel banks of capacitors are located on a bus section, caution
must be applied in fault switching sequence, so that the last circuit
breaker to clear the fault is not subjected to a capacitive switching duty
beyond its capability.

4. Switching capacitor banks under faulted conditions gives rise to high
recovery voltages, depending on the grounding and fault type. A phase-
to-ground fault produces the most severe conditions when the source is
ungrounded and the bank neutral is grounded. If an unfaulted phase is
first to clear, the current may reach 1.73 times the rated current and the
recovery voltage 3.46 E,.x, phase-to-ground. When the faulted phase is
first to interrupt, the current is 3.06 times the rated current and the
recovery voltage 3.0 E,.x. The ANSI standard [6] provides tables of
system configurations and recovery voltages.

5.9 LINE CLOSING SWITCHING SURGE FACTOR

The rated line closing switching surge factors are specified in ANSI for breakers of
362 kV and above specifically designed to control the switching overvoltages, and are
shown in Table 5-6 [5]. The rating designates that the breaker is capable of control-
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Table 5-6 Rated Line Closing Switching Surge Factors for Circuit Breakers Specifically Designed to Control Line Closing Switching Surge

Maximum Voltage, and Parameters of Standard Reference Transmission Lines

Rated maximum

Rated line closing

Percentage shunt

voltage switching surge Line length capacitance divided

(kV, rms) factor (miles) equally at line ends L Ly/L, R, Ry C C,/Cy
362 2.4 150 0 1.6 3 0.05 0.5 0.02 1.5
500 2.2 200 0 1.6 3 0.03 0.5 0.02 1.5
800 2.0 200 60 1.4 3 0.02 0.5 0.02 1.5

Ly = positive and negative sequence inductance in mH per mile.
Ly = zero sequence inductance in mH per mile.
R; = positive and negative sequence resistance in ohms per mile.
Ry = zero sequence resistance in ohms per mile.

C; = positive and negative sequence capacitance in microfarads per mile.
Cyy = zero sequence capacitance in microfarads per mile.
Source: Ref. 5. Copyright 2000 IEEE. Reproduced with permission.
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ling the switching surge voltages so that the probability of not exceeding the rated
overvoltage factor is 98% or higher when switching the standard reference transmis-
sion line from a standard reference source [7].

Switching surge overvoltages are discussed in Sec. 4.9. ANSI takes a statistical
approach. Random closing of circuit breaker will produce line closing switching
surge maximum voltages which vary in magnitude according to the instantaneous
value of the source voltage, the parameters of the connected system, and the time
difference between completion of a circuit path by switching traveling waves in each
phase. These variations will be governed by laws of probability, and the highest and
lowest overvoltages will occur infrequently.

The assumptions are that the circuit breaker connects the overhead line directly
to a power source, open at the receiving end and not connected to terminal appa-
ratus such as a power transformer, though it may be connected to an open switch or
circuit breaker. The system does not include surge arresters, shunt reactors, potential
transformers, or series or shunt capacitors.

The reference power source is a three-phase wye-connected voltage source with
the neutral grounded and with each of the three-phase voltages in series with an
inductive reactance which represents the short-circuit capability of the source. The
maximum source voltage, line to line, is the rated voltage of the circuit breaker. The
series reactance is that which produces the rated short-circuit current of the circuit
breaker, both three phase and single phase at rated maximum voltage with the short-
circuit applied at the circuit breaker terminals.

The standard transmission line is a perfectly transposed three-phase transmis-
sion line with parameters as listed in the ANSI/IEEE standard [7]. Any power system
which deviates too greatly from the standard reference power system may require
that a simulated study be made.

5.10 OUT-OF-PHASE SWITCHING CURRENT RATING

The assigned out-of-phase switching rating is the maximum out-of-phase current
that can be switched at an out-of-phase recovery voltage specified in ANSI and
under prescribed conditions. If a circuit breaker has an out-of-phase switching cur-
rent rating, it will be 25% of the maximum short-circuit current in kiloamperes,
unless otherwise specified. The duty cycles are specified in ANSI/IEEE standard
[7]. The conditions for out-of-phase switching currents are:

1. Opening and closing operations in conformity with manufacturers’
instructions, closing angle limited to a maximum out-of-phase angle of
90° whenever possible.

2. Grounding conditions of the neutral corresponding to that for which the
circuit breaker is tested.

3. Frequency within £20% of the rated frequency of the breaker.

4. Absence of fault on either side of the circuit breaker.

Where frequent out-of-phase operations are anticipated, the actual system
recovery voltages should be evaluated (see Sec. 4.10). A special circuit breaker, or
one rated at a higher voltage, may sometimes be required. As an alternative solution,
the severity of out-of-phase switching can be reduced in several systems by using
relays with co-ordinated impedance sensitive elements to control the tripping instant,
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so that interruption will occur substantially after or substantially before the instant
the phase angle is 180°. Polarity sensing and synchronous breakers are discussed in
Chapter 4.

5.11 TRANSIENT RECOVERY VOLTAGE

As discussed in Chap. 4, the interrupting capability of the circuit breaker is related to
transient recovery voltage (TRV). If the specified TRV withstand boundary is
exceeded in any application, a different circuit breaker should be used or the system
should be modified. The addition of capacitors to a bus or line is one method of
improving the recovery voltage characteristics.

For circuit breakers rated 100kV and below, the rated transient voltage is
defined as the envelope formed by a 1 — cosine curve using the values of E, and
T, defined in the ANSI standard [5]; E> is the peak of TRV and its value is 1.88 times
the maximum rated voltage. The time 75, specified in microseconds, to reach the
peak is variable, depending on short-circuit type, circuit breaker, and voltage rating.
For indoor oil-less circuit breakers up to 38 kV, T, varies from 50 to 125 ps. See Ref.
[5], 2000. Also, E, = 1.88 x V where V is rated voltage in kV.

The plot of this response curve for first half-cycle of the oscillatory component
of TRV is shown in Fig. 5-8. The supply voltage is considered at its peak during this
interval and is represented by a straight line in Fig. 5-8, i.e., the power frequency
component of TRV is constant. This definition of TRV by two parameters, £, and
T, is akin to that of Fig. 4-8, i.e., IEC representation by two parameters. The curve
of Fig. 5-8 is called one-minus-cosine curve.

For breakers rated 100 kV and above, the rated TRV is defined by the envelope
formed by the exponential cosine curve obtained by using the rated values of Ej, R,
T, E>, and T, from the standards, and applying these values at the rated short-
circuit current of the breaker. R is defined as the rated TRV rate, ignoring the effect
of the bus side lumped capacitance, at which the recovery voltage rises across the
terminals of a first-pole-to-interrupt for a three-phase, ungrounded load side term-
inal fault under the specified rated conditions. The rate is a close approximation of

E2
O
% . One-minus cosine TRY
-‘E—; wave for breakers rated
= 72.5 k¥ and below
T, |
- a» —» ! U5

Figure 5-8 One-minus-cosine TRV wave for breakers rated 72.5kV and below.
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the maximum de/dz in the rated envelope, but is slightly higher because the bus side
capacitance is ignored.
The exponential cosine envelope is defined by whichever of e; and e, is larger:

e; = E;(1 — ¢7/) with a time delay T (psec) (5.19)

= E/R (5.20)
E

ey = 72(1 — cos (1/T5)) (5.21)

The following wave shapes of TRV can be obtained:

Ref. [4], year 2000, specifies E; = 1.49 x V and E; = 1.06 x V

The examples to follow may not use the parameters from the latest revision of
ANSI/IEEE standards, yet these illustrate the calculation procedure and form a
conceptual base. Also Fig. 5-9 has been removed from Ref. [5] year 2000, as TRV
curves are included in Ref. [3], year 1999.

Example 5.4

Consider a 550-kV breaker. The ratings are:

K factor = 1

Current rating = 2kA

Rated short-circuit current = 40 kA

Rated time to point P, T; pusec = 1325

R, rate of rise of recovery voltage = 1.6kV/usec

Rated time delay 77 = 5.4 psec (compare this to 74 of Chap. 4)
E, = 1.76x rated maximum voltage

E; = 1.54/2/+/3 times rated maximum voltage.

Then:
E| = 1.5\/2/3E,, = 673.6kV
E, = 1.76E,x = 968.0kV
t=E/R=673.6/1.6 =421
Substituting in Eqgs (5.19) and (5.20):
ep = 673.6(1 — ¢ /*1
ey = 484.0(1 — c0s0.13587°)
The calculated TRV, for a rated fault current, is shown in Fig. 5-10.

Example 5.5

Now consider that the TRV is required to be calculated for 75% of the rated fault
current. This requires calculation of adjustment factors from Fig. 5-9.
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Figure 5-9 TRV rate and voltage multipliers for fractions of rated interrupting current.
(From Ref. 5. Copyright 1979 IEEE. All rights reserved. Reproduced with permission.)

K. = 1.625 (rate of rise multiplying factor)
K; = 1.044 (E, multiplying factor)
K, = 1.625 (T, dividing factor)

The adjusted parameters are:

E, =673.6kV

E, = (968)(K;) = 1010.6kV

R = (1.6)(K;) = 2.60kV/usec

T, = (1325)/(K,) = 815.4 usec

T, = 5.4 usec

7= E;/R =1(673.6)/2.60 = 259.1 psec.
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The TRV for 75% interrupting fault duty is superimposed in Fig. 5-10 for compar-
ison and it is higher than the TRV for 100% interrupting current.

We discussed sawtooth TRV waveform for a short-line fault in Sec. 4.5. Initial
TRYV can be defined as an initial ramp and plateau of voltage added to the initial
front of an exponential cosine wave shape. This TRV is due to relatively close
inductance and capacitance associated with substation work. For breakers installed
in gas-insulated substations the initial TRV can be neglected because of low bus
surge impedance and small distance to the first major discontinuity. However, for
other systems at low levels of fault current the initial rate of TRV may exceed the
envelope defined by the standards. In such cases the short-line initial TRV capability
can be superimposed on the calculated TRV curve and the results examined.

The circuit breaker will be capable of interrupting single-phase line faults at
any distance from the circuit breaker on a system in which:

e The TRV on a terminal fault is within the rated or related transient voltage
envelope.

e The voltage on the first ramp of the sawtooth wave is equal to or less than
that in an ideal system in which surge impedance and amplitude constant
are as follows:

242 kV and below, single conductor line: Z = 450,d = 1.8 (5.22)

362kV and above, bundled conductors: Z = 360,d = 1.6 (5.23)

800

Voltage kv
=]
[w]
[=)

400
200
179
0 Lol
—| N\ 200 400 800 800 1000 1200
T =45 32.2u5 )

Figure 5-10 Calculated TRV waveshapes (Examples 5.4-5.6).
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The amplitude constant d is the peak of the ratio of the sawtooth component
which will appear across the circuit breaker terminal at the instant of interruption.
The triangular wave for short-line capability is defined as

14
e=d(l — M)W2—kV 5.24

( ) 7 (5.24)
R, = V2wMIZ x 107° (5.25)
T; = e/R; usec (5.26)

where R; is the rate of rise, 77 is the time to peak, M is the ratio of fault current to
rated short-circuit current, 7 is the rated short-circuit current inkA, ¥V is the rated
voltage, Z is the surge impedance, and e is the peak voltage inkV.

Example 5.6

For a 550-kV breaker, whose TRV wave shapes are plotted in Fig. 5-10, plot the
short-line capability for a 75% short circuit current and a surge impedance of 360
ohms.

M =0.75, I =40kA, V =550, d = 1.6, and Z = 360 ohms. This gives:

V2

=179.6kV
V3

e = 1.6(0.75)(550)

Also,
R; = V2 x 377 x 0.75 x 40 x 360 x 107¢ = 5.75 kV/usec

and 77 =31.2ps.
This is shown in Fig. 5-10.

Oscillatory TRV

Figure 5-11 shows an example of an underdamped TRV, where the system TRV
exceeds the breaker TRV capability curve. Such a waveform can occur when a circuit
breaker clears a low-level three-phase ungrounded fault, limited by a transformer on
the source side or a reactor, Figs 5-11(a) and (b) [8]. Figure 5-11(c) shows that the
circuit breaker TRV capability is exceeded. Where this happens, the following
choices exist:

1. Use a breaker with higher interrupting rating.

2. Add capacitance to the circuit breaker terminals to reduce the rate of rise
of TRV.

3. Consult the manufacturer concerning the application.

A computer simulation using EMTP (electromagnetic transient program) of the
TRV may be required. The interested reader may refer to ANSI standard
C37.06.1-1997, “Trial-use guide for high-voltage circuit breakers rated on symme-
trical current basis—Designated definite purpose for fast transient recovery voltage
rise times.” (Not to be confused with definite purpose circuit breakers for capaci-
tance current switching.)
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Figure 5-11 (a) and (b) Power system configurations where TRV may exceed the breaker
capabilities for a fault limited by the transformer or reactor; (c) oscillatory TRV.

5.12 LOW-VOLTAGE CIRCUIT BREAKERS

The three classifications of low-voltage circuit breakers are: (1) molded case circuit
breakers, (2) insulated case circuit breakers, and (3) low-voltage power circuit break-
ers [9-11].

5.12.1 Molded Case Circuit Breakers (MCCBs)

In MCCBs, the current carrying parts, mechanism, and trip devices are com-
pletely contained in a molded-case insulating material and these breakers are not
maintainable. Available frame sizes range from 15 to 6000 A, interrupting
ratings from 10 to 100kA symmetrical without current limiting fuses and to
200 kA symmetrical with current limiting fuses. These can be provided with
electronic trip units, and have limited short-time delay and ground fault sensing
capability. When provided with thermal magnetic trips, the trips may be adjus-
table or nonadjustable, and are instantaneous in nature. Motor circuit protectors
(MCPs) may be classed as a special category of MCCBs and are provided with
instantaneous trips only. MCPs do not have an interrupting rating by them-
selves and are tested in conjunction with motor starters. All MCCBs are fast
enough to limit the amount of prospective current let-through and some are fast
enough to be designated as current-limiting circuit breakers. For breakers claimed to
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be current limiting, peak current and 7 2t are tabulated for the threshold of current-
limiting action.

5.12.2 Insulated Case Circuit Breakers (ICCBs)

Insulated case circuit breakers utilize characteristics of design from both the power
and MCCBs, are not fast enough to qualify as current-limiting type, and are partially
field maintainable. These can be provided with electronic trip units and have short-
time ratings and ground fault sensing capabilities. These utilize stored energy
mechanisms similar to low-voltage power circuit breakers.

MCCBs and ICCBs are rated and tested according to UL 489 [12]. Standard
MCCBs and ICCBs are tested in the open air without enclosure and are designed to
carry 100% of their current rating in open air. When housed in an enclosure there is
20% derating, though some models and frame sizes may be listed for application at
100% of their continuous current rating in an enclosure. MCCBs are fixed mounted
in switchboards and bolted to bus bars. ICCBs can be fixed mounted or provided in
drawout design.

5.12.3 Low-Voltage Power Circuit Breakers (LVPCBs)

Low-voltage power circuit breakers are rated and tested according to ANSI C37.13
[10] and are used primarily in drawout switchgear. These are the largest in physical
size and are field maintainable. Electronic trip units are almost standard with these
circuit breakers and these are available in frame sizes from 800 to 6000 A, interrupt-
ing ratings, 40-100 kA sym. without current-limiting fuses.

All the three types of circuit breakers have different ratings, short-circuit test
requirements, and applications. The short-circuit ratings and fault current calcula-
tion considerations are of interest here.

The symmetrical interrupting rating of the circuit breaker takes into account
the initial current offset due to circuit X/R ratio. The value of the standard X /R
ratio is used in the test circuit. For LVPCBs this standard is X /R = 6.6, correspond-
ing to a 15% power factor. Table 5-7 shows the multiplying factor (MF) for other

Table 5-7 Multiplying Factors for Low-Voltage LVPCBs

Multiplying factors for the calculated

current

System short-
circuit power System X/R Unfused circuit Fused circuit
factor (%) ratio breakers breakers
20 4.9 1.00 1.00
15 6.6 1.00 1.07
12 8.27 1.04 1.12
10 9.95 1.07 1.15

8.5 11.72 1.09 1.18

7 14.25 1.11 1.21

5 20.0 1.14 1.26

Source: Ref. 10. Copyright 1990 IEEE. All rights reserved. Reproduced with
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X /R ratios. The recommended MFs for unfused circuit breakers are based on high-
est peak current and can be calculated from

211 n/(x/R)]
MF = V2[1 4+ ¢ ™/¥/R) % (5.27)

The MF for the fused breaker is based on the total rms current (asymmetrical) and is
calculated from:

/ 1 + 26—27[/(X/R)

MF = 5.28
1.25 (5.28)
In general, when X/R differs from the test power factor, the MF can be approxi-
mated by
1 4 ¢ H/R)

where ¢ is the test power factor.

MCCBs and ICCBs are tested in the prospective fault test circuit according to
UL 489 [12]. Power factor values for the test circuit are different from LVPCBs and
are given in Table 5-8. If a circuit has an X /R ratio which is equal to or lower than
the test circuit, no corrections to interrupting rating are required. If the X'/ R ratio is
higher than the test circuit X/R ratio, the interrupting duty requirement for that
application is increased by a MF from Table 5-9. The MF can be interpreted as a
ratio of the offset peak of the calculated system peak (based on X /R ratio) to the test
circuit offset peak.

While testing the breakers, the actual trip unit type installed during testing
should be the one represented by referenced specifications and time—current curves.
The short-circuit ratings may vary with different trip units, i.e., a short-time trip only
(no instantaneous) may result in reduced short-circuit interrupting rating compared
to testing with instantaneous trips. The trip units may be rms sensing or peak sen-
sing, electronic or electromagnetic, and may include ground fault trips.

IEC standards do not directly correspond to the practices and standards in use
in North America for single-pole duty, thermal response, and grounding. A direct
comparison is not possible.

Table 5-8 Test Power Factors of MCCBs

Interrupting rating

(kA, rms sym.) Test power factor range X/R
10 or less 0.45-0.50 1.98-1.73
10-20 0.25-0.30 3.87-3.18
Over 20 0.15-0.20 6.64.9
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Table 5-9 Short-Circuit Multiplying Factors for MCCBs and ICCBs

Interrupting rating multiplying factor

Power factor (%) X /R ratio 10 kA or less 1020 kA >20kA
5 19.97 1.59 1.35 1.22
6 16.64 1.57 1.33 1.20
7 14.25 1.55 1.31 1.18
8 12.46 1.53 1.29 1.16
9 11.07 1.51 1.28 1.15

10 9.95 1.49 1.26 1.13

13 7.63 1.43 1.21 1.09

15 6.59 1.39 1.18 1.06

17 5.80 1.36 1.15 1.04

20 4.90 1.31 1.11 1.00

25 3.87 1.24 1.05 1.00

30 3.18 1.18 1.00 1.00

35 2.68 1.13 1.00 1.00

40 2.29 1.08 1.00 1.00

50 1.98 1.04 1.00 1.00

5.12.3.1 Single-Pole Interrupting Capability

A single-pole interruption connects two breaker poles in series, and the maximum
fault current interrupted is 87% of the full three-phase fault current. The interrupt-
ing duty is less severe as compared to a three-phase interruption test, where the first-
pole-to-clear factor can be 1.5. Therefore, the three-phase tests indirectly prove the
single-pole interrupting capability of three-pole circuit breakers. For the rated X /R
every three-pole circuit breaker intended for operation on a three-phase circuit can
interrupt a bolted single-phase fault. LVPCBs are single-pole tested with maximum
line-to-line voltage impressed across the single pole and at the theoretical maximum
single-phase fault current level of 87% of maximum three-phase bolted fault current.
Generally, single-pole interrupting is not a consideration. Nevertheless, all MCCBs
and ICCBs do not receive the same 87% test at full line-to-line voltage. In a corner
grounded delta system (not much use in the industry), a single line-to-ground fault
on the load side of the circuit breaker will result in single-phase fault current flowing
through only one pole of the circuit breaker, but full line-to-line voltage impressed
across that pole. A rare fault situation in ungrounded or high-resistance grounded
systems can occur with two simultaneous bolted faults on the line side and load side
of a circuit breaker and may require additional considerations. Some manufacturers
market circuit breakers rated for a corner grounded systems.

5.12.3.2 Short-Time Ratings

MCCBs, generally, do not have short-time ratings. These are designed to trip and
interrupt high-level faults without intentional delays. When provided with electronic
trip units, capabilities of these breakers are utilized for short-delay tripping. ICCBs
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do have some short-time capability. LVPCBs are designed to have short-time cap-
abilities and can withstand short-time duty cycle tests.

For an unfused LVPCB, the rated short-time current is the designated limit of
prospective current at which it will be required to perform its short-time duty cycle of
two periods of 0.5 sec current flow separated by 15 sec intervals of zero current at
rated maximum voltage under prescribed test conditions. This current is expressed in
rms symmetrical ampéres. The unfused breakers will be capable of performing the
short-time current duty cycle with all degrees of asymmetry produced by three-phase
or single-phase circuits having a short-circuit power factor of 15% or greater. Fused
circuit breakers do not have a short-time current rating, though the unfused circuit
breaker element has a short-time rating as described above.

5.12.3.3 Series Connected Ratings

Series connection of MCCBs or MCCBs and fuses permits a downstream circuit
breaker to have an interrupting rating less than the calculated fault duty, and the
current limiting characteristics of the upstream device “protects” the downstream
lower rated devices. Series combination is recognized for application by testing only.
The upstream device is fully rated for the available short-circuit current and protects
a downstream device, which is not fully rated for the available short-circuit current
by virtue of its current-limiting characteristics. The series rating of the two circuit
breakers makes it possible to apply the combination as a single device, the interrupt-
ing rating of the combination being that of the higher rated device. As an example, a

1000
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Figure 5-12 Let-through curves of current-limiting fuses.
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single upstream incoming breaker of 65 kA interrupting may protect a number of
downstream feeder breakers of 25 kA interrupting and the complete assembly will be
rated for 65 kA interrupting. The series rating should not be confused with cascading
arrangement. IEC also uses this term for their series rated breakers [13]. A method of
cascading which is erroneous and has been in use in the past is shown in Fig. 5-12.

Consider a series combination of an upstream current limiting fuse of 1200 A,
and a downstream MCCB. The available short-circuit current is 50 kA sym., while
the MCCB is rated for 25kA. Figure 5-12 shows the let-through characteristics of
the fuse. The required interrupting capability of the system, i.e., S0 kA is entered at
the point A, and moving upwards the vertical line is terminated at the 1200 A fuse
let-through characteristics. Moving horizontally, the point C is intercepted and then
moving vertically down the point D is located. The symmetrical current given by D is
read off, which in Fig. 5-12 is 19kA. As this current is less than the interrupting
rating of the downstream device to be protected, the combination is considered safe.
This method can lead to erroncous results, as the combination may not be able to
withstand the peak let-through current given by point E in Fig. 5-12 on the y axis.
Calculations of series ratings is not permissible and these can only be established by
testing.

A disadvantage of series combination is lack of selective co-ordination. On a
high fault current magnitude both the line side and load side circuit breakers will
trip. A series combination should not be applied if motors or other loads that
contribute to short-circuit current are connected between the line-side and load-
side MCCB:s.

5.13 FUSES

Fuses are fault sensing and interrupting devices, while circuit breakers must have
protective relays as sensing devices before these can operate to clear short-circuit
faults. Fuses are direct acting, single-phase devices, which respond to magnitude and
duration of current. Electronically actuated fuses are a recent addition and these
incorporate a control module that provides current sensing, electronically derived
time-current characteristics, energy to initiate tripping, and an interrupting module
which interrupts the current [14—18].

5.13.1 Current-Limiting Fuses

A current-limiting fuse is designed to reduce equipment damage by interrupting the
rising fault current before it reaches its peak value. Within its current limiting range,
the fuse operates within 1/4 to % cycle. The total clearing time consists of melting
time, sometimes called the pre-arcing time and the arcing time. This is shown in Fig.
5-13. The let-through current can be much lower than the prospective fault current
peak and the rms symmetrical available current can be lower than the let-through
current peak. The prospective fault current can be defined as the current that will be
obtained if the fuse was replaced with a bolted link of zero impedance. By limiting
the rising fault current, the 7°¢ let-through to the fault is reduced because of two
counts: (1) high speed of fault clearance in 1/4 cycle typically in the current limiting
range, and (2) fault current limitation. This reduces the fault damage.
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Figure 5-13 Current interruption by a current-limiting fuse.

Current-limiting fuses have a fusible element of nonhomogeneous section. It
may be perforated or notched and while operating it first melts at the notches,
because of reduced cross-sectional area. Each melted notch forms an arc that length-
ens and disperses the element material into the surrounding medium. When it is
melted by current in the specified current-limiting range, it abruptly introduces a
high resistance to reduce the current magnitude and duration. It generates an inter-
nal arc voltage, much greater than the system voltage, to force the current to zero,
before the natural current zero crossing. Figure 5-14 shows the current interruption
in a current-limiting fuse. Controlling the arcs in series controls the rate of rise of arc

Figure 5-14 Arc voltage generated by a current-limiting fuse during interruption: (a) arc
voltage; (b) interrupted current; (c) system voltage; (d) perspective fault current.
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voltage and its magnitude. The arc voltages must be controlled to levels specified in
the standards [17], i.e., for 15.5-kV fuses of 0.5 to 12 A, the maximum arc voltage is
70kV crest, and for fuses > 12 A, the arc voltage is 49kV crest.

The current-limiting action of a fuse becomes effective only at a certain mag-
nitude of the fault current, called the critical current or threshold current. It can be
defined as the first peak of a fully asymmetrical current wave at which the current-
limiting fuse will melt. This can be determined by the fuse let-through characteristics
and is given by the inflection point on the curve where the peak let-through current
begins to increase less steeply with increasing short-circuit current, i.e., point F in
Fig. 5-12 for a 800-A fuse. The higher is the rated current of the fuse, the greater is
the value of the threshold current at which the current-limiting action starts.

5.13.2 Low-Voltage Fuses

Low-voltage fuses can be divided into two distinct classes, current-limiting type and
noncurrent- limiting type. The current-limiting class fuses are types CC, T, K, G, J,
L, and R. Noncurrent-limiting fuses, i.e., class H fuses, have a low interrupting
rating of 10kA, are not in much use in industrial power systems, and are being
replaced with current-limiting fuses. Current-limiting fuses have interrupting cap-
abilities up to 200 kA rms symmetrical. The various classes of current-limiting fuses
are designed for specific applications, have different sizes and mounting dimensions,
and are not interchangeable. As an example, classes J, RK1, and RK5 may be used
for motor controllers, control transformers, and back-up protection. Class L (avail-
able in current ratings up to 6 kA) is commonly used as a current-limiting device in
series rated circuits. Class T is a fast-acting fuse that may be applied to load-center,
panel-board, and circuit-breaker back-up protection.

5.13.3 High-Voltage Fuses

High-voltage fuses can be divided into two distinct categories: distribution fuse
cutouts and power fuses. Distribution cutouts are meant for outdoor pole or cross
arm mounting (except distribution oil cutouts), have basic insulation levels (BILs) at
distribution levels, and are primarily meant for distribution feeders and circuits.
These are available in voltage ratings up to 34.5kV. The interrupting ratings are
relatively low, 5.00 kA rms sym. at 34.5kV. The power fuses are adapted to station
and substation mounting, have BILs at power levels and are meant primarily for
applications in stations and substations. These are of two types: expulsion-type fuses
and current-limiting fuses. Expulsion-type fuses can again be of two types: (1) fiber-
lined fuses having voltage ratings up to 169 kV, and (2) solid boric acid fuses which
have voltage ratings up to 145kV. The solid boric acid fuse can operate without
objectionable noise or emission of flame and gases. High-voltage current-limiting
fuses are available up to 38kV, and these have comparatively much higher inter-
rupting ratings. Table 5-10 shows comparative interrupting ratings of distribution
cutouts, solid boric acid, and current-limiting fuses. While the operating time of the
current-limiting fuses is typically one-quarter of a cycle in the current-limiting range,
the expulsion-type fuses will allow the maximum peak current to pass through and
interrupt in more than one cycle. This can be a major consideration in some applica-
tions where a choice exists between the current-limiting and expulsion-type fuses.
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Table 5-10 Short-Circuit Interrupting Ratings of High-Voltage Fuses

Nominal voltage rating in kV-maximum
Fuse type Current ratings short-circuit interrupting rating (KA rms
symmetrical)

Distributions fuse Up to 200 A 4.8-12.5, 7.2-15, 14.4-13.2, 25-8, 34.5-5
cutouts

Solid-material boric ~ Up to 300 A 17.0-14.0, 38-33.5, 48.3-31.5, 72.5-25,
acid fuses 121-10.5, 145-8.75

Current-limiting fuses Up to 1350 A for 5.5-50, 15.5-50 (85 sometimes), 25.8-35,
5.5kV, up to 300A  38.0-35
for 15.5kV, and
100 A for 25.8 and
38kV

Class E fuses are suitable for protection of voltage transformers, power trans-
formers, and capacitor banks, while class R fuses are applied for medium-voltage
motor starters. All class E rated fuses are not current limiting; E rating merely
signifies that class E rated power fuses in ratings of 100E or less will open in 300
sec at currents between 200 and 240% of their E rating. Fuses rated above 100E open
in 600 sec at currents between 220 and 264% of their E ratings.

5.13.4 Interrupting Ratings

The interrupting ratings relate to the maximum rms asymmetrical current available
in the first half cycle after fault which the fuse must interrupt under the specified
conditions. The interrupting rating itself has no direct bearing on the current-limit-
ing effect of the fuse. Currently, the rating is expressed in maximum rms symmetrical
current and thus the fault current calculation based on an E/Z basis can be directly
used to compare the calculated fault duties with the short-circuit ratings. Many
power fuses and distribution cutouts were earlier rated on the basis of maximum
rms asymmetrical currents; rms asymmetrical rating represents the maximum current
that the fuse has to interrupt because of its fast-acting characteristics. For power
fuses the rated asymmetrical capability is 1.6 times the symmetrical current rating.
The asymmetrical rms factor can exceed 1.6 for high X/R ratios or a low-power
factors short-circuit currents (Table 5-1).

A basic understanding of the ratings and problems of application of circuit
breakers and fuses for short-circuit and switching duties can be gained from this
chapter. The treatment is not exhaustive and an interested reader will like to explore
further.

Problems

1. A 4.76-kV rated breaker has a rated short-circuit current of 41 kA sym.
and a K factor of 1.19. Without referring to tables calculate its (i) max-
imum symmetrical interrupting capability, (ii) short-time current rating
for 3 sec, and (iii) close and latch capability in asymmetrical rms and
crest. If the breaker is applied at 4.16kV, what is its interrupting cap-
ability and close and latch capability? How will these values change if the
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breaker is applied at 2.4kV? Calculate similar ratings for 40kA, K=1
rated circuit breaker according to ANSI year 2000 revision.

2. The breaker of Problem 1 has a rated interrupting time of five cycles.
What is its symmetrical and asymmetrical rating for phase faults and
single line-to-ground faults, when applied at 4.16 and 2.4kV, respec-
tively?

3. A 15-kV circuit breaker applied at 13.8kV has a rated short-circuit cur-
rent of 28 kA rms, K factor = 1.3, and permissible tripping delay Y =2
sec. What is its permissible delay for a short-circuit current of 22 kA?

4. In Example 5.3 reduce all reactances by 10% and increase all capacitances
by 10%. Calculate the inrush current and frequency on (i) isolated capa-
citor bank switching, and (ii) back-to-back switching. Find the value of
reactor to be added to limit the inrush current magnitude and frequency
to acceptable levels for a definite-purpose breaker.

5. Provide two examples of power system configurations, where TRV is
likely to increase the standard values. Why can it be reduced by adding
capacitors?

6. Plot the TRV characteristics of a 121-kV breaker, from the data in Table
5-3, at (i) a rated interrupting current of 40kA, and (ii) a 50% short-
circuit current. Also, plot the initial profile of TRV for a short-line fault.

7. Why is the initial TRV not of concern for gas-insulated substations?

8. A LVPCB, ICCB, and MCCB are similarly rated at 65kA sym. inter-
rupting. What other short-circuit rating is important for their applica-
tion?

9. Each type of breaker in Problem 8 is subjected to a fault current of 50 kA,
X /R =17.0. Calculate the interrupting duty multiplying factors from the
tables in this chapter.

10. What are the advantages and disadvantages of current-limiting fuses as
compared to relayed circuit breakers for short-circuit interruption? How
do these compare with expulsion-type fuses?

11. Explain the series interrupting ratings of two devices. What are the rela-
tive advantages and disadvantages of this configuration? Why should the
series rating of two devices not be calculated?
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6

Short-Circuit of Synchronous and
Induction Machines

A three-phase short circuit on the terminals of a generator has two-fold effects. One,
large disruptive forces are brought into play in the machine itself and the machine
should be designed to withstand these forces. Two, short-circuits should be removed
quickly to limit fault damage and improve stability of the interconnected systems.
The circuit breakers for generator application sense a fault current of high asymme-
try and must be rated to interrupt successfully the short-circuit currents. This is
discussed in Chaps 7 and 8.

According to NEMA [1] specifications a synchronous machine shall be capable
of withstanding, without injury, a 30-sec, three-phase short-circuit at its terminals
when operating at rated kVA and power factor, at 5% overvoltage, with fixed
excitation. With a voltage regulator in service, the allowable duration ¢, in seconds,
is determined from the following equation, where the regulator is designed to pro-
vide a ceiling voltage continuously during a short-circuit:

_ <Nominal field voltage

2
’ 6.1
Exciter ceiling VOltage) x 30 sec 6.0

The generator should also be capable of withstanding without injury any other short-
circuit at its terminals for 30 sec provided that

I3t < 40 for salient-pole machines (6.2)

I3t < 30 for air-cooled cylindrical rotor machines (6.3)

and the maximum current is limited by external means so as not to exceed the three-
phase fault; I, is the negative sequence current due to unsymmetrical faults.

Synchronous generators are major sources of short-circuit currents in power
systems. The fault current depends on:
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180 Chapter 6

1. The instant at which the short-circuit occurs.

2. The load and excitation of the machine immediately before the short-
circuit.

3. The type of short-circuits, i.e., whether three phases or one or more than
one phase and ground are involved.

4. Constructional features of the machine, especially leakage and damping.

5. The interconnecting impedances between generators.

An insight into the physical behavior of the machine during a short-circuit can
be made by considering the theorem of constant flux linkages. For a closed circuit
with resistance r and inductance L, ri+ Ldi/dt must be zero. If resistance is
neglected, L di/dt = 0, i.e., the flux linkage L/ must remain constant. In a generator,
the resistance is small in comparison with the inductance, the field winding is closed
on the exciter, and the stator winding is closed due to the short-circuit. During the
initial couple of cycles following a short-circuit, the flux linkages with these two
windings must remain constant. On a terminal fault, the generated emf acts on a
closed circuit of stator windings and is analogous to an emf being suddenly applied
to an inductive circuit. Dynamically, the situation is more complex, i.e., the lagging
stator current has a demagnetizing effect on the field flux, and there are time con-
stants associated with the penetration of the stator flux and decay of short-circuit
current.

6.1 REACTANCES OF A SYNCHRONOUS MACHINE

The following definitions are applicable.

6.1.1 Leakage Reactance X

The leakage reactance can be defined but cannot be tested. It is the reactance due to
flux setup by armature windings, but not crossing the air gap. It can be divided into
end-winding leakage and slot leakage. A convenient way of picturing the reactances
is to view these in terms of permeances of various magnetic paths in the machine,
which are functions of dimensions of iron and copper circuits and independent of the
flux density or the current loading. The permeances thus calculated can be multiplied
by a factor to consider the flux density and current. For example, the leakage
reactance is mainly given by the slot permeance and the end-coil permeance.

6.1.2 Subtransient Reactance X,

Subtransient reactance equals the leakage reactance plus the reactance due to the flux
setup by stator currents crossing the air gap and penetrating the rotor as far as the
damper windings in a laminated pole machine or as far as the surface damping
currents in a solid pole machine. The subtransient conditions last for one to five
cycles on a 60 Hz basis.

6.1.3 Transient Reactance X,

Transient reactance is the reactance after all damping currents in the rotor surface or
amortisseur windings have decayed, but before the damping currents in the field
winding have decayed. The transient reactance equals the leakage reactance plus
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the reactance due to flux setup by the armature which penetrates the rotor to the field
windings. Transient conditions last for 5 to 200 cycles on a 60 Hz basis.

6.1.4 Synchronous Reactance Xy

Synchronous reactance is the steady-state reactance after all damping currents in the
field windings have decayed. It is the sum of leakage reactance and a fictitious
armature reaction reactance, which is much larger than the leakage reactance.
Ignoring resistance, the per unit synchronous reactance is the ratio of per unit
voltage on an open circuit divided by per unit armature current on a short circuit
for a given field excitation. This gives saturated synchronous reactance. The unsatu-
rated value of the synchronous reactance is given by the per unit voltage on air-gap
open circuit line divided by per unit armature current on short-circuit. If 0.5 per unit
field excitation produces full-load armature current on short-circuit, the saturated
synchronous reactance is 2.0 per unit. The saturated value may be only 60-80% of
the unsaturated value.

6.1.5 Quadrature Axis Reactances X;, Xy, and X|

Quadrature axis reactances are similar to direct axis reactances, except that they
involve the rotor permeance encountered when the stator flux enters one pole tip,
crosses the pole, and leaves the other pole tip. The direct axis permeance is encoun-
tered by the flux crossing the air gap to the center of one pole, then crossing from one
pole to the other pole and entering the stator from that pole. Figure 6-1 shows the
armature reaction components. The total armature reaction F can be divided into
two components, F,q and F,q; F,q is directed across the direct axis and F,q across the
quadrature axis. As these mmfs (magneto-motive forces) act on circuits of different
permeances, the flux produced varies. If damper windings across pole faces are

connected X, is nearly equal to X'

6.1.6 Negative Sequence Reactance X,

The negative sequence reactance is the reactance encountered by a voltage of reverse-
phase sequence applied to the stator, with the machine running. Negative sequence
flux revolves opposite to the rotor and is at twice the system frequency. Negative
sequence reactance is practically equal to the subtransient reactance as the damping
currents in the damper windings or solid pole rotor surface prevent the flux from
penetrating farther. The negative sequence reactance is generally taken as the aver-
age of subtransient direct axis and quadrature axis reactances, Eq. (1.60).

6.1.7 Zero Sequence Reactance X

The zero sequence reactance is the reactance effective when rated frequency currents
enter all three terminals of the machine simultaneously and leave at the neutral of the
machine. It is approximately equal to the leakage reactance of the machine with full-
pitch coils. With two-thirds-pitch stator coils, the zero sequence reactance will be a
fraction of the leakage reactance.
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F, total armature
| reaction
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Quadrature axis

Gap flux produced by F_,

Direct axis

Figure 6-1 Armature reaction components in a synchronous machine in the direct and
quadrature axes.

6.1.8 Potier Reactance X,

Potier reactance is a reactance with numerical value between transient and subtran-
sient reactances. It is used for calculation of field current when open circuit and zero
power factor curves are available. Triangle ABS in Fig. 6-2 is a Potier triangle. As a
result of the different slopes of open circuit and zero power factor curves, A’ B’ in
Fig. 6-2 is slightly larger than AB and the value of reactance obtained from it is
known as the Potier reactance.

6.2 SATURATION OF REACTANCES

Saturation varies with voltage, current, and power factor. For short-circuit calcula-
tions according to ANSI/IEEE methods described in Chap. 7, saturated subtransient
reactance must be considered. The saturation factor is usually applied to transient
and synchronous reactances, though all other reactances change, though slightly,
with saturation. The saturated and unsaturated synchronous reactances are already
defined above. In a typical machine transient reactances may reduce from 5 to 25%
on saturation. Saturated reactance is sometimes called the rated voltage reactance
and is denoted by subscript “v” added to the “d” and “q” subscript axes, i.e., Xg,
and X, denote saturated subtransient reactances in direct and quadrature axes,
respectively.
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Figure 6-2 Open circuit, zero power factor curves, and Potier triangle and reactance.

6.3 TIME CONSTANTS OF SYNCHRONOUS MACHINES

6.3.1 Open Circuit Time Constant Ty,

The open circuit time constant expresses the rate of decay or buildup of field current
when the stator is open circuited and there is zero resistance in the field circuit.
6.3.2 Subtransient Short-Circuit Time Constant T

The subtransient short-circuit time constant expresses the rate of decay of the sub-
transient component of current under a bolted (zero resistance), three-phase short-
circuit at the machine terminals.

6.3.3 Transient Short-Circuit Time Constant Ty

The transient short-circuit time constant expresses the rate of decay of the transient
component of the current under a bolted (zero resistance), three-phase short-circuit
at the machine terminals.

6.3.4 Armature Time Constant T,

The armature time constant expresses the rate of decay of the dc component of the
short-circuit current under the same conditions.

Table 6-1 shows electrical data, reactances, and time constants of a 13.8-kV,
112.1-MVA 0.85 power factor generator.

6.4 SYNCHRONOUS MACHINE BEHAVIOR ON TERMINAL SHORT-
CIRCUIT

The time immediately after a short-circuit can be divided into three periods:
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Table 6-1 Generator Data

Chapter 6

Description Symbol Data
Generator
112.1 MVA, 2-pole, 13.8kV, 0.85PF, 95.285 MW, 4690 A,  0.56

SCR, 235 field V, wye connected
Per unit reactance data, direct axis
Saturated synchronous Xgv 1.949
Unsaturated synchronous Xy 1.949
Saturated transient Xy 0.207
Unsaturated transient X4 0.278
Saturated subtransient X4, 0.164
Unsaturated subtransient Xy 0.193
Saturated negative sequence Xoy 0.137
Unsaturated negative sequence Xop 0.185
Saturated zero sequence Xoy 0.092
Leakage reactance, overexcited Xot 0.111
Leakage reactance, underexcited Xim.0xE 0.164
Per unit reactance data, quadrature axis
Saturated synchronous Xov 1.858
Unsaturated synchronous Xy 1.858
Unsaturated transient Xc; 0.434
Saturated subtransient Xov 0.140
Unsaturated subtransient X 0.192
Field time constant data, direct axis
Open circuit T4 5.615
Three-phase short-circuit transient T4 0.597
Line-to-line short-circuit transient T4 0.927
Line-to-neutral short-circuit transient T4 1.124
Short-circuit subtransient Ty 0.015
Open circuit subtransient Ty 0.022
Field time constant data quadrature axis
Open circuit Tyo 0.451
Three-phase short-circuit transient Tq’ 0.451
Short-circuit subtransient T, 0.015
Open circuit subtransient Ty 0.046
Armature dc component time constant data
Three-phase short-circuit T3 0.330
Line-to-line short-circuit Ty 0.330
Line-to-neutral short-circuit T, 0.294
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e The subtransient period lasting from 1 to 5 cycles.

e The transient period which may last up to 100 cycles or more.

e The final or steady-state period. Normally, the generator will be removed
from service by protective relaying, much before the steady-state period is
reached.

In the subtransient period the conditions can be represented by the flux linking
the stator and rotor windings. Any sudden change in the load or power factor of a
generator produces changes in the mmfs, both in direct and quadrature axes. A
terminal three-phase short-circuit is a large disturbance. At the moment of short-
circuit the flux linking the stator from the rotor is trapped to the stator, giving a
stationary replica of the main-pole flux. The rotor poles may be in a position of
maximum or minimum flux linkage, and as these rotate, the flux linkages tend to
change. This is counteracted by a current in the stator windings. The short-circuit
current is, therefore, dependent on rotor angle. As the energy stored can be consid-
ered as a function of armature and field linkages, the torque fluctuates and reverses
cyclically. The dc component giving rise to asymmetry is caused by the flux trapped
in the stator windings at the instant of short-circuit, which sets up a dc transient in
the armature circuit. This dc component establishes a component field in the air gap
which is stationary in space, and which, therefore, induces a fundamental frequency
voltage and current in the synchronously revolving rotor circuits. Thus, an increase
in the stator current is followed by an increase in the field current. The field flux has
superimposed on it a new flux pulsating with respect to field windings at normal
machine frequency. The single-phase induced current in the field can be resolved into
two components, one stationary with respect to the stator which counteracts the dc
component of the stator current, and the other component travels at twice the
synchronous speed with respect to the stator and induces a second harmonic in it.

The armature and field are linked through the magnetic circuit, and the ac
component of lagging current creates a demagnetizing effect. However, some time
must elapse before it starts becoming effective in reducing the field current and the
steady-state current is reached. The protective relays will normally operate to open
the generator breaker and simultaneously the field circuit for suppression of gener-
ated voltage.

The above is rather an oversimplification of the transient phenomena in the
machine on short-circuit. In practice, a generator will be connected in an intercon-
nected system. The machine terminal voltage, rotor angle, and frequency all change
depending on the location of the fault in the network, the network impedance, and
the machine parameters. The machine output power will be affected by the change in
the rotor winding emf and the rotor position in addition to any changes in the
impedance seen at the machine terminals. For a terminal fault the voltage at the
machine terminals is zero and, therefore, power supplied by the machine to load
reduces to zero, while the prime mover output cannot change suddenly. Thus, the
generator accelerates. In a multimachine system with interconnecting impedances,
the speeds of all machines change, so that these generate their share of synchronizing
power in the overall impact, as these strive to reach a mean retardation through
oscillations due to stored energy in the rotating masses.

In a dynamic simulation of a short-circuit, the following may be considered:

e Network before, during, and after the short-circuit.
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Induction motors’ dynamic modeling, with zero excitation.
Synchronous machine dynamic modeling, considering saturation.
Modeling of excitation systems.

Turbine and governor models.

Figure 6-3 shows the transients in an interconnected system on a three-phase short-
circuit lasting for five cycles. Figure 6-3(a) shows the torque angle swings of two
generators which are stable after the fault, Fig. 6-3(b) shows speed transients, and
Fig. 6-3 (c) shows the field voltage response of a high-response excitation system. A
system having an excitation system voltage response of 0.1 sec or less is defined as the
high-response excitation system [2]. The excitation systems may not affect the first
cycle momentary currents, but are of consideration for interrupting duty and 30
cycle currents. The reactive and active power transients are shown in Figs 6-3(d)
and (e), respectively. The voltage dip and recovery characteristics are shown in Fig.
6-3(f). A fault voltage dip of more than 60% occurs. Though the generators are
stable after the fault removal, the large voltage dip can precipitate shutdown of
consumer loads, i.e., the magnetic contactors in motor controllers can drop out
during the first-cycle voltage dip. This is of major consideration in continuous pro-
cess plants. Figure 6-3 is based on system transient stability study. Transient analysis
programs such as EMTP [3] can be used for dynamic simulation of the short-circuit
currents.

For practical calculations, the dynamic simulations of short-circuit currents are
rarely carried out. The generator is replaced with an equivalent circuit of voltage and
certain impedances intended to represent the worst conditions, after the fault (Chap.
7). The speed change is ignored. The excitation is assumed to be constant, and the
generator load is ignored. That this procedure is safe and conservative has been
established in the industry by years of applications, testing, and experience.

6.4.1 Equivalent Circuits During Fault

Figure 6-4 shows an envelope of decaying ac component of the short-circuit current
wave, neglecting the dc component. The extrapolation of the current envelope to
zero time gives the peak current. Note that, immediately after the fault, the current
decays rapidly and then more slowly.

Transformer equivalent circuits of a salient pole synchronous machine in the
direct and quadrature axis at the instant of short-circuit and during subsequent time
delays helps to derive the short-circuit current equations and explain the decaying ac
component of Fig. 6-4. Based on the above discussions these circuits are shown in
Fig. 6-5 in the subtransient, transient, and steady-state periods. As the flux pene-
trates into the rotor, and the currents die down, it is equivalent to opening a circuit
element, i.e., from subtransient to transient state, the damper circuits are opened.

The direct axis subtransient reactance is given by

1
xj =X+ 6.4
N X+ UK+ 1K 9
where X,q4 is the reactance corresponding to the fundamental space wave of the
armature in the direct axis, X is the reactance of the field windings, X4 that of
the damper windings in the direct axis, and X is the leakage reactance. X, and X4
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are also akin to leakage reactances. Similarly, the quadrature axis subtransient reac-
tance is given by

1
"

Xy =X+ /X + 1/ X (6.5)
where X,q is the reactance corresponding to the fundamental space wave in the
quadrature axis, the Xyq is the reactance of the damper winding in the quadrature
axis; X is identical in the direct and quadrature axes. The quadrature axis rotor
circuit does not carry a field winding, and this circuit is composed of damper bars or
rotor iron in the interpolar axis of a cylindrical rotor machine.

The direct axis and quadrature axis short-circuit time constants associated with
decay of the subtransient component of the current are

b 1 Xaa X1 X) i|
Ty =— & + X 6.6
¢ wrp |:Xade+XfX1+XadX1 . ©6)
=L [ Kty (6.7)
4 a)rQ X +Xl kq ’

where rp and rq are resistances of the damper windings in the direct and quadrature
axis, respectively. When the flux has penetrated the air gap, the effect of the eddy
currents in the pole face cease after a few cycles given by short-circuit subtransient
time constants. The resistance of the damper circuit is much higher than that of the
field windings. This amounts to opening of the damper winding circuits, and the
direct axis and quadrature axis transient reactances are given by

/ 1 Xaa Xr
X =X+ = a + X 6.8
T X 1K [Xf + Xug l] ©®
Xo =X+ Xy (6.9)
The direct axis transient time constant associated with this decay is
1 XX
Ti=—|- 1, 6.10
¢ wre [Xad + X ' ( )

where rp is the resistance of the field windings.

Finally, when the currents in the field winding have also died down, given by
the transient short-circuit time constant, the steady-state short-circuit current is
given by the synchronous reactance:

X=X+ X (6.11)
Xy =X+ Xyq (6.12)

/

Equations (6.9) and (6.12) show that X, q’ is equal to X,. The relative values of X', X,
and X, depend on machine construction. For cylindrical rotor machines, X, > Xj.
Sometimes one or two damper windings are modeled in the ¢ axis.

Reverting to Fig. 6-4, the direct axis transient reactance determines the initial
value of the symmetrical transient envelope and the direct axis short-circuit time
constant T, determines the decay of this envelope. The direct axis time constant
T4 is the time required by the transient envelope to decay to a point where the
difference between it and the steady-state envelope GH is 1/e(= 0.368) of the
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Figure 6-4 Decaying ac component of the short-circuit current, and subtransient, transient,

and steady-state currents.

initial difference GA. A similar explanation applies to decay of the subtransient

component in Fig. 6-4.

6.4.2 Fault-Decrement Curve

Based on Fig. 6-4, the expression for a decaying ac component of the short-circuit

current of a generator can be written as

i, = Decaying subtransient component + decaying transient component

+ steady-state component
= (i — ie™" ™ + (i — e + iy
The subtransient current is given by
. _E”

lg =
X/
d

(6.13)

(6.14)

where E” is the generator internal voltage behind subtransient reactance:

E"=V,+ X{sin¢

(6.15)

where V, is the generator terminal voltage, and ¢ is the load power factor angle,

prior to fault.
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Figure 6-5 Equivalent transformer circuits of a synchronous generator during subtransient,
transient, and steady-state periods, after a terminal fault.

Similarly, the transient component of the current is given by

E/
=5 (6.16)
d

where E’ is the generator internal voltage behind transient reactance:
E' =V, + Xising (6.17)

The steady-state component is given by

_
iy =22 <’—F> (6.18)
Xd IFg
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where i is the field current at given load conditions (when regulator action is taken
into account) and ig, is the field current at no-load rated voltage.
The dc component is given by

ige = ~2ife”T (6.19)
where T, is the armature short-circuit time constant, given by
1[2Xx4X]
= 6.20
T wr |:Xd”+XG;’ (020

where r is the stator resistance.
The open circuit time constant describes the decay of the field transient; the
field circuit is closed and the armature circuit is open:

1 Xaa X
T =— |42 4, 6.21
do = o [ X+ X; + Akd (6.21)
and the quadrature axis subtransient open circuit time constant is
po_ 1
qu = —,(Xaq + qu) (622)
(,()IQ
The open circuit direct axis transient time constant is
, 1
Tho = —[Xaa + X7l (6.23)
wry
The short-circuit direct axis transient time constant can be expressed as
X X
Ti=Ti, [—d} = Ty 2 (6.24)
(Xaa + X1) X4

It may be observed that the resistances have been neglected in the above
expressions. In fact these can be included, i.e., the subtransient current is

"
v E

i =———; 6.25
d ’,D + XC{/ ( )

where rp is defined as the resistance of the armortisseur windings on salient pole
machines and analogous body of cylindrical rotor machines. Similarly, the transient
current is

. E’
= 6.26
T X (6.26)
Example 6.1

Consider a 13.8-kV, 100-MVA 0.85 power factor generator. Its rated full-load cur-
rent is 4184 A. Other data are:

Saturated subtransient reactance Xg, = 0.15 per unit
Saturated transient reactance Xg, = 0.2 per unit
Synchronous reactance Xy = 2.0 per unit
Field current at rated load i; = 3 per unit
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Field current at no-load rated voltage ir, = 1 per unit
Subtransient short-circuit time constant 7y = 0.012 sec
Transient short-circuit time constant Ty = 0.35 sec
Armature short-circuit time constant 7, = 0.15 sec
Effective resistance™ = 0.0012 per unit
Quadrature axis synchronous reactance® = 1.8 per unit

A three-phase short-circuit occurs at the terminals of the generator, when it is
operating at its rated load and power factor. It is required to construct a fault
decrement curve of the generator for: (1) the ac component, (2) dc component,
and (3) total current. Data marked with an asterisk are intended for Example 6.5.

From Eq. (6.15) the voltage behind subtransient reactance at the generator
rated voltage, load, and power factor is

E"=V+ X{sing =1+ (0.15)(0.527) = 1.079 PU
From Eq. (6.14) the subtransient component of the current is

E" 1.079
i = =— it = 30.10 kA
iy X7 =015 per uni

Similarly, from Eq. (6.17), E’, the voltage behind transient reactance is 1.1054 per
unit and, from Eq. (6.16), the transient component of the current is 23.12 kA.
From Eq. (6.18) current iy at constant excitation is 2.09 kA rms. For a ratio of
ir/ipg = 3, current iy = 6.28 kA rms. Therefore, the following equations can be writ-
ten for the ac component of the current:
with constant excitation:

fe = 6.98¢770012 4 20,0367/ £ 2.09kA
with full-load excitation:
ipe = 6.98¢7 70012 4 16.84¢7"/%5 1 6.28 KA

The ac decaying component of the current can be plotted from these two equations,
with the lowest value of ¢ = 0.01-1000 sec. This is shown in Fig. 6-6. The dc com-
ponent is given by Eq. (6.19):

ige = V2if e T = 42,5770 P kA

This is also shown in Fig. 6-6. At any instant, the total current is

iz + i3 kA rms

The fault decrement curves are shown in Fig. 6-6. Short-circuit current with
constant excitation is 50% of the generator full-load current. This can occur for a
stuck voltage regulator condition. Though this current is lower than the generator
full-load current, it cannot be allowed to be sustained. Voltage restraint or voltage-
controlled overcurrent generator backup relays (ANSI/IEEE device number 51V) or
distance relays (device 21) are set to pick up on this current. The generator fault
decrement curve is often required for appropriate setting and co-ordination of these
relays with the system relays.
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Figure 6-6 Calculated fault decrement curves of generator (Example 6.1).

6.5 CIRCUIT EQUATIONS OF UNIT MACHINES

The behavior of machines can be analyzed in terms of circuit theory, which makes it
useful not only for steady-state performance but also for transients like short-cir-
cuits. The circuit of machines can be simplified in terms of coils on the stationary
(stator) and rotating (rotor) parts and these coils interact with each other according
to fundamental electromagnetic laws. The circuit of a unit machine can be derived
from consideration of generation of emf in coupled coils due to (1) transformer emf,
also called pulsation emf, and (2) the emf of rotation.
Consider two magnetically coupled, stationary, coaxial coils as shown in Fig.

6-7. Let the applied voltages be v; and v, and the currents i; and i, respectively. This
is, in fact, the circuit of a two-winding transformer, the primary and secondary being
represented by single-turn coils. The current in the primary coil (any coil can be

called a primary coil) sets up a total flux linkage ®;; Change of current in this coil
induces an emf given by

e = -

do do,, di di .
d[ll _ dilll 'd_;: _ “d_tlz —L,,pi; (6.27)
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Figure 6-7 Representation of magnetically coupled coils of a two-winding transformer.

where L;; = —d®,;/di; is the total primary self-inductance and the operator
p =d/de. If @, is the leakage flux and &, is the flux linking with the secondary
coil, then the variation of current in the primary coil induces in the secondary coil an

emf:
do d®,, di di )
en = _le =- di:z d_tl = —led—tl = —Lypiy (6.28)
where L, = —d®,/di; is the mutual inductance of the primary coil winding with

the secondary coil winding. Similar equations apply for the secondary coil winding.
All the flux produced by the primary coil winding does not link with the secondary.
The leakage inductance associated with the windings can be accounted for as

Lyy=Lp+L (6.29)
Ly = Loy + L, (6.30)

The mutual inductance between coils can be written as:

Ly =Ly =L, =[(Ljy — L)Ly — Ly) = ky/Ly 1 Ly, (6.31)
Thus, the equations of a unit transformer are

vy = iy + (Ly + Ly)pi; + Lypiy

vy =1yl + (L + Lo)piy + Linpiy
Or in the matrix form:

ry+ (L + Ly)p Lyp
me r + (L2 + Lm)p

Iy
Iy

va
Up

(6.32)

If the magnetic axis of the coupled coils are at right angles, no mutually induced
pulsation or transformer emf can be produced by variation of currents in either of
the windings. However, if the coils are free to move, the coils with magnetic axes at
right angles have an emf of rotation, e,, induced when the winding it represents
rotates:

e, = w,d (6.33)
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where w;, is the angular speed of rotation and @ is the flux. This emf is a maximum
when the two coils are at right angles to each other and zero when these are copha-
sial.

To summarize, a pulsation emf is developed in two coaxial coils and there is no
rotational emf. Conversely, a rotational emf is developed in two coils at right angles,
but no pulsation emf. If the relative motion is at an angle 6, the emf of rotation is
multiplied by sin 6:

e, = w,Psind (6.34)

The equations of a unit machine may be constructed based on the above simple
derivation of emf production in coils. Consider a machine with direct and quadra-
ture axis coils as shown in Fig. 6-8. Note that the armature is shown rotating and has
two coils D and Q at right angles in the d—g axes. The field winding F and the
damper winding KD are shown stationary in the direct axis. All coils are single turn
coils. In the direct axis there are three mutual inductances, i.e., of D with KD, KD
with F, and F with D. A simplification is to consider these equal to inductance L.
Each coil has a leakage inductance of its own. Consequently, the total inductances of
the coils are

Coil D: (Ld =+ Lad)
Coil KD: (Lkd =+ Lad)
Coil F: (L¢ + Lyg) (6.35)
The mutual linkage with armature coil D when all three coils carry currents is
Dy = Lyg(ip + ip + i) (6.36)

where ig, ip, and iy are the currents in the field, damper, and direct axis coils.
Similarly, in the quadrature axis:

Dy = Ly (iy + i) (6.37)

The emf equations in each of the coils can be written on the basis of these observa-
tions.

Field coil: no g-axis circuit will affect its flux, nor do any rotational voltages
appear. The applied voltage vy is:

vp = rip + (Lag + L)pip + LagPip + LagpPia (6.38)
Stator coil KD is located similarly to coil F:
vp = rpip + (Lag + Lxa)Pip + LaaPir + Laapiy (6.39)

Coil KQ has no rotational emf, but will be affected magnetically by any current i in
coil Q:

vq = rqiq + (Lag + Lig)Piq + LagPiq (6.40)
Armature coils D and Q have the additional property of inducing rotational emf:

Vg = rdid + (Lad + Ld)pid + Ladpif + LadpiD + LaqwriQ + (Laq + Lq)wriq
(6.41)
vq = Iqlq + (LaqgLo)Piq + LagPiq — Lagwrip — Lagwiip — (Lag + La)oxiy  (6.42)
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Figure 6-8 (a) Development of the circuit of a unit machine; (b) flux linkages in the direct
and quadrature axes’ coils.
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These equations can be written in a matrix form:

Up re+ (Lag + Le)p Laap Loap Ip
Up Laap D + (Lag + Lia)P Laap ip
vQ | = rq + (Lag + Lig)P Lygp ig
UVd Ladp Ludp Laqwr rq+ (Lud + Ld)p (Laq + Lq)‘()r id
Uq —Lygo; —Lyqo; Laqp —(Lag + L) rq+ (Laqu » iq
(6.43)

6.6 PARK’S TRANSFORMATION

Park’s transformation [4,5] greatly simplifies the mathematical model of synchro-
nous machines. It describes a new set of variables, such as currents, voltages, and flux
linkages, obtained by transformation of the actual (stator) variables in three axes: 0,
d, and ¢q. The d and ¢ axes are already defined, the 0 axis is a stationary axis.

6.6.1 Reactance Matrix of a Synchronous Machine

Consider the normal construction of a three-phase synchronous machine, with three-
phase stationary ac windings on the stator, and the field and damper windings on the
rotor (Fig. 6-9). The stator inductances vary, depending on the relative position of
the stator and rotor. Consider that the field winding is cophasial with the direct axis
and also that the direct axis carries a damper winding. The ¢ axis also has a damper
winding. The phase windings are distributed, but are represented by single turn coils
aa, bb, and cc in Fig. 6-9. The field flux is directed along the d axis and, therefore, the
machine-generated voltage is at right angles to it, along the ¢ axis. For generator
action the generated voltage vector E leads the terminal voltage vector ' by an angle

q-axis

\
) \ Rotation

d-axis

Reference
axis

Figure 6-9 Representation of d—q axes, reference axes, and windings in a synchronous
machine.
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8, and from basic machine theory we know that § is the torque angle. At ¢ = 0, the
voltage vector V is located along the axis of phase a, which is the reference axis in
Fig. 6-9. The ¢ axis is at an angle § and the d axis is at an angle § 4+ 7/2. For ¢t > 0,
the reference axis is at an angle w,f with respect to the axis of phase a. The d axis of
the rotor is, therefore, at

0=owit+38+m/2 (6.44)

For synchronous operation w, = w, = constant.

Consider phase a inductance, it is a combination of its own self-inductance L.,
and its mutual inductances L,, and L. with phases b and c. All three inductances
vary with the relative position of the rotor with respect to the stator because of
saliency of the air gap. When the axis of phase a coincides with the direct axis
(Fig 6.9), i.e., 6 = 0 or m, the resulting flux of coil aa is maximum in the horizontal
direction and its self-inductance is a maximum. When at right angles to the d axis,
6 = /2 or 3m/2 its inductance is a minimum. Thus, L,, fluctuates twice per revolu-
tion and can be expressed as

L,,=Li+ L,cos20 (6.45)
Similarly, self-inductance of phase b is maximum at 6 = 2r/3 and of phase c at
0= —2m/3:

Ly, = Ly + Ly cos 2(9 - 29 (6.46)

Lo = Ly + Ly, cos 2(9 + 2%) (6.47)

Phase-to-phase mutual inductances are also a function of 6; L, is negative and
is maximum at 6 = —x/6. This can be explained as follows: for the direction of
currents shown in coils aa and bb, L., is negative. When the angle is —n/3, the
current in the phase b coil generates the maximum flux, but the linkage with the
phase a coil is better when the angle is zero degrees. However, at this angle the flux is
reduced. The maximum flux linkage can be considered to take place at an angle
which is an average of these two angles, i.e., 7/6:

Ly =— [Ms + L, cos 2(9 n g)] (6.48)
Ly = —[MS 4 L, cos 2(9 - g)] (6.49)
L, = —[MS + L, cos 2(9 + 5%)] (6.50)

Stator-to-rotor mutual inductances are the inductances between stator wind-
ings and field windings, between stator windings and direct axis damper windings,
and between stator windings and quadrature axis damper windings. These reactances
are:

From stator phase windings to field windings

L,rp = Mgcos® (6.51)
LbF = MF COS(@ — 27'[/3) (652)
L.p = Mg cos(0 + 27/3) (6.53)
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From stator phase windings to direct axis damper windings

L,p = Mpcos6 (6.54)

Lyp = Mp cos(6 — 2r/3) (6.55)

L.p = Mpcos(0 + 27/3) (6.56)
From stator phase windings to damper windings in the quadrature axis

Lyg = Mgsinf (6.57)

Lpg = Mg sin(® — 2m/3) (6.58)

Lyq = Mg sin(6 + 27/3) (6.59)

The rotor self-inductances are: Lg, Lp, and Lg. The mutual inductances are

The mutual inductance between field windings and direct axis damper windings are
constant and do not vary. Also, the d and ¢ axes are displaced by 90° and the mutual
inductances between the field and direct axis damper windings and quadrature axis
damper windings are zero.

The inductance matrix can therefore be written as

L= ‘ I_:aa I_:aR

LRa LRR

(6.61)

where L,, is a stator-to-stator inductance matrix:

L,=|-M;—L,cos2(0+mn/6) Lg+L,cos2(0—2rx/3) —M;—1L,cos2(0—m/2)
—M;— L, cos2(0+ 57/6) —M;— L, cos2(0—m/2) Ly+ L, cos2(0+ 2n/3)

(6.62)

) ‘ L+ L, cos26 —M,— L, cos2(0+m/6) —M,— L, cos2(6 -+ 5t/6)

L,r = Lg, is the stator to-rotor inductance matrix:

. . My cos O Mpcosb Mg sin @
L, = Ly, = | Mgcos(0 — 2m/3) Mpcos(0 —2m/3) Mg sin(6 — 2m/3)
Mg cos(0+2m/3) Mpcos(0+2m/3) Mg sin(0 + 27/3)

(6.63)
Lgg is the rotor-to-rotor inductance matrix
) Ly My O
Lpr=|Mr Lp O (6.64)
0 0 Lg

The inductance matrix of Eq. (6.61) shows that the inductances vary with the angle 6.
By referring the stator quantities to rotating rotor dq axes through Park’s transfor-
mation, this dependence on 6 is removed and a constant reactance matrix emerges.

6.6.2 Transformation of Reactance Matrix

Park’s transformation describes a new set of variables, such as currents, voltages,
and flux linkages in Odg axes. The stator parameters are transferred to the rotor
parameters. For the currents this transformation is
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1 1 1
io V2 V2 V2 iy
g | = \/2 cosf cos(@ — 21) cos(@ + 2f) Iy (6.65)
i 3 3 3 i
q . . b/ . T (¢
sinf  sin (0 -2 §) sin (9 +2 5)
Using matrix notation:
i_Odq = Pl?abc (6.66)
Similarly,
Todg = Plabe (6.67)
):Odq = P):abc (6.68)

where A is the flux linkage vector. The a—b—c currents in the stator windings produce
a synchronously rotating field, stationary with respect to the rotor. This rotating
field can be produced by constant currents in the fictitious rotating coils in the dg

axes; P is nonsingular and P~' = P":

cos o sin @

V2

_ _ 1 2 2

P l=p = \/g 7 cos(e - g) sin(& - TJT) (6.69)
L cos| 6 + 2—7-[ sin( 6 + 2—n
2 3 3

To transform the stator-based variables into rotor-based variables, define a matrix as

follows:
i i,
lq S
g | _ [P Ol | _ pr 6.70
IF ’0 1| ik ! (6.70)
in i
iq Iq

where 1 is a 3 x 3 unity matrix and 0 is a 3 x 3 zero matrix. The original rotor
quantities are left unchanged. The time-varying inductances can be simplified by
referring all quantities to the rotor frame of reference:

ot || B 0| R || B 0| L L ||P O[|P 0| i
)"FDQ 0 1 )\-FDQ 0 1 LRa LRR 0 1 0 1 lFDQ
6.71
This transformation gives (6.71)
)\.0 LO 0 0 0 0 0 Iy
)\d 0 Ld 0 kMF kMD 0 lq
A 0 0 L 0 0 kM || i
q | — q q q
| =10 kMg 0 Le Mg 0 |li (6.72)
)LD 0 kMD 0 MR LD 0 Ip
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Define:
3
Ld = Ls +Ms +§Lm
3
Ly=L,+M,~3Ly
Ly =L, —2M,
3
k=[2
2

Chapter 6

(6.73)

(6.74)

(6.75)

(6.76)

The inductance matrix is sparse, symmetric, and constant. It decouples the 0dg axes

as will be illustrated further.

6.7 PARK’S VOLTAGE EQUATION

The voltage equation [4,5] in terms of current and flux linkages is

__ dx
v=—Ri—— 6.77
v i T (6.77)
or
U, r 0 0 0 0 0]l Aa
Up 0O r O 0 0 0 ib )‘b
vl |00 1 0 0 0| difa
ve | =100 0 re 0 0|i| dr| A (6.78)
Up 0 0 0 O p 0 iD )‘D
This can be partitioned as
Tave | _ | 7 || dave | _ 92| Rae (6.79)
UFDQ 'eDQ || iFDQ | df|AFDQ
The transformation is given by
- - d - -
B oy = —RB iy — $(B*‘AB) (6.80)
where
13 (_) = i—abc lTodq T = )"_abc )‘_'Odq -
- - | =838, T = |5 =Ip, - = |- = /B>
0 1 IFDQ IFDQ AFDQ AFDQ
B _17abc _ _170dq 5
VFDQ UFDQ
(6.81)
Equation (6.80) can be written as
o ~d - .-
vg = —BRB™' — Ba(B_IAB) (6.82)
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First evaluate:

- 5 alldP - _dp'
_dB™" [P 0
B =_-‘ o ’l="aw °
do 0 1 _ - - _
0 0 0 0
where, it can be shown that
51 0 0 0
Pdge =0 0 1
0 -1 0
As we can write:
dB~' dB' do
dr — de dr
0 00 0 0 O
B 01 0 0 O
BdB*I_o 100 0 0
do |0 00 0 0O
0 00 0 0 O
0 00 0 0 O
The voltage equation becomes:
0
Aq _
- s do| =)y dig
=R =gl 0 | T ar
0
0

203

(6.83)

(6.84)

(6.85)

(6.86)

(6.87)

When the shaft rotation is uniform df/dz is a constant and Eq. (6.87) is linear and

time invariant.

6.8 CIRCUIT MODEL OF SYNCHRONOUS MACHINES

From the above treatment, the following decoupled voltage equations can be writ-

ten:

Zero sequence

. dag
Vo = rio =g
Direct axis
. de drg
T
. dap
V=g
da
Up = rDiD + TZD =0
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Quadrature axis

o de. dag
Vg = —Fig —l——dtk v

_dag
UQ:FQIQ-F?:O

The decoupled equations relating to flux linkages and currents are:

Zero sequence
ro = Loy

Direct axis

Aq — q

This decoupling is shown in equivalent circuits in Fig. 6-10:

6.9 CALCULATION PROCEDURE AND EXAMPLES

There are three steps involved:

Chapter 6

(6.92)

(6.93)

(6.94)

(6.95)

(6.96)

1. The problem is normally defined in stator parameters, which are of inter-

est. These are transformed into Odg axes variables.

2. The problem is solved in Odg axes, parameters, using Laplace transform

or other means.

3. The results are transformed back to a—b—c variables of interest.

These three steps are inherent in any calculation using transformations. For simpler

problems it may be advantageous to solve directly in stator parameters.

Example 6.2

Calculate the time variation of the direct axis, quadrature axis voltages, and field
current, when a step function of field voltage is suddenly applied to a generator at no

load. Neglect damper circuits.
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Zero
Sequence

Figure 6-10 Synchronous generator decoupled circuits in d—q axes.

As the generator is operating without load, iyp. = ipgq = 0. Therefore, from Eqs
(6.94)—(6.96):

From Eqs (6.88)—(6.92):
Vg = 0

dig dig

Vg = — dr —_kMFE

. dip
vp = rplp + Lp qr

’Uq = Cl)o)\.d = a)ole:iF

Therefore, as expected, the time variation of field current is

1 .
ii=—(1 — e(—'r/LF)l)
re
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The direct axis and quadrature axis voltages are given by

_ KMy sy
Ly
(I)kMF

I'e

Vg =

Vg = (1— e*("f/Ll—‘)t)

The phase voltages can be calculated using Park’s transformation.

Example 6.3

A generator is operating with balanced positive sequence voltage of
v, = V2|V |cos(wpt + LV)

across its terminals. The generator rotor is described by

6=+ +9

Find vy, v4, and vg,
This is a simple case of transformation using (6.65):

% ﬁ %f cos(wot + /V)

2
2 2 2w
ZZ _2[V]|cos@ cos<9—?n> cos<9+?ﬂ> Cos<w01~|—1V—3>
V3
v . . 2 . 2 47
4 sinf sin(6—-2) sin 9+—ﬂ COS(G)OH-ZV——)
3 3 3
A solution of this equation gives

vy = V3|V |sin[(wy — @)t + LV — 6]

(6.97)
v = V3|V cos[(wy — w))t + LV — 5]
These relations apply equally well to derivation of ig, iy, Aq, and Aq.
For synchronous operation w; = w, and the equations reduce to
vg = V3|V |cos(/V —8)
(6.98)

vg = 3|V ]sin(/V —8)

Note that vy and v4 are now constant and do not have the slip frequency term
w) — wy. We can write:

Vg +jvq = V3V e = 3V, (6.99)
Therefore, V, can be written as
D, . .
V, = (7‘5 + j%)ﬂ = (Vy +jVg)e" (6.100)
where
Vq =vq/v3 and V4 = v4/v/3 (6.101)

This is shown in the phasor diagram of Fig. 6-11.
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Imagina{y axis

daxis -

5
™, Vq(.’J

Real axis

Figure 6-11 Vector diagram illustrating relationship of direct axes and quadrature axes’
voltages to the terminal voltage.

We can write these equations in the following form:

'ReVal | coss —siné ‘Vq

ImV,| |sind cosé || Vq (6.102)
‘ Vo| | coss sing ‘ Re V, '
Vil | —sind coss||ImV,

Example 6.4

Steady-State Model of Synchronous Generator

Derive a steady-state model of a synchronous generator and its phasor diagram.
In the steady state all the currents and flux linkages are constant. Also iy = 0
and rotor damper currents are zero. Equations (6.89)—(6.94) reduce to

Vg = —Fig — Wohq
Vg = —rig + wohq (6.103)
vp = relp

where
Ag = Lyig + kMgi;
Ap = kM;ig + Lgic (6.104)
rq = Lyiq

Substitute values of 14 and 4 from Eq. (6.104) to Eq. (6.103); then, from Example
6.3 and then from Eqs (6.100) and (6.101), we can write the following equation:

. . . 1 .
Vi = —r(Iy +jlg)e” + wyLalge™ — joyLyle” + 7§woMFifeﬂS
where iy = \/§Id and iq = ﬁlq.
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Define:
V2E = wyMyice” (6.105)

This is the no load voltage or the open circuit voltage with generator current = 0.
We can then write:

E = Vy+rl, +jXqlee” + jX I,e” (6.106)

The phasor diagram is shown in Fig. 6-12(a). The open circuit voltage on no load is a
g-axis quantity and is equal to the terminal voltage.

As the components /4 and I, are not initially known, the phasor diagram is
constructed by first laying out the terminal voltage V, and line current 7, at the
correct phase angle ¢, then adding the resistance drop and reactance drop IX,. At
the end of this vector the quadrature axis is located. Now the current is resolved into
direct axis and quadrature axis components. This allows the construction of vectors
I,Xy and I3 Xy. This is shown in Fig. 6-12(b).

d-axis g-axis
[N

(b)

Figure 6-12 (a) Phasor diagram of a synchronous generator operating at lagging power
factor; (b) to illustrate the construction of phasor diagram from known stator parameters.

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



Short-Circuit of Synchronous and Induction Machines 209

Example 6.5

Consider the generator data of Example 6.1. Calculate the direct and quadrature axis
components of the currents and voltages and machine voltage £ when the generator
is delivering its full-load rated current at its rated voltage. Also calculate all the
angles shown in the phasor diagram, Fig. 6-12(a). If this generator is connected to
an infinite bus through an impedance of 0.01 4 ;0.1 per unit (100 MVA base), what is
the voltage of the infinite bus?

The generator operates at a power factor of 0.85 at its rated voltage of 1.0 per
unit. Therefore, ¢ = 31.8°. The generator full-load current is 4183.8 A = 1.0 per unit.
The terminal voltage vector can be drawn to scale, the Ir drop (= 0.0012 per unit) is
added, and the vector /X, = 1.8 per unit is drawn to locate the ¢ axis. Current I can
be resolved into direct axis and quadrature axis components, and the phasor diagram
is completed as shown in Fig. 6-12(b) and the values of Vg, 14, V4, I, and E are read
from it. The analytical solution is as follows:

The load current is resolved into active and reactive components 7, = 0.85 per
unit and 7, = 0.527 per unit, respectively. Then, from the geometric construction
shown in Fig. 6-13:

L Xl+rl,
(5 B ﬁ) = tan (Va ;rlr - Xq[‘r)
! ((L8)(0-85) +(0.0012)(0.527)
- (1 + (0.0012)(0.85) + (1.8)(0.527)

(6.107)

) = 38.14°

Note that the resistance from the above calculation can even be ignored without an
appreciable error. Thus, (8§ — 8+ ¢) = 69.93°; this is the angle of the current vector
with the ¢ axis. Therefore,

Iy = 1,c08(86 — B — ¢) = 0.343 pu, iy = 0.594 pu

Iy =—1I,sin(6 — B— ¢) = —0.939pu, iy = —1.626 pu

Vyq=Vacos(d — B) = 0.786 pu, vy = 1.361 pu

Vqy=—V,sin(§ — ) = —0.618 pu, vg = 1.070 pu
The machine generated voltage is

E=V,+rly— Xqlqg = 2.66pu

d-axis
&

Figure 6-13 Phasor diagram of the synchronous generator for Example 6.5.
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The infinite bus voltage is simply the machine terminal voltage less the IZ drop
subtracted vectorially:

Vi =V, /0° —1,/31.8°2/84.3° = 0.94/ — 4.8°

The infinite bus voltage lags the machine voltage by 4.8°. Practically, the infinite bus
voltage will be held constant and the generator voltage changes, depending on the
system impedance and generator output.

Example 6.6
Symetrical Short-Circuit of a Generator at No Load

Derive the short-circuit equations of a synchronous generator for a balanced three-

phase short-circuit at its terminals. Ignore damper circuit and resistances and neglect

the change in speed during short-circuit. Prior to short-circuit the generator is oper-

ating at no load. Ignoring the damper circuit means that the subtransient effects are

ignored. As the generator is operating at no load, iype = ioaq = 0, prior to the fault.
From Eqs (6.89)—(6.94):

Zero sequence

vg=—Ly— =0
0 04y
Direct axis
dig
Vq = _(,()())\.q —wzo
dAp
vp = ——
= dr
Quadrature axis
dig
Uq = wo)\d — E =0

The flux linkages can be expressed in terms of currents by using Eqs (6.95) and
(6.96):

di di
woLyiq + de—f + kMFd—tf =0
diy di;
= kMp—S 4 Lp——
ur Far T

di
—a)oLdid — wokMFif + Lq d—;l = 0
These equations can be solved using Laplace transformation. The initial con-
ditions must be considered. In Example 6.4, we demonstrated that at no load, prior
to fault, the terminal voltage is equal to the generated voltage and this voltage is

\/EE = Cl)oM]: l']:ej(S

and this is a quadrature axis quantity. Also, vq4 = 0. The effect of short-circuit is,
therefore, to reduce vy to zero. This is equivalent to applying a step function of —v,1
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to the ¢ axis. The transient currents can then be superimposed on the currents prior
to fault. Except for current in the field coil all these currents are zero. The solution
for i will be superimposed on the existing current ig.

If we write:

kMF = Lad = Xad/w
Lg = (X; + Xy9)/@

The expressions converted into reactances and using Laplace transform, dx/dz =
sX(s) —x(07) (where X(s)is Laplace transform of x(f)) reduce to

0 = (I/w)(Xag + Xp)sir + (1/@) XaqSig (6.108)

0 = (1/w)(Xq)sig + (1/w)X,qsip + (Xy)ig (6.109)

—vq = (1/0)(Xq)siq — Xaqip — (Xg)ig (6.110)
The field current from Eq. (6.108) is

ip = —igXaa/(Xaa + X7) (6.111)

The field current is eliminated from Eqgs (6.109) and (6.110) by substitution. The
quadrature axis current is

1 XX, :
iy = [ w2 +X,:|iid
Xaq+X1 Xad+Xf w

(Xd’> s
= —| — —ld
Xq w

. o’ 1
i =—|———|v
d X 24w

Solving these equations gives

and

ig = (\/)Z/ED (1 — coswt)
g = — (QEl) sin wt

q
Note that &k = 4/3/2. Apply:
lTabc = P;Odq

with 6 = wt 4+ /2 4 §, the short-circuit current in phase a is

!/

. 1 . Xo+Xi o Xg—Xg
ld:ﬁlE'[(?&) Sln(wl—|—8):;Kj—/%SIHS—;Xd—/K]SIHQwI—FS)]

(6.112)
The first term is normal-frequency short-circuit current, the second is constant asym-
metric current, and the third is double-frequency short-circuit current. The 120-Hz
component imparts a nonsinusoidal characteristic to the short-circuit current wave-

form. It rapidly decays to zero and is ignored in the calculation of short-circuit
currents.
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When the damper winding circuit is considered, the short-circuit current can be
expressed as

1Y . 1 1 r
I, = V2E |:<7d> sin (wt + 6) + (Yd, - X—d)e_’/ d4sin (wt + §)+

1 1 _ T” .
(X_;’_Z;)e 714 sin (ot + 8)

" " " "
- % e Tuging — )?Xi;(q) e sin Quwr + a)] (6.113)
d*q d*q
The first term is final steady-state short-circuit current.
The second term is normal-frequency decaying transient current.
The third term is normal-frequency decaying subtransient current.
The fourth term is asymmetric decaying dc current.
The fifth term is double-frequency decaying current.

Example 6.7

Calculate the component short-circuit currents at the instant of three-phase terminal
short-circuit of the generator (particulars as shown in Table 6-1). Assume that phase
a is aligned with the field at the instant of short-circuit, maximum asymmetry, i.e.,
8 = 0. The generator is operating at no load prior to short-circuit.

The calculations are performed by substituting the required numerical data
from Table 6-1 into (6.113):

Steady-state current = 2.41 kA rms

Decaying transient current = 20.24 kA rms

Decaying subtransient current = 5.95 kA rms
Decaying DC component = 43.95 kA

Decaying second-harmonic component = 2.35 kA rms

Note that the second-harmonic component is zero if the direct axis and quadrature
axis subtransient reactances are equal. Also, the dc component in this case is
40.44 KA.

6.9.1 Manufacturer’s Data

The relationship between the various inductances and the data commonly supplied
by a manufacturer for a synchronous machine is not obvious. The following rela-
tions hold:

Ly =Ly— Ly, =kMg =kMp = My (6.114)
Lyg=Lq— L, =kMg (6.115)
Field leakage reactance Ly is
Ly(Ly—L,)
Ly == 6.116
L1 (@119

and
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Lp =L+ Ly (6.117)
The damper leakage reactance in the direct axis is

Lade (Lc;/ - La)

Lig = 6.118
T LL, — Le(L{ — Ly) @119
and
Lp=Lg+ Ly (6.119)
L,,(L!—L,)
L =—1 "% (6.120)
d Ly— L)
In the quadrature axis the damper leakage reactance is
Lo = Liqg+ Ly (6.121)
The field resistance is
L¢
= (6.122)
T4
The damper resistances in direct axis can be obtained from
LpLy — Lig) (L
Td// =( D&F ad) 7(1 (6123)
rDLF Ld
and in the quadrature axis from
L/L
Tc{, — q=Q (6124)
La}"Q
Example 6.8

Using the manufacturer’s data in Table 6-1, calculate the machine parameters in the
d—q axes. Applying the equations in Sec. 6.9.1:

L,y =Xq4—X;=1949 — 0.164 = 1.785 per unit= KMy = KMp = My

Ly = Xq — X; —1.858 — 0.164 = 1.694 per unit = KM,

Ly = (1.785)(0.278 — 0.164)/(1.964 — 0.278) = 0.121 per unit

Ly =0.121 4+ 1.785 = 1.906 per unit

Liq = (1.785)(0.121)(0.193 — 0.164)/{(1.785)(0.164) — (1.096(0.193 — 0.164)} =
0.026 per unit

Lp =0.026 + 1.785 = 1.811 per unit

Liq = (1.694)(0.192 — 0.164)/(1.858 — 0.192) = 0.028 per unit

Lo =0.028 4+ 1.694 = 1.722 per unit

T4, = 5.615s =2116.85 rad

re = 1.906/2116.85 = 1.005 x 10~ per unit

_ (1L811)(1.906) — 1.785> (0.193
D= 70.015)(377)(1.906) \0.278

0.192\[/ 1722
o = —0.031 it
"Q <1.858> <0.015 X 377) per um

) = 0.0131 per unit
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The per unit system for synchronous machines is not straightforward, and variations
in the literature exist. Reference [6] provides further reading.

6.10 SHORT-CIRCUIT OF AN INDUCTION MOTOR

For a terminal fault, whether an induction machine is operating as an induction
generator or motor, the machine feeds into the fault due to trapped flux linkage with
the rotor. This fault current will be a decaying transient. A dc decaying component
also occurs to maintain the flux linkage constant.

In terms of d—q axes, both the stator and rotor are cylindrical and symmetrical.
The d axis is chosen arbitrarily as the axis of the stator phase a. The three-phase
winding is converted into a two-phase winding so that the axis of the second phase
becomes the ¢ axis. The two stator phases are then the fixed axis coils, 1D and 1Q,
respectively, Fig. 6-14.

The rotor circuit, whether of wound type or cage type, is also represented by d-
and g-axis coils, though a squirrel cage rotor is more complex and space harmonics
are neglected. These coils are 2D and 2Q. The impedance matrix can be set up as for
a synchronous machine, as follows:

vig ri+ (L + L1)p Ly i1q
Vig| ri+ (L + Ly)p Lyp iq
vy | Lnp Lyw, nt@Ln+L)p  (Ln+L)o || hbd
Vg —L,o, L,p —(Ly + LYo, 14+ Ly +Ly)pllixg
(6.125)

where r; and r, are stator and rotor resistances, respectively, and L; and L, are
stator and rotor reactances, respectively. 1D and 1Q have mutual inductance L,,,

1Q

Figure 6-14 Representation of an induction machine.
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which is also the mutual inductance between 1Q and 2Q. Here, w, = (1 — s;)w, where
sy is the motor slip. For a short-circuited rotor, v,q = vpq = 0. Also, there is no
difference in the d and ¢ axes except for time, and it is possible to write:

Vg = V) Vg = —Jui
ild = i] ilq = —]ll (6126)
g =iy g = —jh

By analogy with a synchronous machine, reactances X,, X, and X,4 are equivalent
to X1, X», and X, in the induction machine. The transient reactance of the induction
machine is

A/mXZ

X =X, 472
TX L+ X

(6.127)

This is also the motor-locked rotor reactance. The equivalent circuit of the induction
motor is shown in Chap. 12. The open circuit transient time constant is

X+ X

T; (6.128)
wry
The short-circuit transient time constant is
X/
T =Ty —+ 6.129
"X+ Xy (6.129)
This is approximately equal to
X/
T ="— (6.130)
wry
and the time constant for the decay of dc component is
X/
Tge =— (6.131)
wr
AC symmetrical short-circuit current is:
. E _
e =57 € YT (6.132)
and dc current is:
E
ige = V2 — e/ Tae (6.133)

X/
where E is the prefault voltage behind the transient reactance X'. At no load, E is
equal to the terminal voltage.

Example 6.9

Consider a 4-kV, 5000-hp four-pole motor, with full-load kVA rating = 4200. The
following parameters in per unit on motor-base kVA are specified:

r = 0.0075
ry = 0.0075
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X, = 0.0656
X, = 0.0984
R, = 100
Xy = 3.00

Calculate the motor short-circuit current equations for a sudden terminal fault.
The following parameters are calculated using Eqs (6.127)—(6.131):

X' =0.1608 PU
T' =0.057 sec
T4 = 0.057 sec
To = 1.09sec
The ac component of the short-circuit current is
iye = 6.21¢7 1007

At t = 0, the ac symmetrical short-circuit current is 6.21 times the full-load current.
The dc component of the short-circuit current is

l-dC — 8.79671/0.057

The nature of short-circuit currents is identical to that of synchronous machines;
however, the currents decay more rapidly. Typically, the effect of short-circuit cur-
rents from induction machines is ignored after six cycles.

Practical Short-Circuit Calculations

For practical short-circuit calculations, dynamic simulation or analytical calcula-
tions are rarely carried out. Chapter 7 describes the ANSI empirical calculation
procedures and shows that the machine models are simple, and represented by a
voltage behind an impedance which changes with the type of calculations. The
detailed machine models and calculation of time variation of short-circuit currents
are sometimes required to validate the empirical results [7]. These form a background
to the empirical methods to be discussed in Chaps 7 and 8.

Problems

1. Calculate the fault decrement curves of the generator, data as given in
Table 6-1. Calculate (i) the ac decaying component, (ii) dc component,
and (iii) total current. Plot the results in a similar manner to those of Fig.
6-6.

2. Consider the system and data shown in Fig. 6-P1. Calculate (i) prefault

voltages behind reactances X4, X4, and X{ for faults at G and F, and (ii)

the largest possible dc component for faults at G and F.

Calculate the field current in Problem 2 on application of short-circuit.

4. Calculate three-phase short-circuit subtransient and transient time con-
stants in Problem 2 for a fault at F.

W
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13.8 kV, 165
MVA (.85 PF

G E

0.01+j0.1 pu
100 MVA base Load = 50 MW

at 0.8 PF

X, =16% X,=18%
X, =20% X,=200%
X, =15% X =190%
X', =26% X", =178%
rm=15 T, =48s
7, =25% X/R=110

Figure 6-P1 Circuit diagram and system data for Problem 2.

10.

11.

Write a numerical expression for the decaying ac component of the cur-
rent for faults at G and F in Problem 2. What is the ac component of the
fault current at 0.05 and 0.10 sec?

Transform the calculated direct axis and quadrature axis voltages derived
in Problem 6.2 into stator voltages using Park’s transformation.

Draw a general steady-state phasor diagram of a synchronous motor
operating at (i) leading power factor, and (ii) lagging power factor.
Construct a simplified dynamic phasor diagram (ignoring damper circuit
and resistances) of a synchronous generator using Park’s transforma-
tions. How does it differ from the steady-state phasor diagram?

Show that first column of P’ is an eigenvector of L;; corresponding to
eigenvalue Ly = L, — 2M.

Form an equivalent circuit similar to Fig. 6-10 with numerical values
using the generator data from Table 6-1.

A 13.8-kV, 10,000-hp four-pole induction motor has a full load efficiency
of 96% and a power factor of 0.93. The locked rotor current is six times
the full-load current at a power factor of 0.25. Calculate the time varia-
tion of ac and dc components of the current. Assume equal stator and
rotor resistances and reactances. The magnetizing resistance and reac-
tance are equal to 130 and 3.0 per unit, respectively, on machine MVA
base.
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7

Short-Circuit Calculations According to
ANSI Standards

ANSI methods of short-circuit calculations are used all over North America, and are
accepted in many other countries. These standards have been around for a much
longer time than any other standard in the world. The IEC [1] standard for short-
circuit calculation was published in 1988 and the calculation procedures according to
IEC are discussed in Chap. 8. A VDE [2] (Deutsche Electrotechnische Kommission)
standard has been around since 1971. There has been a thrust for analog methods
too. Nevertheless, for all equipment manufactured and applied in industry in the
USA, ANSI standards prevail. Most foreign equipment for use in the U.S. market
has been assigned ANSI ratings.

We will confine our discussions to symmetrical ratings of the breakers. The
interpretations, theory, and concepts governing ANSI methods of calculations are
discussed with illustrative examples.

7.1 TYPES OF CALCULATIONS

In a multivoltage system four types of short-circuit calculations may be required.
These are:

1. First-cycle (momentary) duties for fuses and low-voltage circuit breakers.

2. First-cycle (momentary) duties for medium- or high-voltage circuit
breakers.

3. Contact parting (interrupting) duties for high-voltage circuit breakers
(circuit breakers rated above 1 kV).

4. Short-circuit currents for time-delayed relaying devices.

Irrespective of the type of fault current calculation, the power system is reduced
to a single Thevénin equivalent impedance behind the source voltage.
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7.1.1 Prefault Voltage

The source voltage or prefault voltage is the system rated voltage, though a higher or
lower voltage can be used in the calculations. The worst short-circuit conditions
occur at maximum loads, because the rotating loads contribute to the short-circuit
currents. It is unlikely that the operating voltage will be above the rated voltage at
maximum loading. Under light load conditions, the operating voltage may be higher,
but the load contributions to the short-circuit currents will also be reduced. The
effect of higher voltage at a reduced load is offset by the reduced contributions from
the loads.

7.2 IMPEDANCE MULTIPLYING FACTORS

Depending on the type of calculation, the dynamic (rotating equipment) reactances
are multiplied by factors given in Table 7-1 [3, 4]. The static equipment impedances
are assumed to be time invariant, i.e., harmonics and saturation are neglected.
Maintaining a constant emf and artificially increasing the equivalent impedance to
model a machine during short-circuit has the same effect as the decay of the flux
trapped in the rotor circuit. In Table 7-1, manufacturer’s data for the transient and

Table 7-1 Impedance Multiplier Factors for Rotating Equipment for Short-Circuit
Calculations

Positive sequence reactance for
calculating

Closing and
Interrupting duty latching duty
Type of rotating machine (per unit) (per unit)

All turbogenerators, all hydrogenerators with
amortisseur windings, and all condensers







Though this simplification can be adopted, where the medium- and high-vol-
tage breakers are applied close to their first-cycle ratings, it is permissible to ignore
all low-voltage motors rated <50 hp. Depending on the extent of low-voltage loads,
this may permit retaining the existing medium- or high-voltage breakers in service, if
these are overdutied from the close and latch capability considerations. Close to a
generating station, the close and latch capabilities may be the limiting factor.

7.3 ROTATING MACHINES MODEL

The rotating machine model for the short-circuit calculations is shown in Fig. 7-1.
The machine reactances are modeled with suitable multiplying factors from Table
7-1. The multiplying factors are applicable to resistances as well as reactances, so
that the X/R ratio remains the same. The voltage behind the equivalent transient
reactance at no load will be equal to the terminal voltage, i.e., Vi = V/;, as no prefault
currents need be considered in the calculations. A justification of neglecting the
prefault currents is indirectly discussed in Chap. 6, i.e., the concept of constant
flux linkages. The total current before and after the transition (pre- and post-
fault) should not change. The dc component is equal in magnitude to the ac com-
ponent, but of the opposite polarity. Thus, the ac and dc components of the current
summate to zero to maintain a constant flux linkage, i.e., no load conditions. If
preloading is assumed, this balance is no longer valid.

7.4 TYPES AND SEVERITY OF SYSTEM SHORT-CIRCUITS

A three-phase power system may be subjected to symmetrical and unsymmetrical
faults. Generally, three-phase ungrounded faults impose the most severe duty on a
circuit breaker, since the first phase to interrupt has a normal frequency recovery
voltage of approximately 87% of the system phase-to-phase voltage. A single phase-
to-ground fault current can be higher than the three-phase current. This condition
exists when the zero sequence impedance at the fault point is less than the positive
sequence impedance. Subject to the limiting value of K times the short-circuit current
(where K is the voltage range factor), high-voltage circuit breakers have 15% more

@ Synchronous or
induction machine

V

]

§ X", from
Table 7.1

Vi

\ Fault

Figure 7-1 Equivalent machine model for short-circuit calculations.
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capability for the single line-to-ground faults as compared to polyphase faults. This
increased capability may be sufficient for most applications. Depending on the rela-
tive magnitude of sequence impedances, it may be necessary to investigate other
types of faults. For calculations of short-circuit duties the fault resistance is ignored.
This gives conservatism to the calculations.

7.5 CALCULATION METHODS
Two calculation procedures are:

1. E/X or E/Z simplified method.
2. E/X or E/Z method with adjustments for ac and dc decrements.

7.5.1 Simplified Method X/R < 15

The results of the E/X calculation can be directly compared with the circuit breaker
symmetrical interrupting capability, provided that the circuit X /R ratio is 15 or less.
This is based on the rating structure of the breakers and curve in Fig. 5-4. When the
circuit X'/R ratio is 15 or less, the asymmetrical short-circuit duty never exceeds the
symmetrical short-circuit duty by a proportion greater than that by which the circuit
breaker asymmetrical rating exceeds the symmetrical capability. It may only be
slightly higher at four-cycle contact parting time.

7.5.2 Simplified Method X/R >15

A further simplification of the calculations is possible when the X /R ratio exceeds
15. For X/R ratios higher than 15, the dc component of the short-circuit current may
increase the short-circuit duty beyond the compensation provided in the rating
structure of the breakers. A circuit breaker can be immediately applied without
calculation of system resistance, X /R ratio, or remote/local considerations, if the
E/X calculation does not exceed 80% of the breaker symmetrical interrupting
capability.

7.5.3 AC and DC Decrement Adjustments

Where a closer calculation is required ac and dc decrement adjustments should be
considered. This method is also recommended when a single line-to-ground fault
supplied predominantly by generators, at generator voltage, exceeds 70% of the
circuit breaker interrupting capability for single line-to-ground faults. For calcula-
tions using this method, the fault point X /R ratio is necessary. Two separate net-
works are constructed; (1) a resistance network, with complete disregard of the
reactance, and (2) a reactance network with complete disregard of the resistance.
The fault point X/R ratio is calculated by reducing these networks to an equivalent
resistance and an equivalent reactance at the fault point. This gives more accurate
results than any other reasonably simple procedure, including the phasor representa-
tion at the system frequency.

The resistance values for various system components are required and for
accuracy of calculations these should be obtained from the manufacturer’s data.
In the absence of these data, Table 7-2 and Figs 7-2-7-4 provide typical resistance
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Table 7-2 Resistance of System Components for Short-Circuit Calculations

System component Approximate resistance

Turbine generators and condensers Effective resistance

Salient pole generators and motors Effective resistance

Induction motors 1.2 times the dc armature resistance

Power transformers AC load loss resistance (not including no-load
losses or auxiliary losses)

Reactors AC resistance

Lines and cables AC resistance

The effective resistance = Xy, /(27 fT,3), where Xo, is the rated-voltage negative-sequence reactance and
T,3 is the rated voltage generator armature time constant in seconds.
Source: Ref. 3. Copyright 1999 IEEE. All rights reserved. Reproduced with permission.

data. The variations in X/R ratio between an upper and lower bound are shown in
the ANSI/IEEE standard [3].

Once the E/X calculation is made and the X /R ratio is known, the interrupting
duty on the high-voltage circuit breakers can be calculated by multiplying the cal-
culated short-circuit currents with an appropriate multiplying factor. This multiply-
ing factor is based on:

1. Contact parting time of the circuit breaker.
2. Calculated X/R ratio.
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Figure 7-2 Typical X /R ratios for induction motors based on induction motor hp rating.
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3. Effects of ac decay (remote sources) or effects of ac and dc decay (local
sources).

7.5.4 Fault Fed from Remote Sources

If the short-circuit current is fed from generators through (1) two and more trans-
formations, or (2) a per unit reactance external to the generator that is equal to or
exceed 1.5 times the generator per unit subtransient reactance on a common MVA
base, i.c., it supplies less than 40% of its terminal short-circuit current, it is consid-
ered a remote source. In this case the effect of ac decay need not be considered and
the curves of multiplying factors include only dc decay. These curves are shown in
Fig. 7-5. The decrement factor for the standard contact parting time of the breakers
is shown within a rectangle, which includes a half-cycle tripping delay. Factors for
higher contact parting time, applicable when the tripping delay is increased above a
half-cycle, are also shown. Interpolation between the curves is possible. If the trip-
ping delay is increased, the short-circuit duty is reduced. The multiplying factor for
the remote curves is calculable, and is given by

Remote MF = (1/S)[1 4 2¢47C/X/R1/2 (7.1)

where C is the contact parting time in cycles at 60 Hz and S is given in Fig. 5-4. As an
example, the remote multiplying factor for five cycle breaker, which has a contact
parting time of three cycles, and for a fault point X /R of 40, from Eq. (7.1), is 1.21,
which can also be read from the curves in Fig. 7-5.
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Figure 7-5 Three-phase and line-to-ground faults, £/X multiplying factors, dc decrement
only (remote sources). (From Ref. 3. Copyright 1999 IEEE. All rights reserved. Reproduced

with permission.)

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



7.5.5 Fault Fed from Local Sources

When the short-circuit current is predominantly fed through no more than one
transformation or a per unit reactance external to the generator, which is less than
1.5 times the generator per unit reactance on the same MVA base, i.c., it supplies
more than 40% of its maximum terminal fault current, it is termed a local source.
The effect of ac and dc decrements should be considered. The multiplying factors are
applied from separate curves, reproduced in Figs 7-6 and 7-7.

The asymmetrical multiplying factors for the remote curves are not a known
equation. A number of sources may contribute to a fault through varying impe-
dances. Each of these contributions has a different ac and dc decay rate. The impe-
dance through which a fault is fed determines whether it is considered a local or
remote source. The ac decay in electrically remote sources is slower, as compared to
the near sources. The time constant associated with the ac decay is a function of
rotor resistance and added external reactance prolongs it (Chap. 6). An explanation
and derivation of the multiplying factors for ac and dc decrements, provided in Ref.
3, is as follows.

Figure 7-8 shows the relationship of fault current(Z,sym//sym)naca (the subscript
“nacd” means that there is no ac decrement), as a function of X/R ratio for various
contact parting times. The curves of this figure are modified so that the decrement of
the symmetrical component of the fault current is taken into consideration. Figure
7-9(a) shows the general relationship of X' /R to the ac decrement as the fault location
moves away from the generating station. This empirical relationship is shown as a
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band, based on small to large machines of various manufacturers. Figure 7-9(b)
shows the decay of the symmetrical component (ac component) of the fault current
at various times after fault initiation, as a function of the contact parting time and
the type of fault. Figure 7-9(c) establishes reduction factors that can be applied
to (Jasym/Isym)naca t0 obtain this effect. The reduction factor is obtained from the
following relationship:

, I + I3, /(E/X)
Reduction factor = (7.2)
[Iasym/]sym]nacd

As an example, consider an X/R ratio of 80 and contact parting time of three
cycles; the factor (Zysym/Zsym)naca» @s read from Fig. 7-8, is 1.5. Enter curve in Fig.
7-9(a) at X/R of 80, follow down to contact parting time curve in Fig. 7-9(b), and go
across to Fig. 7-9(c), curve labeled (Z,5ym/Zsym)naca = 1.5. A reduction factor of 0.885
is obtained. The modifier (Zyym/Zsym)naca Tatio for an X/R of 80 is calculated as
0.885 x 1.5 = 1.33 and this establishes one point on a three-phase modified decre-
ment curve, shown in Fig. 7-10. This curve is constructed by following the procedure
outlined above. Finally, E/X multipliers for the breaker application are obtained
through the use of a modified X /R decrement curve and the breaker capability curve
of Fig. 5-4. Continuing with the above calculation, the breaker asymmetric capabil-
ity factor for a three-cycle parting time is 1.1. The £/X multiplier required to ensure
sufficient breaker capability is, therefore, 1.33/1.1 = 1.21. This establishes one point
in Fig. 7-6.
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In a digital computer based calculation, the matrix equations can be used to
calculate voltages at buses other than the faulted bus, and current contributions from
individual sources can be calculated (Chap. 3). These currents can then be labeled as
remote or local.

In certain breaker applications, a breaker contact parting time in excess of the
contact parting time, with a half-cycle tripping delay assumed for the rating struc-
ture, may be used. If a breaker with a minimum contact parting time of two cycles is
relayed such that it actually parts contacts after four cycles after fault initiation, the
E/X multiplier for breaker selection can be reduced to account for the fault current
decay during the two-cycle period. This will reduce the interrupting duty, though it
may have other adverse effects on the power system. The fault damage will increase,
the operating time of backup protective devices will increase, and possible instability
in interconnected systems may occur.
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7.5.6 Weighted Multiplying Factors

For a system with several short-circuit sources, which may include generators that
may be classified local or remote, depending on the interconnecting impedances,
neither the remote nor the local multiplying factors can be exclusively applied. It
is logical to make use of both local and remote multiplying factors in a weighting
process. This weighting consists of applying a remote multiplying factor to that part
of the E/X symmetrical short-circuit current that is contributed by remote sources.
Similarly, the local multiplying factor is applied to the local component of the fault
current contribution. The fraction of interrupting current that is contributed by
remote sources is identified as the NACD ratio:

> " NACD source currents
E/X for the interrupting network

NACD ratio = (7.3)
This computation requires additional calculations of remote and total current con-
tributed at the fault point from various sources and is facilitated by digital compu-
ters. Figure 7-11 shows interpolated multiplying factors for various NACD ratios [6].

For the short-circuit current contribution from motors, irrespective of their
type and rating and location in the system, the ac decay is built into the premultiplying
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impedance factors in Table 7-1. Thus, it is assumed that the motors, howsoever
remote in the system, will continue contributing to the fault. In an actual system,
the postfault recovering voltage may return the motor to normal motoring function.
The magnetic contactors controlling the motors may drop in the first cycle of the
voltage dip on 30-70% of their rated voltage, disconnecting the motors from service.

7.6 NETWORK REDUCTION
Two methods of network reduction are:

1. Short-circuit current can be determined by complex impedance network
reduction, this gives the E£/Z complex method.

2. Short-circuit current can be determined from R and X calculations from
separate networks and treating them as a complex impedance at the fault
point. This gives the £/Z method.

In either case, the X/R ratio is calculated from separate resistance and reactance
networks. The X/R ratio thus calculated is used to ascertain multiplying factors and
also for calculation of asymmetry factors for the first-cycle calculation. The X/R
ratio for single line-to-ground faults is (X7 + X, + Xp)/(R; + R, + Ry).
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The E/Z calculation from separate networks is conservative, and results of
sufficient accuracy are obtained. Branch current flows and angles may have greater
variation as compared to the complex network solution. Contributions from the
adjacent buses may not correlate well. However, this procedure results in much
simpler computing algorithms.

There could be a difference of 5-6% in the calculated results of short-circuit
currents between the complex impedance reduction method and the calculations
from the separate R and X networks. The separate R and jX calculations give higher
values, as compared to the R + jX complex calculation.

7.6.1 E/X or E/Z Calculation

The E/X calculation will give conservative results, and as the X/R at the fault point
is high, there may not be much difference between E/X and E/Z calculations. This
may not be always true. For low-voltage systems it is appropriate to perform E/Z
calculations, as the X' /R ratios are low and the difference in the results between E/Z
and E/X calculations can be significant. Generally, E£/Z calculations using the
complex method are the standard in industry.
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7.7 BREAKER DUTY CALCULATIONS

Once the results of E/X or E/Z calculation for the interrupting network are avail-
able and the weighted multiplying factor is ascertained, the adequacy of the circuit
breaker for interrupting duty application is given by

MF x E/X(E/Z)(interrupting network)

7.4
< Breaker interrupting rating kA sym. (7.4)

For calculations of close and latch capability or the first-cycle calculations, no con-
siderations of local and remote are required. High-voltage breakers are rated at 1.6K
times the rated short-circuit current in rms asym. or 2.7K times the rated short-
circuit current in peak. The peak multiplying factor based on X/R is given by

V2(1.0 + sin g~ (@1 T09R/D) (7.5)

where ¢ is arc tan (X/R) at the fault point.

For the first-cycle calculation, the results of £/X or E/Z calculation for a first-
cycle network are multiplied by the calculated crest multiplying factor, and the
results are compared with the breaker close and latch capability. The adequacy of
the breaker for first-cycle or close and latch capability is given by

Crest MF x E/X(E/Z) first cycle network

7.6
< Breaker close latch capability kA crest asym. (7.6)

Ref. [3] cautions that E/X method of calculations with ac and dc adjustments
described in section 7.5.3 can be applied provided X/R ratio does not exceed 45 at
60Hz (dc time constant not greater than 120ms). For higher X/R ratios it recom-
mends consulting the manufacturer. The interruption process can be affected and the
interruption window, which is the time difference between the minimum and max-
imum arcing times of SF4 puffer breakers may exceed due to delayed current zero.
This discussion is continued in section 7.6 below. We will examine in the calculations
to follow that the current zeros may be altogether missing for a number of cycles.
Though the examples to follow in section 7.10 use this calculation method, but this
qualification should be remembered.

7.8 HIGH X/R RATIOS (DC TIME CONSTANT GREATER THAN
45ms)

For a generator circuit breaker, the highest value of asymmetry occurs, when prior to
fault the generator is operating underexcited with a leading power factor. The dc
component may be higher than the symmetrical component of the short-circuit
current and may lead to delayed current zeros. An analysis of a large number of
generators resulted in a maximum asymmetry of 130% of the actual generator
current [7]. The symmetrical component of the short-circuit current is 74% of
generator current. Consequently, the ratio of the asymmetrical to symmetrical
short-circuit current rating is 1.55.

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



In Sec. 5.2, the factor S was defined as the ratio Iy, /Iy, This can be written
as

2
S = (I“‘C) +1 =+v2e2+1 (7.7)

Isym
where « is a factor of asymmetry given by

o= 1 de
V2

Thus, for a = 1.3, Ligm/lym = 2.09. For Iy = 0.74 Iye,, 1atio Lgm/leen can be
written as

Iasym/lgen = (Iasym/]sym)(lsym/lgen) =1.55 (79)
According to the IEEE standard [7] the generator circuit breakers have:

(7.8)

S =1.6,1.54,1.49,1.39, 1.32, or 1.25 for primary arcing contact parting
times of 1, 1.5, 2, 3, 4, and 5 cycles, respectively, for an X /R of 50
(7.10)

For higher X/R ratios, the asymmetry can be calculated by considering the dc
component at the contact parting time, from Eq. (7.7). Any combination of sym-
metrical and dc components is possible provided that:

e The symmetrical current does not exceed the rated short-circuit current.

e The degree of asymmetry does not exceed 100%.

e The total short-circuit current does not exceed the required asymmetrical
interrupting capability.

However, a higher than 100% asymmetry at contact parting time can be obtained in
the real world situation. Depending on generator subtransient and transient short-
circuit time constants in the direct and quadrature axes and armature time constant
T,, the ac component may decay faster than the dc component, leading to delayed
current zeros.

Additional resistance in series with the armature resistance forces the dc com-
ponent to decay faster. The time constant with added resistance is

T, = X /27 f(r + R.] (7.11)

where R, is the external resistance, see Eq. (6.20). If there is an arc at the fault point,
the arc resistance further reduces the time constant of the dc component. Figure 7-12
shows that at the contact parting time the dc component changes suddenly due to the
influence of the arc voltage of the generator circuit breaker and a current zero is
obtained within one cycle.

As we have seen generator characteristics, X/R ratio, time constants and the
subtransient component of the current influence the degree of asymmetry, (Fig. 6-4).
Also see Ref. [8]. It is also dependent upon initial loading conditions. The ac com-
ponent of the short-circuit current is greater in case of overexcited generator as
compared to under-excited generator, but dc component is almost identical [9].
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The interruption of ac current without a current zero is equivalent to interrup-
tion of dc current and HV breakers have very limited capabilities to interrupt dc
currents. Delaying the opening of contacts may ultimately bring a current zero, but
note that both ac and dc components are decaying and a number of cycles may elapse
before current zero is obtained. See Sec. 7.5.5 for limitations of this method.
Practically, delaying the opening of contacts is not implemented.

The generator breakers are designed and tested to interrupt currents of high
asymmetry. The arc interruption medium and arc control devies, i.e., arc rotation,
have an effect on the interruption process and introducing an arc resistance to force
current zero (Fig. 7-12). Large generators and transformers are often protected as a
unit and generator circuit breaker eliminated. When required, these should be care-
fully selected and applied. The actual asymmetry can be analytically calculated,
Example 7.1, and varies with the generator characteristics.

7.9 CALCULATION PROCEDURE

The calculation procedure is described for hand calculations, which is instructive.
Not much data preparation is required for present-day computer-based calculations.
Most programs will accept raw impedance data, through a graphic user interface; the
calculation algorithms tag it with respect to the short-circuit source type and apply
appropriate impedance multiplying factors, depending on the calculation type.
Matrix equations are solved and results presented in a user-friendly format. These
include fault-point complex impedance, X /R ratio, and magnitude and phase angles
of all the contributions to a bus from the adjacent buses. Remote and local compo-
nents of the currents, fault voltages, NACD ratio, and interrupting duty and asym-
metrical multiplying factors are tabulated in the computer output data for each
faulted bus. Based on the input data of the switching devices, all devices, which
are overdutied from short-circuit considerations, can be flagged and the percentage
overduty factors plotted.

7.9.1 ANSI Empirical Calculation Procedure
This can be summarized in the following steps:

1. A single-line diagram of the system to be studied is required as a first step.
It identifies impedances of all system components as pertinent to the
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short-circuit calculations. For hand calculation, a separate impedance
diagram may be constructed, which follows the pattern of a single-line
diagram with impedances and their X /R ratios calculated on a common
MVA base.

2. Appropriate impedance multiplying factors are applied from Table 7-1,
depending on the type of calculation. For high-voltage breakers at least
two networks are required to be constructed, one for the first-cycle cal-
culations and the other for the interrupting duty calculations.

3. A fault-point impedance positive sequence network (for three-phase
faults) is then constructed, depending on the location of the fault in the
system. Both resistances and reactances can be shown in this network, or
two separate networks, one for resistance and the other for reactance, can
be constructed.

4. For E/Z complex calculation, the fault-point positive sequence network
is reduced to a single impedance using complex phasors. Alternatively,
the resistance and reactance values obtained by reducing separate resis-
tance and reactance networks to a single-point network to calculate the
fault-point X' /R ratio can also be used for E/Z calculation. This consid-
erably simplifies hand calculations, compared to complex impedance
reduction.

5. If there are many sources in the network, NACD is required to be calcu-
lated and that sets a limit to the complexity of networks which can be
solved by hand calculations. The currents from NACD sources have to be
traced throughout the system to the faulty node to apply proper weight-
ing factors, and this may not be easy in interconnected networks. The
calculation of the first-cycle duty does not require considerations of
remote or local.

6. The adjusted currents thus calculated can be used to compare with the
short-circuit ratings of the existing equipment or selection of new equip-
ment.

7.9.2 Analytical Calculation Procedure

In an analytical calculation, the currents from the various sources can be vectorially
summed at the fault point. No preimpedance multiplying factors and postmultiply-
ing duty factors are required. The dc component of the short-circuit current is
required to be calculated. The time constants associated with ac and dc decay are
required to calculate the currents at the contact parting time of the breaker. This
may not be always easy. Once each of the components is calculated, the theorem of
superimposition applies and the total currents can be calculated for circuit-breaker
duties.

7.10 EXAMPLES OF CALCULATIONS

In all examples we will consider close and latch capability=2.7K times the rated
short-circuit current. For newly rated breakers with a factor of 2.6, K =1, the duties
can be easily appropriated.
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Figure 7-13 A generating station single-line diagram for short-circuit calculations (Example
7.1).
Example 7.1

This example explores the problems of application of a generator circuit breaker for
high X /R ratio fault, when the natural current zero is not obtained because of high
asymmetry. The calculation is carried out using empirical and analytical methods.
Establishing a correlation between these two methods of calculations is attempted.
Figure 7-13 shows a generating station with auxiliary distribution system. A 112.1-
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MVA generator is connected through a step-up transformer to supply power to a
138-kV system. The generator data are the same as presented in Table 6-1. Auxiliary
transformers of 7.5 MVA, 13.8-4.16 kV, and 1.5 MVA, 4.16-0.48 kV supply med-
ium- and low-voltage motor loads. The generator neutral is high-resistance
grounded, through a distribution transformer, the 4.16-kV system is low-resistance
grounded, and the 480-V system is high-resistance grounded. Thus, breaker duties
are based on three-phase fault currents. It is required to calculate the following using
empirical and analytical methods:

1. First-cycle and interrupting duties for faults at F1 (138 kV), F2 (13.8 kV),
and F3 (4.16 kV).

2. Short-circuit duties on 13.8-kV generator circuit breakers 52G and feeder
circuit breaker 52F.

Based on these calculations a circuit breaker of adequate short-circuit ratings is
required to be selected for application at 52G and 52F.

Three-Phase Fault at F1 (138 kV): Empirical Calculations

The fault at F1 is fed by three sources: utility source, generator, and the motor loads.
Table 7-3 gives the impedance data for all the system components broken down in
per unit R and X on a common 100-MVA base. The calculation is carried out on per
unit basis and the units are not stated at each step. The effective generator resistance
is calculated from the following expression in Table 7-2:

Table 7-3 Impedance Data (Example 7.1)

Per unit resistance Per unit reactance
on a 100-MVA on a 100-MVA

Description of equipment base base

Utility’s 138-kV source, three-phase fault level = 4556 0.00163 0.02195
MVA, X/R ratio = 13.4

112.1-MVA generator, saturated subtransient 0.001133 0.14630
= 16.4% data in Table 6.1

Transformer T1, 60/100 MVA, Z = 7.74%, X/R = 32 0.00404 0.12894

Transformer T2, 7.5 MVA, Z = 6.75%, X/R = 14.1 0.06349 0.89776

Transformer T3, 1.5 MVA, Z =5.75, X/R=5.9% 0.63909 3.77968

13.8-kV cable C1, 2-1/C per phase, 1000 KCMIL, in 0.00038 0.00101
steel conduit, 80ft

4.16-kV cable C2, 1-1/C per phase, 500 KCMIL, in 0.06800 0.10393
steel conduit, 400ft

0.48-kV cables C3 and C4, 3-1/C per phase, 750 0.46132 0.85993
KCMIL, in steel conduit, 150ft

M1, 2425-hp, 2-pole induction motor 0.23485 7.6517

M2, 300-hp, 2-pole induction motors, 3 each 1.2997 19.532

M3, 500-hp, 2-pole induction motors, 2 each 0.90995 17.578

M4 and M4’, 150-hp, 4-pole induction motor 11.714 117.19

M5 and M5’, 75-hp, 4-pole, induction motor, 3 each 10.362 74.222

M6 and M6’, 200-hp induction motors, lumped, 20.355 83.458
<50hp

B1, 5-kA bus duct, phase-segrated, 40ft 0.00005 0.00004

B2, 5-kA bus duct, phase-segrated, 80ft 0.00011 0.00008
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Using the generator data from Table 6-1, X/R = 130. Correct input of X/R ratios
for generators and large reactors is important, as it may have a pronounced effect on
ac and dc decay.

Appropriate impedance multiplying factors from Table 7-1 are used before
constructing the positive sequence fault point network. The impedance multiplying
factor for calculation of first cycle or interrupting duties is one for all turbogenera-
tors. The motor impedances after appropriate multiplying factors for first cycle and
interrupting duty calculation are shown in Table 7-4. A positive sequence impedance
network to the fault point under consideration may now be constructed, using
modified impedances. Low-voltage motors of <50hp are ignored for interrupting
duty calculations. Figure 7-14 shows the interrupting duty network for a fault at F1.

The result of reduction of impedance of the network shown in Fig. 7-14 with
complex phasors gives an interrupting duty impedance of Z = 0.001426 + j0.020318
per unit.

The X /R ratio is calculated by separate resistance and reactance networks, i.e.,
the resistance network is constructed by dropping out the reactances in Fig. 7-14
and the reactance network is constructed by dropping out the resistances in Fig.
7-14. This gives an X /R ratio of 16.28. The interrupting duty fault current is, there-
fore, E/Z = 20.54 kA symmetrical at 138 kV. To calculate the interrupting duty,
NACD is required. This being a radial system, it is easy to calculate the local
(generator) contribution through the transformer impedance, which is equal to
1.51kA. The utility source is considered remote and it contributes 19.01kA;
NACD = 0.925. A 138-kV breaker will be a three-cycle breaker, with a contact
parting time of two cycles. The multiplying factor from Fig. 7-11 is, therefore,
equal to 1.

The first-cycle network will be similar to that shown in Fig. 7-14, except that
the motor impedances will change. This gives a complex impedance of
Z =0.001426 4+ ;j0.020309. The X /R ratio is 16.27 and the first-cycle symmetrical
current is 20.55kA, very close to the interrupting duty current. The peak asymme-
trical current is calculated from Eq. (7.5) and is equal to 51.66 kA.

Table 7-4 Example 7.1: Motor Impedances After Multiplying Factors in PU at 100-

MVA Base
Interrupting duty Z First-cycle Z,

Interrupting  First-cycle per unit, 100-MVA per unit 100-MVA
Motor ID  Quantity duty MF MF base base
Ml 1 1.5 1.0 0.352 4+/11.477 0.2348 +j7.6517
M2 3 1.5 1.0 1.949 + j29.298 1.2997 4+ j19.532
M3 2 3.0 1.2 2.7298 + j52.734 1.0919 + ;21.094
M4, M4’ 1 3.0 1.2 35.142 4 j140.628 14.057 +j140.628
M3, M5’ 3 3.0 1.2 31.086 +j89.066 12.2134 + j89.066
M6, M6’ Group o0 1.67 o0 33.99 +;139.380

<50hp
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Figure 7-14 Positive sequence impedance diagram for a fault at F1 (Example 7.1).

The effect of motor loads in this case is small. If the motor loads are dropped
and calculations repeated, the interrupting duty current = first-cycle current =
20.525 kA symmetrical., i.e., a difference of only 0.13%. This is because the low-
voltage motors contribute through impedances of transformers T1, T2, and T3 in
series, and medium-voltage motors contribute through two-stage transformations.
The current contributed by small induction motors and small synchronous motors in
utility systems can, usually, be ignored except station service supply systems or at
substations supplying industrial distribution systems or locations close to large
motors, or both. Motor contributions increase half-cycle current more than the
symmetrical interrupting current at the contact parting time.

Short-Circuit Currents at F2 and F3: Empirical Calculations

Short-circuit currents at F2 and F3 are similarly calculated. In each case a new
positive sequence fault-point network, similar to that of Fig. 7-14, is required and
is reduced to a single impedance. The interrupting duty calculations for a fault at F2
are:
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Complex Z = 0.001708 + j0.07359, X/R = 75.26, E/Z = 56.836 kA < 88.67°

Utility’s remote contribution (through transformer T; and bus duct B,
impedance) = 27.69 kA

Generator local contribution through bus duct B; = 28.59 kA

Therefore, NACD = 27.69/(27.69 + 28.59) = 0.487; the weighted multiplying factor
from Fig. 7-11 = 1.272. The results of the first-cycle and interrupting duty calcula-
tions are shown in Tables 7-5 and 7-6.

Short-Circuit Duties of Generator Breaker: Empirical Calculations

The short-circuit duties calculated at F2 and F3 are for a bus fault. To calculate the
duties on the generator breaker, the fault current flow in either direction from the
utility and generator sides must be considered. For a fault at F2 (Fig. 7-13), breaker
52G experiences only the fault current contributed by the generator and does not
experience the fault current contributed by the utility’s source or auxiliary distribu-
tion. For a fault at F4, breaker 52G experiences the fault current contributions from
the utility’s source and auxiliary distribution, but does not experience the generator’s
contribution to the fault. The maximum duty is imposed by the higher of the cur-
rents in these two directions, which should consider not only the calculated magni-
tude, but also the duty multiplying factors as these can be very different. Similarly,
the maximum fault duty on feeder breaker 52F occurs for a fault at its load term-
inals, at F5, and the breaker does not experience the fault current contributed by the
rotating loads (medium- and low-voltage motors) connected to it. If bus bracing is
required at 13.8 kV for a fault at F2, all three contributions must be considered. In
general, when duties are to be calculated on a tie breaker having double-ended
contributions, the fault current through the breaker, which gives the maximum
short-circuit duty, needs to be considered.

Fault at F2. The fault point impedance for a fault at F2 for generator contribution
alone is 0.001183 + j0.14634 per unit. Therefore, the fault current contributed by the
generator is 28.588 kA sym. at < —89.543° for interrupting or first-cycle calculations.
The calculated short-circuit current must be multiplied by an appropriate factor to
arrive at the interrupting duty for comparison with a circuit breaker rating. The
generator directly feeds the fault and, therefore, it is a local source. The curves for ac
and dc decrements in Fig. 7-6 are used. Considering a five-cycle breaker, the contact
parting time is three cycles, and fault point X /R = 123, which gives a multiplying
factor, as read from Fig. 7-6, equal to 1.234. The required circuit breaker interrupt-
ing duty = 28.588 x 1.234 = 35.28 kA symmetrical.

For close and latch or first-cycle capability, the generator contribution remains
unchanged. The first-cycle symmetrical current is 28.588 kA rms. The rms asymme-
trical current based on actual X /R is 48.60 kA. The asymmetrical multiplying factor
is 1.70, which is higher than the standard asymmetrical duty factor of 1.6 in ANSI/
IEEE standard [3]. The calculated and not the standard asymmetrical multiplying
factors are used for evaluation of breaker duties. The crest multiplying factor is given
by Eq. (7.5) and is equal to 2.789. The calculated close and latch duty is 79.73 kA
crest.
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Table 7-5 Example 7.1: First-Cycle Duty Calculations; Faults at F1, F2, and F3

Asymmetrical Asymmetrical
Fault point Fault current (kA multiplying factor multiplying factor =~ Asymmetrical Asymmetrical
Fault location complex Z Sym. rms) X/R (rms) (peak) current (kA rms) current (kA peak)
Fl1 0.001426 + j0.020309 20.550 16.27 1.487 2.514 31.56 51.66
F2 0.001725 +j0.073150 57.177 74.89 1.685 2.768 96.34 158.27
F3 0.051672 +0.771249 17.955 15.94 1.532 2.575 27.52 46.23

Table 7-6 Example 7.1: Interrupting Duty Calculations; Faults at F1, F2, and F3

Fault point Z from

Interrupting duty
current, 5-cycle

Fault complex network Fault current Weighted sym. rated
location reduction (kA sym.) X/R NACD MF breaker
Fl1 0.001426 + j0.020318 20.540 16.28 0.925 1.00 20.54
F2 0.001708 + ;j0.073590 56.836 75.26 0.487 1.272 72.30
F3 0.055477 + j0.846903 16.352 15.91 0.786 1.00 16.35
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Short-Circuit Duties on Generator Breaker: Analytical Calculations

Fault at F2. The analytical calculation is carried out for generator breaker duty for
a fault at F2. No premultiplying impedance factors and postmultiplying duty factors
are applicable. The calculation should account for the short-circuit current decay at
the contact parting time. The symmetrical current at the contact parting time (three
cycles contact parting time = 50.0 ms) can be calculated using Eq. (6.13). When an
external reactance is added to the generator circuit, the subtransient component of
the current is given by

”
e

-1
i =——— (7.13)
X/ +X,
where X, is the external reactance. Similar expressions apply for ij and iy. The time
constants are also changed, i.c., the short-circuit transient time constant in Eq. (6.24)
becomes:

Xi+ X,

T|=Tj 4 "=¢
d don"f'Xe

(7.14)
This means that adding an external reactance is equivalent to increasing the arma-
ture leakage reactance. The calculations use the generator data in Table 6-1. The
short-circuit subtransient time constant is 0.015 sec. From Table 7-3 the reactance of
the bus duct B1 is 0.00004 per unit. Its effect on the subtransient time constant from
is

v Xd + Xe

T//:T a4d T Ae
d dOXc{+Xe

0.193 + 0.00004
:mnm + ):ams

0.278 4- 0.00004

As the bus Bl reactance is small, there is not much change in the subtransient time
constant. However, this illustrates the procedure. The transient time constant is also
practically unchanged at 0.597 sec.

The generator voltage behind subtransient or transient reactances is equal to its
rated terminal voltage, as the generator is considered at no load and constant excita-
tion. The procedure of calculation is similar to that illustrated in Example 6.1 for
calculation of a fault decrement curve. The subtransient current is

E" 1
l.// — _
¢ X[+ X, 0.14630 4 0.0000

Similarly, the transient and steady-state components of the currents are 20.17 and
2.15kA, respectively. The following equation can, therefore, be written for symme-
trical current in kA:

ige = 6.44¢710015 1 18.02¢7/0%7 £ 215

At contact parting time this gives the symmetrical current component as 18.95kA.

Comparing the results of the two calculations, a wide divergence is observed,
18.95 kA symmetrical. by analytical calculation versus 28.588 kA (without multiply-
ing factors to account for asymmetry) by ANSI methods. Based on the analytical
calculations, an underrated breaker could be hastily selected if the asymmetrical
rating of the breaker is not calculated.
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The asymmetrical current at contact parting can also be calculated from Eq.
(6.113). As the generator subtransient reactances in the direct and quadrature axes
are approximately equal, the second frequency term in this equation can be neglected
and the dc component at contact parting time needs to be calculated. The decaying
dc component is given by

ige = V2ije™Te = 40.4307/ T

The effect of external resistance T, should be considered on according to Eq. (7.11).
Table 6-1 shows an armature time constant of 0.33 sec; considering the bus duct Bl
resistance of 0.00005 per unit, the time constant is reduced to approximately 0.32 sec.
At contact parting time, the dc component has decayed to 34.58 kA. The asymmetry
factor o at contact parting time is calculated as follows:

Asymmetrical ac current at contact parting time = +/2(18.95) = 26.80 kA
Dc current at contact parting = 34.58 kA

Factor o = 34.58/26.80 = 1.29, i.e., the asymmetry at contact parting time is
approximately 129% and the current zero is not obtained. The total rms asymme-
trical breaking current at contact parting time is, therefore:

\/ 18.95% 4 (34.58)° = 39.43kA

The ratio S for asymmetrical-to-symmetrical duty is 39.43/18.95 = 2.08. This is
much higher than the standard S = 1.39 for a generator breaker of three-cycle con-
tact parting time for X/R = 50, Eq. (7.10). To meet asymmetrical duty requirement
the generator breaker should have a symmetrical interrupting rating of
(18.95)(2.08)/1.39 = 28.36 kA rms. The empirical calculations are based on
S = 1.1 (Fig. 5-4). Therefore, a general-purpose breaker must have a symmetrical
interrupting rating of 39.43/1.1 = 35.84 kA. Now, we are close to the earlier calcu-
lated result of 35.28 kA.

A fault resistance may introduce enough arc resistance to force the current to
zero after the contact parting time (Fig. 7-12). Simplified empirical/analytical cal-
culations in such cases have limitations, and a dynamic simulation is recommended.

The first-cycle current can also be analytically calculated. The symmetrical and

dc components are calculated at half-cycle. The ac component is then 33.41 kA crest
and the dc component is 39.39 kA. The total asymmetrical current at half-cycle is,
therefore, 72.80 kA crest. We calculated 79.73 kA earlier by empirical method and,
therefore, there are differences.
Fault at F4. Calculations for a fault at F4 ignore the generator contribution and
consider the contributions from the utility and auxiliary distribution; then, the
higher of the fault duties given by the currents at F2 and F4 is considered for the
generator breaker rating. Simplified calculations followed by analytical calculations
are performed.

The fault current contributed by the utility’s source through a 60-MVA trans-
former and bus duct B2 = 27.693 kA symmetrical. rms at an < —87.809°. This is the
same for first-cycle and interrupting duty calculations, as the utility’s source impe-
dance model does not change with the type of calculation. In other words, the utility’s
connection is considered a remote source. This may not be true in every case. When
large generating stations are located close to the power system being investigated, the
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utility source cannot always be considered a remote source. The interrupting duty
fault current contributed by auxiliary distribution is = 0.563 kA symmetrical at
< —86.830°. The total symmetrical fault current = 28.257kA at < —87.79°, and
the X /R from separate networks is 26.0.

All the current is contributed by the remote source; therefore, NACD = 1 and
the multiplying factor from the remote curves (Fig 7-5) is 1.102. The required
breaker duty to be compared with the breaker rating is 28.257 x 1.102 = 31.31 kA
for a five-cycle breaker rated on a symmetrical current basis.

For first-cycle calculation, the utility’s source contribution remains unchanged,
and the auxiliary motor load contribution is 0.904 kA at < —86.182°. This gives a
total symmetrical first-cycle current of 28.598 kA at < —87.76°; X /R from separate
resistance and reactance networks = 25.82. The first-cycle close and latch duty based
on fault point X/R is 45.91 kA rms asym. or 76.36 kA crest.

Analytical Calculation: Fault at F4 We can now conduct analytical calculation for
the fault at F4. Utility source, transformer T1, and bus duct B2 impedance in series
gives Z = 0.00577 4j0.15097; X /R = 26.16 from the separate X and R networks.
This gives a short-circuit current of 27.692 kA at an angle of < —87.81°.

The equivalent impedance of low-voltage motors through cables and a 1.5-
MVA transformer plus medium-voltage motor loads through a 7.5-MVA transfor-
mer, as seen from the fault point F4, is 0.307 4+ j4.356. No impedance multiplying
factors to adjust motor impedance from Table 7-1 are used in this calculation. This
gives a short-circuit current of 0.958 kA at < —85.968°; X/R = 14.2. The time con-
stant for the auxiliary distribution is, therefore:

1
2nf

The ac symmetrical component of the auxiliary system decays and at contact parting
time it can be assumed to be 0.7 to 0.8 times the initial short-circuit current.
Therefore, the contribution from the auxiliary system is = 0.766 kA. No decay is
applicable to the utility source connected through the transformer. The total sym-
metrical current is

Toym = 27.692 +0.766 = 28.458 kA rms

(X/R) = 37.66ms

The asymmetrical current is now calculated. The time constant of the utility’s con-
tribution for an X/R of 26.16 is 0.0694 sec. Total dc current at the contact parting
time is the sum of components from the utility’s source and auxiliary distribution.
Thus, the total dc current is given by

Iye = ~/2[27.692¢ 094 1 0.958,7300/376)

This gives Ipc = 19.14kA. Asymmetrical current is given by

Iasym = Isym + Iy

= 34.44 kA rms

The asymmetry factor o = 19.14/(v/228.458) = 47.6%. There is no problem of not
obtaining a current zero. Also, S = 34.44/28.44 = 1.21.
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Selection of Short-Circuit Ratings of Generator Breaker

Now, we have the first-cycle and interrupting duty short-circuit currents available on
either side of the generator breaker. Interrupting and first-cycle duties for the fault at
F4 are lower than the duties calculated for the fault at F2. The breaker 52G selection
should, therefore, be based on fault duties at F2, i.e., 35.28 kA rms interrupting,
79.73 kA crest, close and latch.

Referring to Table 5-2 a general-purpose circuit breaker of rated short-circuit
current = 37kA sym. can be selected. This circuit breaker has a symmetrical inter-
rupting rating of 40.217kA rms at 13.8 kV. The asymmetrical duty at voltage of
application x 1.1 =40.217 x 1.1 = 44.2kA. The ratio of the breaker asymmetrical
rating to the calculated symmetrical short-circuit current at contact parting time is
2.33. The close and latch capability of the breaker is 130 kA crest. The generator
breakers are specified to have a standard short-circuit current rating of 63, 80, 100,
120, and 160 kA etc. A 63-kA generator breaker will be conservatively applied with
respect to calculated symmetrical and asymmetrical ratings. The selection is, there-
fore, theocratically adequate for the calculated duties, though the higher asymmetry
and not obtaining a zero at the contact parting time is not addressed. The higher
asymmetry multiplying factors in the calculation are no guarantee that the breaker
will operate successfully for the intended application. This is an application where a
generator breaker tested to interrupt 130% asymmetrical current is required (Sec.
7.8).

Duties at Feeder Breaker: Fault at F5

Empirical Calculations. The procedure for calculation is identical to that for the
generator breaker. The worst fault condition for the feeder breaker occurs for a fault
at its load terminals, and the breaker does not experience the short-circuit current
contribution of the auxiliary distribution system. There are two components of
current, one from the generator (local source) and the other from the utility (remote
source). The fault point E/Z from interrupting duty calculation from complex net-
work reduction gives: 56.27kA; X/R=7581; Z =0.001702+ 0.074326;
NACD = 0.492. The weighted multiplying factor from Fig. 7-11 is 1.274, giving
an interrupting rating of 71.69 kA rms. This exceeds maximum 63kA (K =1) inter-
rupting rating of ANSI listed breakers, pointing to the need to elimate this breaker
and redesign protection system or adopting short-circuit current limiting methods.

For the close and latch capability, the symmetrical current is still 56.27 kA.
This is so because generator and utility source currents are identical for the first-cycle
and interrupting duty calculations. First-cycle asymmetrical rms current based on X
/R ratio is 94.85kA or 155.93 kA crest.

Analytical Calculation. Analytically the results can be arrived at as follows, as the
generator and utility’s source components of the symmetrical current at contact
parting time have already been calculated:

Generator symmetrical current contribution = 18.95kA

Utility’s symmetrical current contribution = 27.69 kA

Total symmetrical current = 46.64 kA (these should be summed vectorially)
Generator dc component at contact parting time = 34.22 kA

Utility’s dc component at contact parting time = 19.05kA
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Total dc component = 53.27 kA
Total asymmetrical current = 70.80 kA
Required symmetrical interrupting duty of a five-cycle breaker = 64.36 kA rms

Here, the asymmetry factor o = 53.27/65.95 = 0.81, and obtaining a current zero at
the contact parting time even with zero fault resistance is not a problem.
The example illustrates that ANSI empirical methods give conservative results.

Example 7.2

Construct bus admittance and impedance matrices of the network for Example 7.1
for interrupting duty calculations. Compare the calculated values of self-impedances
with the values arrived at in Example 7.1.

The system, in terms of admittances can be modeled as shown in Fig. 7-15. The
bus admittance matrix can be written by examination as follows:

3.614 —j53.051 —0.249 + j7.743 0 0

yo | —0.2494/7.743  0.367 —j15.553  —0.063 +0.994 0
bus = 0 —0.063 +;0.994 0.1144 — j1.397 —0.045 + j0.264
0 0 —0.045 +j0.264  0.0486 — j0.293

The bus impedance matrix is:

0.0014 4 j0.0203  0.0006 + j0.0107  0.0005 + j0.0092 0.00045 + j0.0083
0.0006 + j0.0107  0.0017 +j0.0736  0.0014 + j0.0632  0.0010 + j0.0570
0.0005 4 j0.0092  0.0014 + j0.06321  0.0551 +j0.9135  0.0460 + j0.8239
0.00045 + j0.0083  0.0010 + j0.0570  0.0460 + j0.8239  0.5892 + j4.0647

Liys =

The self-impedances Zy,, Z,,, etc., compare well with the values calculated from
positive sequence impedances of the fault point networks, reduced to a single impe-
dance. The X/R ratio should not be calculated from complex impedances and sepa-
rate R and X matrices are required. Zero values of elements are not acceptable.

138 kV 13.8 kY 416 kV 0.48 kV
0.249.j7.743 0.063-j0.994 0.045-j0.264
AMA AN AN |
> 3.365- ) 0.0084- 0.0036-
3 j45.308 § ?6?35156 > j0139 j0.029
Utility source Generator MV motors LV motors

Figure 7-15 Equivalent admittance diagram of system of Fig. 7-13 (Example 7.2).

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



Example 7.3

Example 7.3 is for calculations in a multivoltage level distribution system (Fig. 7-16).
Short-circuit duties are required to verify the adequacy of ratings of the switching
devices shown in this single-line diagram. These devices are:

1. 13.8-kV switchgear at buses 1, 2, and 3
2. 4.16-kV switchgear at bus 6

Three-phase fault
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Figure 7-16 Single-line diagram of a multivoltage level distribution system for short-circuit
calculations (Example 7.3).
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Primary switches of transformers T3 and T4

Primary fused switches of transformers T5 and T6

Type R fuses for medium-voltage motor starters, buses 7 and 8
Low-voltage power circuit breakers, bus 10

ICCB at bus 10

8. Molded case circuit breakers at low-voltage motor control center, bus 14

N kAWw

Also calculate bus bracings, withstand capability of 13.8 kV #4 ACSR overhead line
conductors connected to feeder breaker 2F3 and #4/0 cable connected to feeder
breaker 2F4.

In this example, emphasis is upon evaluation of calculated short-circuit duties
with respect to the equipment ratings. Three-phase fault calculations are required to
be performed.

Calculation of Short-Circuit Duties

The procedure of calculation is the same as that in Example 7.1. The impedance data
reduced to a common 100-MVA base are shown in Table 7-7. The fault point net-
works for various faulted buses can be constructed, one at a time, and reduced to a
single network. As an example, the fault network for the 13.8-kV bus 2 is shown in
Fig. 7-17. Reducing it to a single impedance requires wye—delta impedance transfor-
mation. The simplicity, accuracy, and speed of computer methods of solution can be
realized from this exercise. The reduced complex impedance for interrupting duty
calculations for bus 2 fault is: Z = 0.003553 + 0.155536, and X /R from separate
networks is 47.9; E/Z =26.892 < —88.7°. All the generator contribution of
14.55kA is a local source as the generator is directly connected to the bus. The
remote (utility) source contributes to the fault at bus 2 through transformers T1

R,
Fault

Equivalent
impedance

Figure 7-17 Positive sequence impedance diagram for a fault at bus 2 (Example 7.3).
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Table 7-7

Impedance Data (100 MVA Base) Distribution System, Example 7.3

Equipment

Description

Per unit
resistance

Per unit
reactance

Ul
Gl

R1, R2,
R3
T1, T2

T3, T4

TS, T6

T7

T8

Cl

C2

C7, C8

C3, C4,
Cs, Co
Ml

M2

MVMI1

Utility source, 138kV, 4260 MVA, X/R =25

Synchronous generator, 13.8kV, 40 MVA,
0.85 power factor, saturated subtransient
reactance = 11.5%, saturated
transient = 15%, X/R = 56.7

Reactors, 13.8kV, 2kA, 0.25 ohms, 866 KVA,
X/R=288.7

20/33.4 MVA, OA/FA, 138-13.8kV, delta—
wye transformers, Z = 8.0% on 20 MVA
OA rating, X/R = 21.9, wye winding low
resistance grounded through 400 A, 10s
resistor

10/14 MVA, OA/FA, 13.8-4.16kV, delta—wye
transformer, Z = 5.5%, X/R = 15.9, wye-
winding low-resistance grounded through
200 A 10 sec resistor

2/2.58 MVA, OA/FA, 13.8-0.48kV, delta—wye
transformer, Z = 5.75%, X/R = 6.3, wye-
winding high-resistance grounded

1/1.29 MVA, AA/FA, 13.8-0.48kV delta—wye
transformer, Z = 5.75%, X/R = 5.3, wye-
winding high-resistance grounded

250 KVA, AA, 0.48-0.24kV delta—wye
transformer, Z = 4%, X/R = 2.7, solidly
grounded

1-3/C #4/0 15-kV grade shielded, MV-90, IAC
(interlocked armor), XLPE cable laid in
aluminum tray, 200 ft

1-3/C 500 KCMIL, 15-kV grade shielded, M'V-
90, IAC, XLPE cable laid in aluminum tray,
400ft

2-3/C, 350 KCMIL, 5-kV grade, shielded, MV-
90, XLPE, IAC cable, laid in aluminum tray,
100ft

3-3/C, 500 KCMIL, 0.6-kV grade, THNN,
90°C cables, laid in tray, 60ft

1 x 12,000-hp, squirrel cage induction motor, 2
pole (10,800 kVA), locked rotor reactance =
16.7%, X/R = 46

1 x 10,000-hp synchronous motor, 8-pole, 0.8
power factor (10000 KVA), X =20%, X/R
=344

2 x 1500-hp squirrel cage induction, 2-pole,
5 x 300-hp induction motors, 4-pole, and
1 x 3500-hp, 12 pole, 0.8 power factor
synchronous motor
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0.00094
0.00507

0.00148

0.01827

0.03452

0.44754

1.06494

5.49916

0.00645

0.00586

0.01116

0.23888

0.0336

0.05822

0.21667
0.77958
0.20324

0.02347
0.28750

0.13127

0.39958

0.54892

2.83995

5.65052

15.02529

0.00377

0.00666

0.00790

0.23246

1.54630

2.0000

6.1851 (2 x 1500-hp)
11.719 (5 x 300-hp)
5.7142 (3500-hp)



Table 7-7 (Contd.)

Per unit Per unit
Equipment Description resistance reactance
MVM2, 1 x 1800-hp, 12 pole, 0.8 power factor 0.45904 11.111 (1800 hp)
MVM3 synchronous and 3 x 1100-hp, 6-pole 0.21675 5.6229 (3 x 1100 hp)

induction motors
LVM1 Grouped 1350-hp induction motors > 50 hp 1.4829 12.370 (>50hp)

and 640-hp induction motors <50 hp 54362  26.093 (<50hp)
LVM2, Grouped 300-hp induction motors > S0 hpand  6.0664  50.606 (> 50 hp)
LVM3, 172 hp motors, <50 hp 20.227  97.093 (<50hp)
LVM4
L1 5200ft long, GMD = 4ft, ACSR conductor A- 1.41718 0.41718

AA class (SWAN), #4 AWG [10]

2-3/C: Abbreviated for two three-conductor cables per phase. MV-90, XLPE, THNN: Cable insulation
types. See Ref. 11. The impedance of a cable is also a function of its construction and method of
installation.

and T2 and synchronizing bus reactors. The utility’s contributions through transfor-
mers T1 and T2 and synchronizing bus reactors are summed up. This gives 9.01 kA.
The remote/total ratio, i.e., NACD ratio is 0.335. The multiplying factor is 1.163 and
the interrupting duty is 31.28 for a five-cycle symmetrical breaker. If the calculation is
based on a separate R—X method, the fault point impedance is: 0.003245 + j0.15521.
This gives E/Z = 26.895 kA. There is not much difference in the calculations by using
the two methods, though a difference up to 5% can occur. The results of calculations
are shown in Tables 7-8-7-12.

Evaluation of Short-Circuit Capabilities

It remains to evaluate the short-circuit ratings with respect to calculated duties.
Tables 7-8 through 7-12 show the equipment ratings as well as the calculated duties.
13.8-kV Switchgear. The 13.8-kV switchgear for buses 1, 2, and 3 consists of metal-
clad indoor circuit breakers having an interrupting rating at the voltage of applica-
tion of 13.8 kV = 30.4 kA rms and the close and latch capability is 58 kA rms asym.
The calculated duties on buses 1, 2, and 3 in Table 7-8 show that the interrupting
duties on bus 2 exceed the breaker ratings by 2.79%, though the close and latch duty
of 46.48 kA rms asym. is much below the breaker ratings. It would be hasty to
suggest that the entire bus 2 switchgear be replaced.

As the duties are calculated for a bus fault, it is necessary to calculate the duties
on individual breakers on this bus, by dropping the loads connected to each of these
breakers. Neglecting the load contribution means that the fault point X/R ratio and
duty multiplying factors will change. The load current component of the feeder
breaker can be vectorially subtracted from the bus fault current. Table 7-13 is
compiled on this basis and shows the interrupting duties on the feeder breakers
connected to bus 2. It is observed that the feeder breaker 2F2 to the transmission
line and the feeder breaker 2F3 to the 2-MVA transformer are overdutied. As the
feeder breaker 2F2 has no rotating loads, its interrupting duty is the same as that for
a bus fault. It may be possible to retrofit these two breakers with breakers of higher
interrupting rating, depending on the manufacturer and age of the equipment.
Increasing bus tie reactor impedance by providing another reactor in series with
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Table 7-8 Calculated Duties on 13.8kV Breakers (Example 7.3)

Breaker Calculate first-cycle duties (close and latch capabilities) Calculate interrupting duties
interrupting
Breaker close rating at Fault point Z Fault point Z NACD/
and latch voltage of based on complex Multiplying Calculated based on complex weighted Calculated
capability (kA, application impedance Fault point factor based duty (kA rms impedance Fault point multiplying duty (kA rms
Bus no. Breaker type asym. rms) (kA sym. rms) reduction X /R ratio on X/R asym.) reduction X /R ratio factor sym.)
1 15 kV, indoor 58 30.43 0.005767 +0.175930 41.61 1.649 39.20 0.005831 + 0.18426 41.73 0.6/1.169 26.53
2 oil-less, 5-cycle 0.003578 +0.149318 47.84 1.659 46.48 0.003553 + j0.155536 47.92 0.335/1.163 31.28
3 sym. 0.004903 +0.159347 41.05 1.648 43.25 0.005291 +0.171520 41.16 0.571/1.162 28.33

Table 7-9 Calculated Duties on 4.16-kV Breakers (Example 7.3)

Breaker Calculate first-cycle duties (close and latch capabilities) Calculate interrupting duties
interrupting
Breaker close  rating at Fault point Z NACD/
and latch voltage of ~ Fault point Z based on Multiplying  Calculated based on complex weighted Calculated
capability (kA, application complex impedance  Fault point factor based duty (kA rms impedance Fault point multiplying duty (kA rms
Bus no. Breaker type asym. rms) (kA sym. rms) reduction X/R ratio on X/R asym.) reduction X/R ratio factor sym.)
6 4.16kV, 58 30.43 0.029041 +0.517160 18.41 1.649 41.70 0.032647 + j0.572088 18.03 0.475/1.00 24.22
indoor, oil-  (=97kA crest)
less, S cycle
sym.
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Table 7-10  Short-Circuit Duties on 4.16-kV MCC (Example 7.3)

Fuse Calculated first-cycle duties (sym. and asym.)
interrupting
rating (kA,  Fault point Z based on Fault Multiplying  Calculated
Motor starter rms sym./ complex impedance point  factor based duty (kA rms
Bus no.  fuse type asym.) reduction X/Rratio on X/R sym./asym.)
7,8 Current 50/80 0.037043 + 0.522930 15.09 1.523 26.47/40.31
limiting
type R

the existing reactor could be another solution, especially if a system expansion is
planned. Some remedial measures to the short-circuit problems are:

Retrofitting overdutied breakers with new breakers

Replacing with entirely new switchgear of higher ratings

Adding current-limiting reactors

Redistribution of loads and reorganization of distribution system
Short-circuit current limiters [12]

Duplex reactors (see Appendix C)

Series connected devices for low-voltage systems. (See Sec. 5.12.3.3)

A detailed discussion of these topics is not covered.

4.16-kV Circuit Breakers and Motor Starters. Table 7-9 shows 4.16-kV metal-clad
circuit breaker ratings and calculated duties, and Table 7-10 shows a similar com-
parison of R-type fuses in medium-voltage motor starters. These devices are applied
much below their short-circuit ratings.

Transformer Primary Switches and Fused Switches. Short-circuit ratings of trans-
former primary switches (without fuses) are specified in terms of asymmetrical kKA
rms and 10-cycle fault closing. The former rating indicates the maximum asymme-
trical withstand current capability, and the latter signifies that the switch can be
closed on to a fault for 10 cycles, with maximum fault limited to specified asymme-
trical fault closing rating. The upstream protective devices must isolate the fault
within 10 cycles. The short-circuit ratings on power fuses are discussed in Chap. 5.
First-cycle calculations are required. Table 7-11 shows the comparison and that the
equipment is applied within its short-circuit ratings.

Low-Voltage Circuit Breakers. The switching devices in low-voltage distribution
should be categorized into low-voltage power circuit breakers (LVPCBs), insulated
case circuit breakers (ICCBs), and molded case circuit breakers (MCCBs), as dis-
cussed in Chap. 5. These have different test power factors, depending on their type
and ratings, and interrupting duty multiplying factors are different. First-cycle cal-
culation is required for ascertaining the duties. Table 7-12 shows these calculations.
It is observed that the short-circuit duties on MCCBs at buses 11and 16 exceed the
ratings. A reactor in the incoming service to these buses can be provided.
Alternatively, the underrated MCCBs can be replaced or series rated devices
(Chap. 5) can be considered.
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Table 7-11

Example 7.3: Calculated Duties 13.8-kV Transformer Primary Switches and Fuses

Transformer Symmetrical
primary switch/ Short-circuit Fault-point impedance Fault point current Asymmetrical current
Transformer fused switch ratings (100-MVA base) X/R (kA rms) (kA rms)
10 MVA Switch only Switch 61 kA rms 0.008709 + ;0.153013 18.48 26.926 41.92
asym. Fault
closing 10
cycles = 61 kA
rms asym.
2 MVA Fused switch, Fuse: 0.009926 + ;j0.153013 16.04 27.285 41.84
with current- interrupting
limiting type = 50kA rms, sym.
class E fuse = 80 kA rms,
asym.
Table 7-12  Short-Circuit Duties on Low-Voltage Circuit Breakers (Example 7.3)
Fault point
Breaker Breaker interrupting Z per unit Calculated duty
identification rating (kA sym.) (100-MVA base) Fault point X/R  Multiplying factor E/Z (kA sym.)
Bus 10, LVPCB 50 0.37625 +j2.491190 6.65 1.002 47.73 < —81.36° 47.82
Bus 10, ICCB 65 0.37625 +j2.491190 6.65 1.063 47.73 < —81.36° 50.73
Bus 14, MCCBI 65 0.588317 +;2.697419 4.68 1 43.57 < =71.70° 43.57
Bus 11, MCCB 35 0.617505 +2.723650 4.44 1 43.07 < —77.23°
Bus 15, MCCB 35 2.480748 +j6.217019 2.51 1 17.97 < —68.25° 43.07
Bus 16, 240 V MCCB 10 6.087477 + j17.72271 2.92 1 12.84 < 71.04° 17.97
12.84
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Table 7-13 Calculated Duties on Feeder Circuit Breakers on 13.8-kV Bus 2 (Example

7.3)

Breaker rating
Breaker interrupting Breaker calculated interrupting
ID Breaker service (kA, sym. rms) duty (kA sym. rms)
BG2 Generator breaker 30.43 16.94
2F1 Synchronous bus 18.68
2F2 13.8-kV distribution line 31.28 (overexposure = 2.79%)
2F3 2-MVA transformer 31.18 (overexposure = 2.46%)
2F4 10-MVA transformer 30.03

Bus Bracings. Bus bracings are, generally, specified in symmetrical rms ampéres
and are indicative of mechanical strength under short-circuit conditions. The
mechanical stresses are proportional to I/d, where d is the phase-to-phase spacing.
First-cycle symmetrical current is, therefore, used to compare with the specified bus
bracings. In terms of asymmetrical current, the bus bracings are 1.6 times the sym-
metrical current. Both the symmetrical and asymmetrical calculated values should be
lower than the ratings. It is sometimes possible to raise the short-circuit capability of
the buses in metal-clad switchgear by adding additional bus supports.

Power Cables. Power cables should be designed to withstand short-circuit currents
so that these are not damaged within the total fault clearing time of the protective
devices. During short-circuit, approximately all heat generated is absorbed by the
conductor metal, and the heat transfer to insulation and surrounding medium can be
ignored. An expression relating the size of copper conductor, magnitude of fault
current, and duration of current flow is

I\ T + 234
(—) 1Fe = 0.0297 log g 1

i 1
cM T, + 234 (7.15)

where [ is the magnitude of fault current in ampéres, CM is the conductor size in
circular mils, F,. is the skin effect ratio or ac resistance/dc resistance ratio of the
conductor, Ttis the final permissible short-circuit conductor temperature, depending
on the type of insulation, and T is the initial temperature prior to current change.
For aluminum conductors, this expression is

I\ T + 228
) iR = 0.0125log; 1 T 220
(CM) tFae = 00125 logio 72 55

where F,. is given in Table 7-14 [13]. The short-circuit withstand capability of 4/0
(211600 CM) copper conductor cable of 13.8-kV breaker 2F4 has a short-circuit
withstand capability of 0.238sec. This is based on an initial conductor temperature
of 90°C, a final short-circuit temperature for XLPE (cross-linked polyethylene) insu-
lation of 250°C, and a fault current of 31.18 kA sym. (F,. from Table 7-14 = 1.02).
The breaker interrupting time is five cycles, which means that the protective relays
must operate in less than 9 cycles to clear the fault. Major cable circuits in industrial
distribution systems are sized so that these are not damaged even if the first zone of
protective relays (instantaneous) fail to operate and the fault has to be cleared in the
time-delay zone of the backup device. From these criteria, the cable may be under-
sized.

(7.16)
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Table 7-14 Ac/Dc Resistance Ratios: Copper and
Aluminum Conductors at 60 Hz and 65°C

5 to 15-kV nonleaded shielded power
cable, 3 single concentric conductors in

. same metallic conduit
Conductor size

(KCMIL or AWG) Copper Aluminum
1000 1.36 1.17
900 1.30 1.14
800 1.24 1.11
750 1.22 1.10
700 1.19 1.09
600 1.14 1.07
500 1.10 1.05
400 1.07 1.03
350 1.05 1.03
300 1.04 1.02
250 1.03 1.01
4/0 1.02 1.01
3/0 1.01 <1%
2/0 1.01 <1%

Overhead Line Conductors. Calculations of short-circuit withstand ratings for over-
head line conductors must also receive similar considerations as cables, i.e., these
should be sized not only for load current and voltage drop consideration, but also
from short-circuit considerations. For ACSR (aluminium conductor steel reinforced)
conductors, a temperature of 100°C (60°C rise over 40°C ambient) is frequently used
for normal loading conditions, as the strands retain approximately 90% of rated
strength after 10,000 h of operation. Under short-circuit, 340°C may be selected as
the maximum temperature for all aluminum conductors and 645°C for ACSR, with a
sizable steel content. An expression for safe time duration based on this criterion and
no heat loss during short-circuit for ACSR is [11]:

2
t = <0.0862 CTM> (7.17)

where ¢ is the duration is seconds, CMs the area of conductor in circular mils, and 7
is the current in ampeéres, rms.

From Eq. (7.17) # 4 (41740 CM) ACSR of the transmission line connected to
breaker 2F2 has a short-circuit withstand capability of 0.013 sec for a symmetrical
short-circuit current of 31.28 kA close to bus 2. The conductors, though adequately
sized for the load current of a 1-MVA transformer, are grossly undersized from
short-circuit considerations.

7.10.1 Deriving an Equivalent Impedance

A section of a network can be reduced to a single equivalent impedance. This tool
can prove useful when planning a power system. Consider that in Fig. 7-16, the 13.8-
kV system is of interest for optimizing the bus tie reactors or developing a system
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configuration. A number of computer runs may be required for this purpose. The
distribution connected to each of the 13.8-kV buses can be represented by equivalent
impedances, one for interrupting duty calculation and the other for first-cycle cal-
culation. Figure 7-18 shows these equivalent impedances. These can be derived by a
computer calculation or from the vectorial summation of the short-circuit currents
contributed to the buses.

This concept can be used in subdividing a large network into sections with
interfaced impedances at their boundaries, representing the contributions of the
connected systems. Attention can then be devoted to the section of interest, with
less computer running time and saved efforts in modeling and analyzing the output
results. Once the system of interest is finalized its impact on the interfaced systems
can be evaluated by detailed modeling.

Example 7.4

In the majority of cases, three-phase short-circuit currents give the maximum short-
circuit duties; however, in some cases, a single line-to-ground fault may give a higher
short-circuit duty. Consider the large generating station shown in Fig. 7-19. Fault
duties are required at point F. The source short-circuit MVA at 230 kV for a three-
phase and single line-to-ground fault is the same, 4000 MVA, X/R = 15. (10.04 kKA
< —86.19°). Each generator is connected through a delta-wye step-up transformer.
The high-voltage wye neutral is solidly grounded. This is the usual connection of a
step-up transformer in a generating station, as the generator is high-impedance
grounded. With the impedance data for the generators and transformers shown in

j 4260MVA
138 KV

ALAALS
vy T, AN AS
IS e s T2
SN | rew 2N s PO P

F I lp F I
v v

1.688 1.0317 20397 1318 4.795 3197
<8632 <-87.15° <-86.430 <-87.07° <-88.53° <-88 567

Figure 7-18 Equivalent impedances of the distribution system connected to 13.8-kV buses
in the distribution system of Fig. 7-16. F: first-cycle impedance; I: interrupting-duty impe-
dance.
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Figure 7-19 Single-line diagram of a large generating station for calculation of fault cur-
rents (Example 7.4).

this figure, the positive sequence fault point impedance = 0.00067 + j0.0146 per unit,
100-MVA base. Thus, the three-phase short-circuit current at F = 17.146 kA sym.
Each generator contributes 2.31 kA of short-circuit current. The zero sequence impe-
dance at the fault point = 0.00038 4 0.00978, and the single line-to-ground fault
current at F = 19.277 kA, approximately 12.42% higher than the three-phase short-
circuit current.

Example 7.5

Figure 7-20(a) shows three motors of 10,000 hp, each connected to a 13.8-kV bus, fed
from a 138-kV source through a single step-down transformer. For a fault on load
side of breaker 52 calculate the motor contributions at the 13.8-kV bus, and the first-
cycle and interrupting duty currents by simplified ANSI methods, and by analytical
calculations for a three-cycle breaker contact parting time. Repeat the calculations
with series impedances added in the motor circuit as shown in Fig. 7-20(b).

Simplified Calculations

The source impedance in series with the transformer impedance is same for the first-
cycle and interrupting duty calculations. This gives Z = 0.0139 + 0.2954 per unit on
a 100-MVA base. The source contribution through the transformer is, therefore,
14.147kA at < —87.306°.
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Source
G842 MVA XWR =171

138 kv
e 30 MVA
2=8.5%, X/R =215
13.8 KV
M 10.000-hp each
2 X, =16.7%, X/R=35
(&)
Source
6842 MVA, YR =171
138 kv
30 MVA
Z=8.5%, X/R=215
13.8 kY
13.8 KV 0.0248+{0,571 ohms

O

) 10,000-hp each
X,=18.7%, X/R=35

Figure 7-20 Example 7.5: calculation of short-circuit current contributions from large
motors. (a) Motors directly connected to the 13.8kV bus; (b) motors connected through

common impedance to the 13.8kV bus.

The first-cycle impedance multiplying factor for a 10,000-hp motor is unity.
The motor kVA based on a power factor of 0.93 and efficiency of 0.96 = 8375;
X /R = 35. Therefore, the per unit locked rotor impedance for three motors in par-
allel is 0.0189 + j0.0667. This gives a first-cycle current of 6.270 kA at < —88.375°.
The total first-cycle current is 20.416 kA sym. at < —87.63°; X /R = 25.56. This gives

an asymmetrical current of 32.69 kA.
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For interrupting duty, the impedance multiplying factor is 1.5. The equivalent
motor impedance of three motors in parallel is 0.02835 + j1.0005 per unit. This gives
a motor current contribution of 4.180kA at < —88.375°. The total current is
18.327kA < —87.55°% X /R = 24.45. The E/X multiplying factor for dc decay at a
three-cycle contact parting time is 1.086. The calculated interrupting duty current is
19.91 kKA.

When a series impedance of 0.015 4 0.30 per unit (100-MVA base) is intro-
duced into the circuit, the following are the results of the calculation:

First cycle motor contribution = 4.324kA < —87.992°

Total first-cycle current = 18.47 kA sym. < —87.4°; X/R = 22.95
Asymmetry multiplying factor = 1.5888

Asymmetrical current = 29.33 kA rms

Interrupting duty motor contribution = 3.215 < —88.09°

Total current = 17.326 < —87.45% X /R = 22.87

E/X multiplying factor = 1.070

Calculated interrupting duty current = 18.57 kA

Analytical Calculation

We will recall Egs (6.127)—(6.133) and Example 6.9. The equations for ac and dc
components of the short-circuit currents are reproduced below:

. E —t/T'
he =y

E _
idC = \/576 T

We showed that X is the locked rotor reactance of the motor. This can be replaced
with Z’. T4, = X'/owr, [Eq. (6.131)], where r, is the stator resistance. Therefore, X'
/ry is in fact the ANSI X/R ratio. When an external impedance is added:

X'+ X,

=B (7.18)

dc
where R. and X, are the external resistances and reactances. Similarly, the time
constant 7’ becomes:

X'+ X,
- wry

T (7.19)

We will first calculate the motor first-cycle and interrupting current contribu-
tions, without series impedance in the motor circuit; X' = 0.0189 4 j0.667 as before.
The time constants of large motors are generally specified by the manufacturers. For
the example, T4 = 0.093 and 7' = 0.102. The ac and dc current equations for the
motor are

iy = 6.27671/0:102 g = 8.8751/00%3

At half-cycle, the ac and dc currents are 5.28 and 8.10 kA, respectively. The source
impedance in series with the transformer is 0.0139 + j0.2954 per unit. Therefore,
X/R =21.25 and the symmetrical current is 14.147kA. The equation for the dc
current from the source is
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4o = 201100564

At half-cycle the dc component from the source is 17.26 kA. Therefore, the total
symmetrical current is 5.28 4+ 14.147 = 19.427kA and the dc current is 25.36 kA.
This gives an asymmetrical current of 31.94kA. We calculated 32.69 kA by the
simplified method.

The interrupting currents are calculated at three cycles. The source dc compo-
nent is 8.24 kA, the motor dc component is 5.17kA, the source ac component is
14.147 kA, and the motor ac component is 3.84 kA. This gives a symmetrical current
of 17.987kA and an asymmetrical current of 22.44kA. The interrupting duty to
compare with a five-cycle breaker is 22.444/1.1 = 20.39kA. We calculated
19.91 kA by the simplified method.

Now consider the effect of series resistance in the motor circuit. The motor
impedance plus series impedance is (0.0189 4 j0.0667) + (0.015 + 0.30) = 0.0239 +
j0.967 per unit. This gives a current of 4.32 kA.

The time constants are modified to consider external impedance according to
Eqs (7.18) and (7.19):

0.667 +0.30
= = 0.0757

4 = (0.0189 + 0.015)

Also, T' is
0.667 + 0.30
= = 0.148
®(0.0173)
The equations for motor ac and dc components of currents are then:
fom = 4.32071019 612071/

This gives a total first-cycle current of 29.14 kA rms (versus 29.33 kA by the simpli-
fied method) and a symmetrical interrupting current of 17.23 kA; the dc component
at contact parting time is 11.4 kA. The total asymmetrical current is 20.65kA. The
current for comparison with a five-cycle circuit breaker is 20.65/1.1 = 18.77kA. We
calculated 18.57 kA with the simplified calculations. The results are fairly close in this
example, though larger variations can occur.

7.11 THIRTY-CYCLE SHORT-CIRCUIT CURRENTS

Thirty-cycle short-circuit currents are required for overcurrent devices co-ordinated
on a time—current basis. The 30-cycle short-circuit current is calculated on the fol-
lowing assumptions:

e The contributions from the utility sources remain unchanged.
The dc component of the short-circuit current decays to zero.
The contribution from the synchronous and induction motors decays to
Zero.
e The generator subtransient reactance is replaced with transient reactance or
a value higher than the subtransient reactance.
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Example 7.6

Calculate 30-cycle currents in the distribution system of Fig. 7-16 (Example 7.3).

The generator reactance is changed to transient reactance and all motor con-
tributions are dropped. Table 7-15 shows the results, which can be compared with
interrupting duty currents. The decay varies from 8 to 28%. The buses which serve
the motor loads show the highest decay.

7.12 DYNAMIC SIMULATION

Alternative methods of calculations of short-circuit currents which give accurate
results are recognized. The short-circuit calculations can be conducted on EMTP
or other digital computer programs which could emulate the transient behavior of
machines during short-circuit conditions. In this sense these programs become more
like transient stability programs carried out in the time domain. The behavior of
machines as influenced by their varying electrical and mechanical characteristics can
be modeled and the short-circuit current calculation accuracy is a function of the
machine models, static and dynamic elements as well as the assumptions.
Synchronous machines can be modeled by their appropriate subtransient, transient,
and synchronous impedances and time constants. This may result in a number of
differential equations so that harmonics and dc offset effects can be accounted for.
The inclusion of voltage regulators and excitation systems is possible. Dynamic
simulation puts heavy demand on the computing resources as well as on accurate
data entries.

Table 7-15 30-Cycle Currents,
Distribution System (Fig. 7-16)

Bus identification 30-cycle currents in
kA sym.

13.8-kV buses

1 19.91

2 21.11

3 19.91

4 22.73
4.16-kV buses

5 18.26

6 18.38

7 18.17

8 18.17
Low-voltage buses

9 39.01
10 39.10
11 35.93
12 35.93
15 17.85
16 12.45
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Problems

(The problems in this section are constituted so that these can be solved by hand
calculations.)

1.

230 kv

A circuit breaker is required for 13.8-kV application. The E/X calcula-

tion gives 25kA sym., and the X /R ratio is below 15. Select a suitable

breaker from the Tables in Chap. 5.

The X/R ratio in Problem 1 is 25. Without making a calculation, what is

the minimum interrupting rating of a circuit breaker for safe application?

A generating station is shown in Fig. 7-P1. The auxiliary distribution

loads are omitted. Calculate the short-circuit duties on the generator

breaker and the 230-kV breaker.

Indicate whether the following sources will be considered remote or local

in the ANSI calculation method. What is the NACD ratio? Which E/X

multiplying curve shown in this chapter will be used for interrupting duty

currents?

a. A 50-MVA 0.85 power factor generator; saturated subtransient
reactance = 16%, X /R = 60.

b. The above generator connected through a 0.4-ohm reactor in series
with the generator.

c. The generator is connected through a step-up transformer of 40/60
MVA; transformer impedance on a 40 MVA base = 10%,
X/R = 20.

28300 MvA,
XiR=29

H to L1=9%, 80 MVA base
H to L2=9%, 60 MVA base
YT H L1t¢ L2=8%, 120MVA hase

XiR=35
L2 | L1

523, 52G,

13.8 KV, 120 MVA,
0.85 PF, 2-pale, X"y,
=16.2%, X’/R=110

Figure 7-P1 Power system for Problem 3.
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5000 kVA 5000 kWA
A6 kV |
52B
|
Mormally
E closed
3

8000-hp induction
motar group

Figure 7-P2 Power system for Problems 5 and 6.

d. A 10,000-hp synchronous motor, operating at 0.8 power factor lead-
ing.

e. A 10,000-hp induction motor, operating at 0.93 power factor lagging.

Figure 7-P2 shows the single-line diagram of a multilevel distribution

system. Calculate first-cycle and interrupting currents using the ANSI

calculation and analytical methods for faults at F1, F2, and F3. Use

the impedance data and X /R ratios specified in Table 7-P1.

Calculate the duties on circuit breakers marked 52G and 52T in Fig. 7-P2.

Use separate a R—X method for E£/Z calculation. Each of these breakers

is five-cycle symmetrical rated.

Calculate the short-circuit withstand rating of a 250 KCMIL cable; con-

ductor temperature 90°C, maximum short-circuit temperature 250°C,

ambient temperature 40°C, short-circuit duration 0.5 sec.

The multiplying factors for short-circuit duty calculations for LVPCB

and MCCB are 1.095 and 1.19, respectively, though the available short

circuit current is 52.3 kA in each case. What is the fault point X/R?

In Example 7.3, construct a fault impedance network for the fault at Bus

3. Calculate fault point impedance and the X/R ratio based on separate
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Table 7-P1

Impedance Data (Problems 5 and 6)

Equipment identification Impedance data

138-kV utility’s source 3600 MVA, X/R =20

Generator

13.8-kV, 45-MVA, 0.85pF, 2-pole subtransient saturated
reactance = 11.7%, X /R = 100, transient saturated = 16.8%,
synchronous = 205% on generator MVA base, constant
excitation, three-phase subtransient and transient time constants
equal to 0.016 and 0.46s, respectively, armature time
constant = 0.18s

Induction motor M1 13.2-kV, 5000-hp, 2-pole locked rotor reactance = 16.7%, X/R =

55

Synchronous motor M2 13.8-kV, 10,000-hp, 4-pole, X4 = 20%, X/R = 38

Motor group 4-kV, 200-1000 hp, 4-pole induction motors, locked rotor
reactance = 17%, consider an average X /R = 15, total installed
kVA = 8000

Transformer T1 30/50-MVA, 138-13.8kV, Z = 10%, X/R = 25, data—wye,

secondary neutral resistance grounded.

Transformers T2 and T3 5000-kVA, 13.8-4.16kV, Z = 5.5%, X/R = 11, transformer taps

are set to provide 5% secondary voltage boost.

Reactor 0.3 0hms, X/R = 100

Cable C1 0.002 +0.018 ohms

Cables C2 and C3 0.055 +0.053 ohms
R—X networks. How does this impedance differ from the values arrived at
in Table 7-8 from complex impedance reduction calculation?

10. Write five lines on each to describe how the following devices are rated
from a short-circuit consideration? LVPCB, ICCB, and MCCB, power
cables, overhead ACSR conductors, transformer primary fused and
unfused switches and bus-bars in switchgear and switchboard enclosures,
investigating short-circuit ratings of transformers and reactors.

11. Explain the problems of high X /R faults. How does this affect the duties
on the high-voltage generator circuit breakers?

12. Which of the following locations of breakers in the same system and on
the same bus will have the maximum fault duties: Bus tie breaker, incom-
ing breaker, feeder breaker fully loaded, or feeder breaker lightly loaded?

13. Represent all the downstream distributions in Fig. 7-P2 at the 13.8-kV
bus with a single interrupting duty and first-cycle impedance.

14. Calculate 30-cycle currents in Fig. 7-P2 at all buses.

15. Form a bus admittance and bus impedance matrix of the system in Fig.
7-P2.
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8

Short-Circuit Calculations According to
IEC Standards

Since the publication of IEC 909 for the calculation of short-circuit currents in 1988
[1-3], it has attracted much attention and the different methodology compared to
ANSI methods of calculation has prompted a number of discussions and technical
papers. This chapter analyzes and compares the calculation procedures in IEC and
ANSI standards. Using exactly the same system configurations and impedance data
comparative results are arrived at, which show considerable differences in the calcu-
lated results by the two methods. Some explanation of these variances is provided
based on different procedural approaches. Neither standard precludes alternative
methods of calculation, which give equally accurate results.

8.1 CONCEPTUAL AND ANALYTICAL DIFFERENCES

The short-circuit calculations in IEC and ANSI standards are conceptually and
analytically different, nor is the rating structure of the circuit breakers identical.
There are major differences in the duty cycles, testing, temperature rises, recovery
voltages, and short-time ratings of circuit breakers in the two standards, and for the
purpose of IEC short-circuit calculations we will confine our attention to the speci-
fications of interest. Entirely different terminology is used in IEC [1, 4] to describe
the same phenomena in circuit breakers. The following overview provides a broad
picture and correlation with ANSI.

8.1.1 Breaking Capability

The rated breaking capability of a circuit breaker corresponds to the rated voltage
and to a reference restriking voltage, equal to the rated value, expressed as (1) rated
symmetrical breaking current that each pole of the circuit breaker can break, and (2)
rated asymmetrical breaking capability that any pole of the circuit breaker can
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break. The breaking capacity is expressed in MVA for convenience, which is equal to
the product of the rated breaking current inkA and rated voltage multiplied by an
appropriate factor, depending on the type of circuit (1 for a single-phase circuit, 2 for
a two-phase circuit, and +/3 for a three-phase circuit).

This is equivalent to the interrupting capability in ANSI standards. There are
no K factors in IEC ratings. In IEC calculations the asymmetry at the contact
parting time must be calculated to ascertain the asymmetrical rating of the breaker.
As discussed in Chap. 5, ANSI breakers are rated on a symmetrical current basis and
the asymmetry is allowed in the rating structure and postfault correction factors.
Unlike ANSI, IEC does not recommend any postmultiplying factors to account for
asymmetry in short-circuit currents.

8.1.2 Rated Restriking Voltage

The rated restriking voltage is the reference restriking voltage to which the breaking
capacity of the circuit breaker is related. It is recommended that the nameplate of the
circuit breaker be marked with the amplitude factor and either the rate of rise of the
restriking voltage in volts /usec or natural frequency in kHz /sec be stated.

8.1.3 Rated Making Capacity

The rated making capacity corresponds to rated voltages and is given by 1.8 x v/2 (=
2.55) times the rated symmetrical breaking capacity. The making capacity in ampéres
is inversely proportional to the voltage, when the circuit breaker is dual-voltage
rated. For voltages below the lower rated voltage, the making capacity has a con-
stant value corresponding to the lower rated voltage and for voltages higher than the
rated voltage no making capacity is guaranteed. This is equivalent to the close and
latch capability of ANSI standards as explained further.

8.1.4 Rated Opening Time and Break Time

The rated opening time up to separation of contacts is the opening time which
corresponds to rated breaking capacity. The rated total breaking time is the total
break time which corresponds to the rated breaking capacity. It may be different,
depending on whether it refers to symmetrical or asymmetrical breaking capacity.

The minimum time delay ¢, is the sum of the shortest possible operating time
of the instantaneous relay (ANSI tripping delay, equal to one half-cycle) and the
shortest opening time of the circuit breaker. Thus, the IEC breaking time is equiva-
lent to the ANSI interrupting time and the IEC minimum time delay ¢, is equivalent
to the ANSI contact parting time.

8.1.5 Initial Symmetrical Short-Circuit Current

IEC defines I, the initial symmetrical short-circuit current as the ac symmetrical
component of a prospective (available) short-circuit current applicable at the
instant of short-circuit if the impedance remains at zero-time value. This is
approximately equal to ANSI first-cycle current in rms symmetrical, obtained in
the first cycle at the maximum asymmetry in one of the phases. Note the difference
in the specifications.
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8.1.6 Peak Making Current

The peak making current, i,, is the first major loop of the current in a pole of a
circuit breaker during the transient period following the initiation of current during a
making operation. This includes the dc component. This is the highest value reached
in a phase in a polyphase circuit. The rated peak withstand current is equal to the
rated short-circuit making current. This can be reasonably compared with ANSI
close and latch capability, though there are differences in the rating structure.
Revision of factor 2.7 to 2.6 for 60 Hz circuit breakers and 2.5 for 50 Hz ciruit
breakers in ANSI standards (see Sec. 5.5) brings these two standards closer, though
there are differences. Also, IEC does not have any requirement, similar to that of
ANSI, for latching and carrying a current before interrupting (see Sec. 5.5).

8.1.7 Breaking Current

The rated short-circuit breaking current, /i, sym, is the highest short-circuit current that
the circuit breaker shall be capable of breaking (this term is equivalent to ANSI,
“interrupting”) under the conditions of use and behavior prescribed in IEC, in a
circuit having a power frequency recovery voltage corresponding to the rated voltage
of the circuit breaker and having a transient recovery voltage equal to the rated value
specified in the standards. The breaking current is characterized by (1) the ac compo-
nent, and (2) the dc component. The rms value of the ac component is termed the rated
short-circuit current. The standard values in IEC are: 6.3, 8, 10, 12.5, 16, 25, 31.5, 40,
50, 63, 80, and 100 kA. The dc component is calculated at minimum time delay #,,,. This
is entirely different from ANSI symmetrical ratings and calculations (Chap. 7).

8.1.8 Steady-State Current

The calculations of steady-state fault currents from generators and synchronous
motors according to IEC take into consideration the generator excitation, the type
of synchronous machine, salient or cylindrical generators, and the excitation settings.
The fault current contributed by the generator becomes a function of its rated
current using multiplying factors from curves parameterized against saturated syn-
chronous reactance of the generator, excitation settings, and the machine type.

This calculation is more elaborate and departs considerably from ANSI based
procedures for calculation of 30-cycle currents. For the purpose of short-circuit
calculations, Table 8-1 shows the equivalence between IEC and ANSI duties, though
qualifications apply.

The specimen IEC ratings of a typical dual-voltage rated circuit breaker are
shown below:

Voltage: 10 kV/11.5 kV
Frequency: 50 Hz
Symmetrical breaking capacity: 20.4 kA/17.8 kA
Asymmetrical breaking capacity: 25.5kA/22.2 kA
Rated making capacity: 52kA/45kA
Rated restriking voltage:

amplitude factor 1.25

rate of rise 500 V/us
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Table 8-1 Equivalence Between ANSI and IEC Short-Circuit Calculation Types

ANSI calculation type

IEC calculation type

First-cycle current
Closing-latching duty current, crest
Interrupting duty current

Time-delayed 30-cycle current

Initial short-circuit current, I}’

Peak current (making current), i,

Breaking current gy and fp,gm (Symmetrical
and asymmetrical)

Steady-state current, I,

Rated short-time current (1 second): 20.4 kA
Rated operating duty: O-3m-CO-3m-CO

8.1.9 Highest Short-Circuit Currents

The three-phase, single line-to-ground, double line-to-ground, and phase-to-phase
fault currents are to be considered. Based on the sequence impedances, Fig. §-1
shows which type of short-circuit leads to the highest short-circuit currents. When
there is no decay of the ac component Z,/Z; = 1, and with ac decay Z,/Z; < 1.

11
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Figure 8-1

B 07 a.8 0% 10

Relative magnitudes of short-circuit currents depending on sequence impe-

dances. K1: Single phase-to-ground; K2: phase-to-phase; K2E: double phase-to-ground;
K3: three-phase fault circuits. For Zz/Z,= 0s, Z,/Z¢=0.65, the single phase-to-ground
fault current is the maximum. (From Ref.1. Copyright 1988 IEC. All rights reserved.

Reproduced with permission.)
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8.2 PREFAULT VOLTAGE

IEC defines an equivalent voltage source given in Table 8-2 and states that the
operational data on the static loads of consumers, position of tap changers on
transformers, excitation of generators, etc., are dispensable; additional calculations
about all the different possible load flows at the moment of short-circuit are super-
fluous. The equivalent voltage source is the only active voltage in the system, and all
network feeders and synchronous and asynchronous machines are replaced by their
internal impedances. This equivalent voltage source is derived by multiplying the
nominal system voltage by a factor ¢ given in Table 8-2.

ANSI uses a prefault voltage equal to the system rated voltage, though a higher
or lower voltage is permissible, depending on the operating conditions. IEC requires
that in every case the system voltage be multiplied by factor ¢ from Table 8-2. We
will again revert to this ¢ factor.

8.3 FAR-FROM-GENERATOR FAULTS

A ““far-from-generator” short-circuit is defined as a short-circuit during which the
magnitude of the symmetrical ac component of the prospective (available) current
remains essentially constant. These systems have no ac component decay. For the
duration of a short-circuit, there is no change in the voltage or voltages that caused
the short-circuit to develop nor any significant change in the impedance of the
circuit, i.e., impedances are considered constant and linear. Far-from-generator is
equivalent to ANSI remote sources, i.e., no ac decay.
The following equation is supported:

L=1,=1 (8.1)

where I} is the steady-state current, I, is the symmetrical breaking current, and I is
the initial symmetrical short-circuit current. For a single-fed short-circuit current, as
shown in Fig. 8-2, I/ is given by

cU cU
W=t (822
2 2
V3, R+ X} k
Table 8-2 IEC Voltage Factor ¢
Voltage factor ¢ for calculation of
Maximum short- Minimum short-

Nominal voltage (U,) circuit current (¢p,,) circuit current (¢y;,)

Low voltage (100-1000 V):

(a) 230V/400V; 1.00 0.95
(b) other voltages 1.05 1.00
Medium voltage (> 1-35kV) 1.10 1.00
High voltage (>35-230kV) 1.10 1.00

Source: Ref. 1. Copyright 1988 IEC. All rights reserved. Reproduced with permission.
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Figure 8-2 Calculation of initial short-circuit current, with equivalent voltage source.

where U, is the normal system phase-to-phase voltage in volts and I, is in ampéres;
R; and X, are in ohms and are the sum of the source, transformer, and line impe-
dances, as shown in Fig. 8-2. Resistances of the order of R, < 0.3X) can be
neglected.

The peak short-circuit current is given by

iy = xV21 (8.3)

where x can be ascertained from the X/R ratio from the curves in Fig. 8-3 or
calculated from the expression:

x =1.02+0.98 % (8.4)

It is not necessary to take into account asynchronous motors or groups of asynchro-
nous motors, which have a total rated current of less than 1% of the initial symme-
trical short circuit current 7;” calculated without the influence of motors:

ZIrM <0.017/ (8.5)

where ) I is the sum of the rated currents of the motors.
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Figure 8-3 Factor x for calculation of peak current. (From Ref. 1 Copyright 1988 IEC. All

rights reserved. Reproduced with permi

8.3.1 Nonmeshed Sources

IEC distinguishes between the types
the initial short-circuit current, the
state short-circuit current at fault
branch short-circuit currents which

ssion.)

of networks. For nonmeshed sources (Fig. 8-4),
symmetrical breaking current, and the steady-
location F are composed of various separate
are independent of each other. The branch cur-

rents are calculated and summed to obtain the total fault current, i.e., the theorem of

superimposition applies:
I = It + Iim

Ip = L1 T T2

(8.6)
(8.7)

Lkility source 1 Utility source 2
Y
Q, Q,
"m-ipni =R T, “J""’ T, ll"m,im
B

5

Figure 8-4 Short-circuit fed from various sources which are independent of each other.
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The fault location F in Fig. 8-4 is such that the impedance between the bus and the
fault location F can be neglected. This is so, if this impedance is smaller than

0.05U,
A,
where I/ is the initial short-circuit current on the bus bar B in Fig. 8-4 for a three-

phase short-circuit determined from the summation of branch short-circuit currents
from Eq. (8.6).

(8.8)

8.3.2 Meshed Networks

For calculation of i, in meshed networks, (Fig. 8-5), three methods (A, B, and C) are
described.

1]

bl

Figure 8-5 Calculation of initial short-circuit current in a meshed network. (a) The system
diagram; (b) equivalent circuit diagram with equivalent voltage source. (From Ref.l.
Copyright 1988 IEC. All rights reserved. Reproduced with permission.)
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8.3.2.1 Method A: Dominant X/R Ratio Method

It is necessary to choose the branches which together carry 80% of the current at a
nominal voltage corresponding to the short-circuit location. Any branch may be a
series combination of several elements. The factor y, is determined from the X/R
ratio of this circuit (largest X /R ratio). In low-voltage networks x, need not be
>1.8.

8.3.2.2 Method B: Equivalent X/R Ratio Method

The factor y = 1.15y,, where factor 1.15 is a safety factor to cover inaccuracies
caused by using X/R from a meshed network reduction with complex impedances,
and y, is calculated from curves in Fig. 8-3 or mathematically from Eq. (8.4). In the
low-voltage networks the product of 1.15y, is limited to 1.8 and in the high-voltage
networks to 2.0.

8.3.2.3 Method C: Equivalent Frequency Method

This method provides the equivalent frequency approach. A source of 20 Hz for 50-
Hz systems and 24 Hz for 60-Hz systems is considered to excite the network at the
fault point. The X /R at the fault point is then

G0

where f'is the system frequency, f. is the excitation frequency, and Z, = R, + jX, at
the excitation frequency. The factor x = x, is used in the calculations for the peak
current.

8.4 NEAR-TO-GENERATOR FAULTS

A “‘near-to-generator” fault is a short-circuit to which at least one synchronous
machine contributes a prospective initial symmetrical short-circuit current that is
more than twice the generator’s rated current, or a short-circuit to which synchro-
nous and asynchronous motors contribute more than 5% of the initial symmetrical
short-circuit current I}, calculated without motors. These fault types have ac decay.
This is equivalent to ANSI /ocal faults.

The factor c¢ is applicable to prefault voltages as in the case of far-from-gen-
erator faults. The impedances of the generators and power station transformers are
modified by additional factors, depending on their connection in the system.

8.4.1 Generators Directly Connected to Systems

When generators are directly connected to the systems, their positive sequence impe-
dance is modified by a factor Kg:

Zsk = Ko(Rg + X)) (8.10)
Kg is given by
R — (8.11)
Ui \1 + X/ sing,g

where U,q is the rated voltage of the generator, U, is the nominal system voltage,
¢.G 1s the phase angle between the generator current I, and generator voltage U,g,
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and X/ is the subtransient reactance of the generator, at a generator-rated voltage on
a generator MVA base. Figure 8-6 shows the applicable vector diagram.
The generator resistance Rg with sufficient accuracy is given by the following
expressions:
Rg = 0.05X] for generators with U, > 1kV and S, (power rating in MVA)
> 100 MVA
=0.07X,/ for generators with U,g > 1kV and S, < 100 MVA
= 0.15X, for generators with U, < 1000V (8.12)

In addition to decay of the dc component, factors 0.05, 0.07, and 0.15 take into
account decay of the ac component during the first half-period after the short-circuit
took place.

8.4.2 Generators and Unit Transformers of Power Station Units

For generators and unit transformers of power stations, the generator and the
transformer are considered as a single unit.
The correction factor for the generators is

Zgpsu = Kg psuZag (8.13)

C
Kg gy = —max 8.14
GPSU =7 X/ sin oG (8.14)

and for the transformer:
Ztpsu = Kt psuZtLv (8.15)
K1 psu = Cmax (8.16)

where Zppy = impedance of unit transformer related to the low-voltage side,
Z = impedance of generator = Rg +jX,;, and ZgpsyZtpsy = corrected impe-
dances of the generator and unit transformer.

These factors are applicable to the low-voltage side of the power-station units.
For calculation of short-circuit currents on the high-voltage side the correction factor
is given by

2
tf Cmax
K =|— 8.17
PSU (r) <1+(X;—XT>sin¢rG> ®.17
)
X"GII'G
.38 Uy
5
]I'G

Figure 8-6 Phasor diagram of a synchronous generator at rated load and power factor.
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This corrects for the transformation ratio, where ¢, is the rated transformation ratio
at which the tap-changer is in the main position (i.e., no buck or boost of the voltage)
and f; is the fictitious transformation ratio given by the ratio U,/U,g = Unq/Usc;
Uyq 1s the nominal system voltage at the connection point Q of the power station
unit. Equation (8.17) can be written as:

. UI%Q UrZTLV Cmax 1
PSU — —2 2 " . (8‘ 8)
UrG UrTHV 1 + (Xd — XT) Sin ¢rG
The adjusted impedance of the whole power station unit is then:
Zpsu = Kpsu(ti Zg + Zruv) (8.19)

In Eqs (8.17) and (8.18) X/ and Xy are per unit reactances on the generator
and transformer MVA base, respectively, at their rated voltages. Note that the
equations are in actual units. These equations are valid for
Ug = Uyq, and Ug = U,g. Special considerations, not stated in IEC, are applicable
if the tap-changer on the transformer results in an operating voltage permanently
higher than the nominal system voltage, U,q, and/or the generator operating voltage
differs from its rated voltage U.g or for a power station with no tap changer where
the generator operating voltage is permanently higher than its rated voltage. Also,
the correction factors are not applicable to negative- or zero-sequence impedances
for unbalanced faults.

8.4.3 Motors

For calculations of I/ synchronous motors and synchronous compensators are trea-
ted as synchronous generators. The impedance Zy; of asynchronous motors is deter-

mined from their locked rotor currents.
The following ratios of resistance to reactance of the motors applies with

sufficient accuracy:
Ry /Xy = 0.10 with Xy= 0.995 Z); for high-voltage motors with powers Py
per pair of poles > 1 MW
Ry /Xum = 0.15 with Xy = 0.989 Z, for high-voltage motors with powers Py
per pair of poles < 1 MW
Ry /Xy = 0.42 with Xy = 0.922 Z; for low-voltage motor groups with
connection cables (8.20)

8.4.4 Short-Circuit Currents Fed from One Generator

The initial short-circuit current is given by Eq. (8.2). The peak short-circuit current is
calculated as for far-from-generator faults, considering the type of network. For
generator corrected resistance KR and corrected reactance K5 X,/ are used.

8.4.4.1 Breaking Current
The symmetrical short-circuit breaking current is given by

Iy = uly (8.21)
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where factor u accounts for ac decay. The following values of u are applicable for
medium-voltage turbine generators, salient pole generators, and synchronous com-
pensators excited by rotating exciters or by static exciters, provided that for the static
exciters the minimum time delay is less than 0.25 sec and the maximum excitation
voltage is less than 1.6 times the rated excitation voltage. For all other cases u is
taken to be 1, if the exact value is not known.

1= 0.84 + 0.26e 02%c/ka for 1. =0.02s
p=0.71+0.51e"3%6/t6 for 1. =0.05s
p=0.62 +0.72¢ 0 c/a for ¢ =0.10s
p=0.56 4 0.94¢~038c/ls for ¢ > 0.255 (8.22)

If the ratio of the initial short-circuit current and the machine rated current is equal
to or less than 2, then the following relation holds:

I//

KG _» u =1 for all values of 7, (8.23)
IrG

In the case of asynchronous motors replace:

K . Im
— by — 8.24
IrG Y [rM ( )

8.4.4.2 Steady-State Current

The maximum and minimum short-circuit currents are calculated from
Tk max = AmaxliG (8.25)
T min = Aminr (8.26)

where A, and A, for turbine generators are calculated from the graphs in Fig. 8-7.
In this figure, Xy, is the reciprocal of the short-circuit ratio. We have not yet defined
the short-circuit ratio of a generator. It is given by

B Per unit excitation at normal voltage on open circuit

"~ per unit excitation for rated armature current on short circuit

sc (8.27)
Referring to the open circuit and short-circuit curves of the generator, shown in
Fig. 8-8, the short-circuit ratio is OA/OB. Chapter 6 defined saturated synchronous
reactance as the ratio of per unit voltage on open circuit to per unit armature
current on short-circuit. In Fig. 8-8, OA is related to the normal rated voltage and
OB is proportional to the rated current of the machine. The short-circuit ratio is,
therefore, the reciprocal of synchronous reactance. It is a measure of the stiffness
of the machine, and modern generators tend to have lower short-circuit ratios
compared to those of their predecessors, of the order of 0.5 or even lower.
Maximum A curves for Series One are based on the highest possible excita-
tion voltage according to either 1.3 times the rated excitation at rated load and
power factor for turbine generators or 1.6 times the rated excitation for a salient-
pole machine. The maximum X curves for Series Two are based on the highest
excitation voltage according to either 1.6 times the rated excitation at rated load
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Figure 8-7 (a,b) Factors Ay, and A, for turbine generators; Series One and Series Two
defined in the text. (From Ref. 1. Copyright 1988 IEC. All rights reserved. Reproduced with

permission.)

and power factor for turbine generators or 2.0 times the rated excitation for
salient-pole machines. The graphs for the salient pole machines are similar and

not shown.

Rated voltage

Rated current

Open circuit curve

e

Short-circuit curve

QA

Fi
¥

OB

Figure 8-8 Open-circuit magnetization and short-circuit curves of a synchronous generator
to illustrate short-circuit ratio.
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8.4.5 Short-Circuit Currents in Nonmeshed Networks

The procedure is the same as that described for far-from-generator faults. The
modified impedances are used. The branch currents are superimposed, as shown in
Fig. 8-9.
I = Lpsy + it + Iim + -+
Iy = iy psU + ipT + lpm + - - -
Iy =Iypsu + It + Tom + -
Ix = Iypsy + it + -+

(8.28)

8.4.6 Short-Circuit Currents in Meshed Networks

Figure 8-10 shows that the initial short-circuit currents in meshed networks can be
calculated by using modified impedances and the prefault voltage at the fault point.
The peak current i, is calculated as for far-from-generator faults. Methods A, B, and
C for meshed networks are applicable. The symmetrical short-circuit breaking cur-
rent for meshed networks is conservatively given by

I =1 (8.29)
A more accurate expression is provided as follows:
AU, AUy,
h=1 =Y (1 R - 3 (1= gy (8.30)
/3 o

A Uc/“;i :de,;'Ik”Gi

8.31
AUy = X (®3D

where AU¢;, and AUI(,’IJ- are the initial voltage differences at the connection points of
the synchronous machine i and the asynchronous motor j, and I, and Iyyy; are the
parts of the initial symmetrical short-circuit currents of the synchronous machine i
and the asynchronous motor j; u is defined in Eq. (8.22) and ¢ is defined in Eq.
(8.36).

Uility
A
@ Q
LALALA
[ )
[ |
" i ki, Tpnt Tom
kPSU, 'pPSU "
b P3U KT pT
F

Figure 8-9 Calculation of I/, i,, I, and I for a three-phase short-circuit fed from non-
meshed sources.

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



a}

Sfa
tUha

T2 T3

Q

Motor or aquivalent motor
of a motor group

b}
Zo ¢

Pl
21, Psu Zar, psv

Lok

Zasu

Figure 8-10 Calculation of initial short-circuit current in a meshed network fed from several
sources. (a) The system diagram; (b) equivalent circuit diagram with equivalent voltage source.
(From Ref. 1. Copyright 1988 IEC. All rights reserved. Reproduced with permission.)

For the steady-state current, the effect of motors is neglected. It is given by

I = Iy (8.32)

8.5 INFLUENCE OF MOTORS

Synchronous motors and synchronous compensators contribute to ", i, I, and Ij.
Asynchronous motors contribute to I, I and [, and for unbalanced faults to I,.
Low-voltage motors in public power supply systems can be neglected. High- and
low-voltage motors which are connected through a two-winding transformer can be

neglected if
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> Pou _ 0.8
28T T el00Y S, r

4

kQ

(8.33)
0.3

where Y Py is the sum of rated active power of the motors, Y S, is the sum of
rated apparent power of the transformers, and Sjq is the symmetrical short-circuit
power at the connection point without the effect of motors. This expression is not
valid for three-winding transformers.

8.5.1 Low-Voltage Motor Groups
For simplifications of the calculations, groups of low-voltage motors including their
connecting cables can be combined into an equivalent motor:
I = sum of rated currents of all motors in the group
Ratio of locked rotor current to full load current = I1 g /Iy = 5
Ryi/ Xy =042, x, = 1.3,and m = 0.05 MW if nothing definite is known
(8.34)

The partial short-circuit current of low-voltage motors is neglected if the rated
current of the equivalent motor (sum of the ratings of group of motors) is <0.01%
of the initial symmetrical short-circuit current at the low-voltage bus to which these
motors are directly connected, without the contributions from the motors:

It < 0.011 (8.35)

8.5.2 Calculations of Breaking Currents of Asynchronous Motors

For calculation of breaking short-circuit current from asynchronous motors another
factor ¢ (in addition to u) is introduced; ¢ = 1 for synchronous machines. The factor
q is given by
q=1.03+0.12 In m for ¢y, = 0.02s
=0.7940.12 In m for t,;, = 0.05s
=0.57+0.12 In m for t,;, = 0.10s
=0.2640.10 In m for t,;, > 0.25s (8.36)

where m is the rated active power of motors per pair of poles.
Therefore, the breaking current of asynchronous machines is given by

Ib,sym = /quk// (837)

8.5.3 Static Converter Fed Drives

Static converters for drives as in rolling mills contribute to /;’ and i, only if the
rotational masses of the motors and the static equipment provide reverse transfer of
energy for deceleration (a transient inverter operation) at the time of short-circuit.
These do not contribute to ,. Nonrotating loads and capacitors (parallel or series)
do not contribute to the short-circuit currents. Static power converter devices are
treated in a similar manner as asynchronous motors with following parameters:
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Um = rated voltage of the static converter transformer on the network side
or rated voltage of the static converter if no transformer is present

I = rated current of static converter transformer on the network side or

rated current of the static converter if no transformer is present

Lir/lm =3
Ryt/Xag = 0.10 with Xy = 0.995 Zy, (8.38)

8.6 COMPARISON WITH ANSI CALCULATION PROCEDURES

The following comparison of calculation procedures underlines the basic philoso-
phies in ANSI and IEC calculations [3].

1. IEC requires calculation of initial symmetrical short-circuit current, 7;’, in
each contributing source. These component I;” currents form the basis of further
calculations. Thus, tracking each contributing source current throughout the net-
work is necessary. Each of these component currents is a function of machine char-
acteristics, R/ X ratio, type of network (meshed or radial), type of excitation system
for synchronous generators, contact parting time (minimum time delay), and the
determination whether contribution is near to or far from the short-circuit location.
Multiplying factors on generators, unit transformers, and power station units (PSUs)
are applicable before the calculation proceeds. The PSU consisting of a generator
and a transformer is considered as a single entity, and separate procedures are
applicable for calculation of whether the fault is on the high- or low-voltage side
of the transformer. IEC treats each of above factors differently for each contributing
source.

This approach is conceptually different from that of ANSI, which makes no
distinction between the type of network, and the network is reduced to a single
Thévenin impedance at the fault point, using complex reduction, or from separate
R and X networks, though prior impedance multiplying factors are applicable to
account for ac decay. ANSI states that there is no completely accurate way of
combining two parallel circuits with different values of X/R ratios into a single
circuit with one X /R ratio. The current from the several circuits will be the sum
of the decaying terms, usually with different exponents, while from a single circuit, it
contains just one such term. The standard then advocates separate X and R networks
and states that the error for practical purposes is on the conservative side.

In all IEC calculations, therefore, the initial short-circuit current is first
required to be calculated as all other currents are based on this current. These initial
short-circuit currents from sources must be tracked throughout the distribution
system. The peak current and breaking current are then calculated based on factors
to be applied to initial short-circuit current. In ANSI calculations, interrupting duty
and first-cycle networks can be independently formed with prior impedance multi-
plying factors. In an application of circuit breakers, one of the two duties, i.e., the
first cycle or interrupting may only be the limiting factor.

2. Both standards recognize ac decay, though the treatment is different.
ANSI standards model motors with prior multipliers. Where the contribution of
the large motors is an appreciable portion of the short-circuit current, substitution
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of tabulated multipliers with more accurate data based on manufacturer’s time
constants is recommended, but ANSI treats these multipliers on a global basis and
these do not change with the location of fault points or the contact parting time of
the breaker. IEC treats each motor individually and decay must be calculated on the
basis of contact parting time, machine type, and its size, speed, and proximity to the
fault. Contributions from motors can be ignored in certain cases in IEC, while ANSI
considers motor contributions throughout, except as discussed in Sec. 7.2.1.

3. ANSI makes no distinction between remoteness of induction and synchro-
nous motors for the short-circuit calculations. Impedance multiplying factors (Table
7.1) of the motors are considered to account for ac decay, irrespective of their
location. IEC considers generators and motors as near to or far from the fault
location for breaking and steady-state current calculations. Asynchronous machines
are considered near if the sum of all motors ;" is > 5% of the total I}’ without
motors, otherwise these are considered remote. Synchronous machines are consid-
ered near if their 7,/ is more than twice the rated current.

4. Both standards recognize the rapid decay of the dc component of the fault
current and add a half-cycle of tripping time to arrive at the contact parting time
(IEC minimum time delay).

5. 1EC calculations require that the dc component be calculated at the con-
tact parting time to calculate the asymmetrical breaking current, i.e.,

ige = V21 e YIR (8.39)

where X/R is computed differently for radial or meshed networks. In radial net-
works i4. is the sum of the dc currents calculated with X /R ratios in each of the
contributing elements. While Methods B and C are applicable for meshed networks
for calculation of iy, no indication is given for calculation of the contribution of dc
current.

Calculations of the dc component at the contact parting time is not required in
ANSI. The dc decay is built into the postfault calculations with £/X or E/Z multi-
pliers from the curves. Also, the rating structure of ANSI takes into account certain
asymmetry, depending on the contact parting time (Fig. 5-4).

6. ANSI uses a prefault voltage equal to the rated system voltage, unless
operating conditions show otherwise. IEC considers a prior voltage multiplying
factor ¢ from Table 8-2 irrespective of the system conditions. This factor seems to
be imported from VDE (Deutsche Electrotechnische Kommission) and is approxi-
mately given by:

"o

U, = UrG<1 +M) ~ 1.1 (8.40)

UrG

7. The calculations of steady-state current is materially different and more
involved in IEC calculations.

8. 1EC specifically details the calculation of i, and ;" from static converter-
fed drive systems and states that the converter-fed motors do not contribute to /.

9. 1IEC calculations are more demanding on the computing resources and
require a larger database.
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8.7 EXAMPLES OF CALCULATIONS AND COMPARISON WITH ANSI
METHODS

Example 8.1

Calculate the fault current contributions of the following synchronous machines,
directly connected to a bus, using ANSI and IEC methods. Calculate the first-cycle
(IEC peak) and interrupting (IEC breaking, symmetrical and asymmetrical) currents
for contact parting times of two cycles and three cycles (IEC minimum time
delay = 0.03 and 0.05 sec, approximately). Compare the results.

e 110-MVA, 13.8-kV 0.85 power factor generator, X4, = 16% on generator
MVA base

e 50-MVA, 13.8-kV 0.85 power factor generator, Xg, = 11% on generator
MVA base

e 2000-hp, 10-pole, 2.3-kV 0.8 power factor synchronous motor, X;. = 20%

e 10000-hp, 4-pole, 4-kV synchronous motor, 0.8 power factor, X;/ = 15%

Table 8-3 shows the results of ANSI calculations. These calculations have already
been discussed in Chap. 7 and the description is not repeated here. Table 8-4 shows
all the steps in IEC calculations. We will go through these steps for a sample
calculation for a 110-MVA generator.

The percentage subtransient reactances for all the machines are the same in
both calculations. The X /R ratio for ANSI calculations is estimated from Fig. 7-4,
while for IEC calculations it is based on Eq. (8.12). A considerable difference is
noted in these two values. IEC states that the factor Rg takes into account the decay
of the ac component during the first half-period after the short-circuit takes place.
Thus, IEC uses artificially high values of the resistances and it makes a difference in
the fault asymmetry. For a 110-MVA generator, Rg = 0.05 from Eq. (8.12), i.e., X
/R = 20 versus 80 from Fig. 7-4.

Next, factor Kg is calculated from Eq. (8.11). This is based on a rated power
factor of 0.85 of the generator:

U, Crs 1.10
K — n max = = 105
ST U (1 + X/ sin ¢FG) 1+0.16 x 0.526

In the above calculation X/ is in per unit on a machine MVA base at machine rated
voltage. From Eq. (8.10), the modified generator impedance is

Zok = Kg(Rg +jX ;) = 1.05(0.0073 + j0.1455) per unit 100-MVA base
The initial short-circuit current from Eq. (8.2) is

Cmax 1.1

1Zoxl — 0.153

|| = = 7.191 per unit = 30.09 kA

Here, we are interested in magnitude only, as the calculations are from a single
source and summations are not involved. For calculation of peak current, the factor
x is calculated from Eq. (8.4):

x =1.0240.98¢ Y = 1.02+0.98 x 0.861 = 1.863
The peak current from Eq. (8.3) is, therefore:
iy = xV2I] = 1.863 x +/2 x 30.09 = 79.27kA
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Table 8-3 ANSI Fault Current Calculations from Synchronous Generators and Motors Directly Connected to a Bus

Percentage X,/
on equipment

Impedance multiplying factors

First-cycle calculations

Interrupting duty calculations

First-cycle
current (kA

First-cycle
current (kA

3-cycle contact 2-cycle contact

parting time

parting time

Description MVA base X/R  Firstcycle  Interrupting sym.) peak) (kA rms) (kA rms)

110-MVA, 0.85-pF, 13.8-kV 16 80.0 1 1 28.76 79.78 34.62 34.20
generator MF = 1.204 MF =1.189

50-MVA, 0.85-pF, 13.8-kV 11 65.0 1 1 19.02 52.50 22.30 22.35
generator MF =1.173 MF=1.175

2000-hp, 10-pole, 2.3-kV 20 25.0 1 1.5 2.51 6.68 1.67 1.72
synchronous motor, 0.8 pF MF = 1.00 MF = 1.030
(2000kVA)

10,000-hp, 4-pole, 4-kV 15 344 1 1.5 9.62 26.01 6.73 6.98
synchronous motor, 0.8 pF MF = 1.050 MF = 1.088
(10,000kVA)
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Table 8-4 IEC Fault Current Calculations from Synchronous Generators and Motors
Directly Connected to a Bus

110-MVA, 50-MVA,  2000-hp, 10-pole, 10,000-hp,
0.85-pF, 0.85-pF, 0.8-pF, 2.4-kV  4-pole, 0.8-pF,
13.8-kV 13.8-kV synchronous 4-kV synchronous
Equipment generator generator motor motor
Percentage X,/ on 16 11 20 15
equipment kVA
base
Rg or Ry 0.05x,; 0.07X,; 0.07x,/ 0.07Xx,/
Crax 1.1 1.1 1.1 1.1
K or Ky 1.015 1.040 0.982 1.010
I or Iy kA rms 30.09 20.06 2.68 10.45
K 1.863 1.814 1.814 1.814
ip kA peak 79.27 51.46 6.88 26.80
w (0.05 sec) 0.78 0.74 0.81 0.73
1 (0.03 sec) 0.85 0.82 0.85 0.81
ibsym (0.05 sec) 23.47 14.84 2.17 7.63
ibsym (0.03 sec) 25.57 16.45 2.28 8.46
Inc (0.05sec) kA 16.58 7.58 1.01 3.95
Ipc (0.03 sec) kA 24.17 12.85 1.72 6.70
ibasym (0.05sec) kA 28.73 16.66 2.39 8.59
ibasym (0.03 sec) kA 35.18 20.87 2.86 10.79

The breaking current factor u is calculated from Eq. (8.22). For 0.05 minimum time
delay:

pw=0.7140.51e "0/ — (.71 4 0.51¢030x3009/460 _ (78

The calculation for 0.03 minimum time delay is not given directly by Eqs (8.22) and
interpolation is required. Alternatively, the factor can be estimated from the graphs
in the IEC standard.

The symmetrical interrupting current at 0.05 sec minimum time delay is

fosym = Iy = 0.78 x 30.09 = 23.47kA
The dc component from Eq. (8.39) is
e = VIR = /3 % 30.9 x ¢ 3TTX005/20 _ 16 58 KA

The asymmetrical breaking current is

ibasym =4/ ilzasym + lgc =29.73kA

Table 8-4 is compiled similarly for other machines. Synchronous motors are
treated as synchronous generators for the calculations. A comparison of the results
by two methods of calculation shows considerable differences. ANSI first-cycle cur-
rent and IEC peak currents are comparable, with a difference within 3%. Greater
divergence is noted in the interrupting duty currents. ANSI interrupting duty cur-
rents for generators at 0.05 sec contact parting time are much higher than IEC
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breaking currents, i.e., for a 110-MVA generator the ANSI current is 34.20 kA sym.
For comparison with IEC asymmetrical breaking current, it should be further multi-
plied by 1.1, as ANSI breakers are rated on symmetrical current basis. Thus, the
current for comparison with IEC is 37.62 kA, while the IEC asymmetrical breaking
current is 28.73 kA. At 0.03 sec contact parting time the ANSI asymmetrical break-
ing current is 34.62 x 1.2 =41.54kA, and the IEC asymmetrical breaking
current = 35.18 kA. The difference narrows down at 0.03 sec contact parting time.
It is interesting to note that the ANSI interrupting duty current at 0.03 sec contact
parting time is approximately equal to 0.05 sec contact parting time, as these two
currents have different asymmetry rating factor S. Yet the differential in breaking
currents in IEC calculations for minimum time delays of 0.03 and 0.05sec is large
compared to ANSI calculations. The interrupting (breaking, asymmetrical) currents
from motors are higher in IEC calculations. Consider a asymmetrical breaking
current at 0.03sec contact parting time of a 10,000-hp motor,
6.98 x 1.2 =8.376 kA ANSI versus 10.79kA IEC, a difference of approximately
29%. The larger difference in the generator currents is accountable to different X'/
R ratios. The difference narrows down if the same X /R ratios are used; this is
illustrated in Example 8.3.

Example 8.2

Calculate the fault current contributions of the following asynchronous machines,
directly connected to a bus, using ANSI and IEC methods. Calculate first-cycle (IEC
peak) currents and the interrupting (breaking) currents at contact parting times of
two and three cycles, 60 Hz basis, and IEC minimum time delays of 0.03 and 0.05 sec
approximately. Compare the results.

° 320-hp, 2-pole, 2.3-kV induction motor, X}, = 16.7%
° 320-hp, 4-pole, 2.3-kV induction motor, X}, = 16.7%
° 1560-hp, 4-pole 2.3-kV induction motor, Xj, = 16.7%

These results of ANSI calculations are shown in Table 8-5, while those of IEC
calculations are shown in Table 8-6. Most of the calculation steps for asynchronous
motors are in common with those for synchronous motors, as illustrated in Example
8.1. The motor locked rotor reactance of Xj, = 16.7% on a motor kVA base is used
in both calculation methods; however, the resistances are based on recommendations
in each standard. Factor ¢ must also be calculated for asynchronous motors and it is
given by Eq. (8.36). This requires m equal to the motor-rated power in megawatts per
pair of poles to be calculated on the basis of motor power factor and efficiency. The
symmetrical breaking current is then given by (8.37).

A comparison of results again shows divergence in the calculated currents.
Interestingly, in ANSI calculations, the interrupting duty current for a 320-hp
two-pole motor is twice that of the four-pole motor, 0.28 kA versus 0.14kA.
(These should be multiplied by factor S to compare with IEC asymmetrical current
results.) This is so because a prior impedance multiplying factor of 1.5 is applicable
to a two-pole 320-hp motor and this factor is 3 for a four-pole 320-hp motor. IEC
calculation results for a two-pole motor is only slightly higher, 0.237kA versus
0.204 kA at 0.05 sec minimum time delay. There is a difference in the decrement
of the currents at 0.03 and 0.05sec in ANSI and IEC calculations, after ANSI
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Table 8-5 ANSI Fault Current Calculations from Asynchronous Motors Directly Connected to a Bus

Impedance multiplying factors

First-cycle calculations

Interrupting duty calculations

X, on First-cycle First-cycle 3-cycle contact 2-cycle contact
equipment current current parting time parting time
Description MVA base  X/R  First cycle Interrupting (kA sym.) (kA peak) (kA rms) (kA rms)
320-hp, 2-pole induction 16.7 15 1 1.5 0.427 1.094 0.28 0.28
motor, 2.3kV (kVA = 285) MF =1.0 MF = 1.0
320-hp, 4-pole induction 16.7 15 1.2 3 0.356 0.909 0.14 0.14
motor, 2.3kV (kVA = 285) MF =1.0 MF = 1.0
1560-hp, 4-pole, 2.3-kV 16.7 28.5 1 1.5 2.028 5.433 1.37 1.43
induction motor MF = 1.016 MF =1.055

(kVA = 1350)

\
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Table 8-6 IEC Fault Current Calculations from Asynchronous Motors Directly
Connected to a Bus

300-hp, 2-pole, 2.3-kV  300-hp, 4-pole, 2.3-kV 1500-hp, 4-pole, 2.3-kV

induction motor induction motor induction motor
(kVA = 285), power  (kVA = 285), power (kVA = 1350), power
factor = 0.9, factor = 0.9, factor = 0.92,
Description efficiency = 0.93 efficiency = 0.93 efficiency = 0.94
Iir/Im 6 6 6
I /Iy 6.6 6.6 6.6
m (electric power 0.256 0.128 0.621
per pair of poles)
(MW)
Ryvi/ Xum 0.15 0.15 0.15
KM 1.65 1.65 1.65
w (0.05 sec) 0.79 0.79 0.79
w (0.03 sec) 0.83 0.83 0.83
q (0.05 sec) 0.63 0.54 0.73
q (0.03 sec) 0.79 0.66 0.86
v (KA tms) 0.473 0.473 2.229
ipm (KA crest) 1.104 1.104 5.201
ibsym (0.05sec) kA 0.235 0.202 1.285
fosym (0.03 sec) kA 0.310 0.259 1.591
Inc (0.05sec) kA 0.029 0.029 0.136
Inc (0.03sec) kA 0.101 0.101 0.479
ibasym (0.05 sec) 0.237 0.204 1.292
ibasym (0.03 sec) 0.326 0.278 1.661

currents are multiplied by a factor of 1.1 or 1.2 to account for asymmetry for
comparison with IEC currents. The magnitudes of the currents are also materially
different. The interrupting duty ANSI current for a 300-hp four-pole motor at a
contact parting time of 0.05sec is 0.14 x 1.1 = 0.154kA versus 0.204kA in IEC
calculations, a difference of 32.4%.

Example 8.3

Example 7.1 of Chap. 7 is repeated with the IEC method of calculation. All the
impedance data remain unchanged, except that the resistance components are esti-
mated from IEC equations.

Three-Phase Fault at F1

For a fault at F1, the generator and transformer are considered as a PSU. For a fault
on the high-voltage side the correction factor is given by Eq. (8.17), repeated below:

PN Cman
PUT L) 1+ (X = Xp)sing,g
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Consider that the 60/100 MVA transformer is at rated voltage tap ratio, which is also
the nominal system voltage on the high-voltage side and the generator-rated voltage
on the low-voltage side. Then:

1.1
—1.052
1+ (0.164 — 0.0774)(0.527)

Kpsy =

The generator and transformer per unit impedances are on their respective MVA
base, as shown in Table 7-3. The modified power station impedance is then
Zpsy = Kpsu(Zg + Z7)
= 1.052(0.007315 +j0.14630 + 0.00404 + j0.12894)
=0.01195 +0.28955
in per unit on a 100-MVA base. It is not necessary to consider the asynchronous
motor contributions. The initial short-circuit current is then the sum of the source
and PSU components, given by
I = LKpsy + Irg
The utility’s contribution, based on the source impedance on per unit from Table
7-3:
p 1.1 1.1
Ik Q = — = -
Zg  (0.00163 +0.02195)
=120.90] kA at 138kV

= 3.7187 — j49.78 pu

PSU contribution
oL 1.1
PSU = 760 0.01195 + j0.28955
= |1.59| kA at 138kV

= 0.1565 — j3.7925pu

Therefore:

I/ =3.7187 — j49.78 + 0.1565 — j3.793 = 3.8875 — j53.573 pu = |22.47| kA
The peak current i, is

Ip = ippsu t+ ipQ

Power station R/X =0.01195/0.28955 = 0.04128. Therefore, xpsy from Eq.
(8.4) = 1.886. This gives

ippsu = xpsuv2lipsy = (1.886)(v2)(1.59) = 4.24 kA
Utility system R/X = 0.0746, xpo = 1.803:
ino = XoV2Ho = (1.803)(v/2)(20.90) = 53.29 kA

i, = 53.29 +4.24 = 57.53 kA peak.
The symmetrical breaking current is the summation of two currents—one from
the PSU and the other from the source:

Iy = Ivpsu + Ipq = Ivpsu + 14
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Considering a contact parting time of 0.03 s, for the PSU contribution, u is calcu-
lated from Eq. (8.22). This gives u = 0.94.

II?PSU =0.94 x 1.59 = 1.495kA

Total breaking current = 20.90 + 1.495 = 22.395kA symmetrical.
The dc components at contact parting time are calculated using Eq. (8.39),
repeated below:

idc _ ﬁlé/672nj?R/X
The dc component of the utility’s source, based on X/R = 14.3, from Table 7-3, is
V2(20.90)e3770090076) _ 15 71 kA

Similarly, the dc component from the PSU, based on X/R =24.23 from
Zpsy = 1.41kA; the total dc current is 14.12 kA.
Finally, the asymmetrical breaking current is

Ibasym = I}% + (idc)2

= /(22,3957 + (14.12)?
— 26.47kA

Three-Phase Short-Circuit at F2

The adjustment factor Zg psy for the low-voltage side faults for PSUs is given by Eq.
(8.13):

ZG = Rg +jXj

Rg =0.05 X,/ for generator U,g > 1kV and S, > 100 MVA
Rg = 0.05 x 0.14630 = 0.007315

Z = 0.007315 +/0.14630

Cpne
K — max
GPSU= 14+ X/ sing.g
1.1
= =1.0136
(14+0.164 x 0.52)
Therefore:

Zapsu = KapsuZg = 1.0136(0.007315 + j0.14630)
= 0.0074 +0.1483

We have ignored small impedances of bus ducts Bl and B2 in the above calculations.
We will also ignore contributions from al/l motors. The initial short-circuit currents
are the sum of the partial short-circuit currents from the generator and source
through transformer T1. The partial short-circuit current from the generator is
p 1.1 1.1
IKG = = N
Zgpsy (0.0074 +;0.1483)
=0.369 4+ 7.399 pu
=130.99] KA
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To calculate the partial short-circuit current of a utility’s system through the
transformer T1, the transformer impedance is modified. From Egs (8.15) and (8.16):

ZT,PSU = KT,PSUZT = CZT = 11(000404 +]012894)

The potential short-circuit is:
p 1.1

I =
ST L 1(Zresy) + Zy)

1.1
~ 1.1(0.00404 + j0.12894) + (0.00163 + j0.02195)

1
- —0.2261 — j6.0972
(0.006074 1 0.16378) — 0-2261 /60972 pu

= |25.53| kA

By summation, the initial short-circuit current is then
I = Ko + IKni
=0.369 —j7.399 + 0.2261 — j6.0972
= 0.595 —j13.496 pu
=156.5| kA

As resistance is low, this current could have been calculated using reactances only.
The peak current i, is the sum of the component currents:

Ip = IpG T IpT

Factor x for the generator, based on Rg/X,; = 0.05, from Eq. (8.4) = 1.86. Thus,
the peak current contributed by the generator is

inG = xGV2EG = 1.86 x v/2 x 30.99 = 81.52kA
Similarly, calculate iyr:
R/X = 0.00607/0.16378 = 0.0371
xr = 1.90
iyt = (1.90)(+/2)(25.53) = 68.60 kA

Therefore, the total peak current is 150.12 kA. The symmetrical breaking current Iy,
is calculated at a minimum time delay of 0.05 s. It is the summation of the currents
from the source through T1, which is equal to the initial short-circuit current and the
symmetrical breaking current from the generator: Iy, = Iyg + Iyr = Iyg + IiT-

I = mIKG
o/ Irg = 30.99/4.690 = 6.60
nw=0.78qg=1

I = (0.78)(30.99) = 24.17kA

Total breaking current symmetrical = 49.70 kA.
For asymmetrical breaking current dc components at a minimum time delay of
0.05s are calculated:
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Generator component = 17.08 kA
Transformer component = 17.96 kA
Total dc component = 35.04 kA

This gives a total asymmetrical breaking current of 60.81 kA.

These results are compared with the calculations in Example 7.1 and are
shown in Table 8-7. IEC currents are higher for a fault at F1 and lower for a
fault at F2, and we neglected the motor contributions and bus duct impedances.
Generally, for calculations involving currents contributed mainly by generators,
ANSI interrupting currents are higher than IEC currents. IEC uses an artificially
high generator resistance, which is further multiplied by factor Kgpgyy. As a result the
fault currents have comparatively much reduced in magnitude and asymmetry. The
calculation for faults at F1 are higher in IEC, because of factor ¢, which increases the
source contribution by 10%, while the generator contribution through transformer
T1 is comparatively small.

Short-Circuit Currents Contributed by the Generator

In Example 7.1, we calculated the generator fault current for a fault at F2 and noted
high asymmetry. The current zeros are not obtained at the contact parting time and
an asymmetry factor of 116% is calculated. The calculation is repeated with IEC
methods, by first considering the X /R ratio of the generator from IEC equations,
and then the same as in ANSI calculations. For X/R from IEC equations, the
calculations give:

IKG = 30.99 kA

irg = 81.52 kA peak
IhGsym = 24.17kA
igpc = 17.08 kKA
IpGasym = 29.59

The asymmetry factor o = (17.08)/+/2(24.17) = 49.9%. There is no problem of not
achieving a current zero at the contact parting time. Also, ratio S = 29.59/24.17 =
1.224.

The calculation is repeated with generator X /R ratio equal to 130, and the
small impedance of the bus duct is ignored. The partial currents are:

Table 8-7 Examples 8.3 and 8.4: Comparative Results of Three-Phase Short-Circuit
Calculations

First-cycle current kA Interrupting duty
asym. crest (ANSI) or  current (ANSI) or

Fault location Calculation method peak current i, (IEC) Tpasym (IEC)

F1 (138kV) ANSI calculation 51.66 20.54 x 1.2 = 24.65
IEC calculation 57.53 26.47

F2 (13.8kV) ANSI calculation 158.27 72.30 x 1.1 =79.53
IEC calculation 150.12 60.80

F3 (4.16kV) ANSI calculation 46.23 16.35 x 1.1 = 17.99
IEC calculation 47.07 19.14
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IKg = 31.03kA

irg = 87.64 kA peak
IhGsym = 24.20kA
igpc = 37.96 kA
IbGasym = 45.02kA

Here, we see that the asymmetry factor o >~ 1.12%. The results of the calculations
are shown in Table 8-8. It can, therefore, be said that IEC calculations recommend a
fictitious adjustment factor Rg to account for ac decay, which substantially reduces
the asymmetry for faults fed from generators. When the same X /R ratios are used,
the results become more comparable.

Example 8.4

The effect of motors is neglected in Example 8.3. Calculate the partial currents from
the motors at 13.8 kV. Do these motor contributions need to be considered in IEC
calculations for a fault at F2? Also, calculate the peak current and the asymmetrical
breaking current for a fault at F3 on the 4.16-kV bus.

Effect of Motor Contribution at 13.8-kV Bus, Fault F2

For a fault at the 13.8-kV bus F2, an equivalent impedance of the motors through
transformers and cables is calculated. The partial currents from medium- and low-
voltage motors are calculated in Tables 8-9 and 8-10, respectively. The equivalent
impedance of low-voltage motors of two identical groups, from Table 8-10, is 6.45 +
j15.235 per unit.

The per unit impedance of transformer T3 from Table 7-3 is 0.639 + ;3.780.
Therefore, the low-voltage motor impedance through transformer T3, seen from the
4.16-kV bus is 7.089 + j19.015 per unit.

From Table 8-9, the equivalent impedance of medium-voltage motors is
0.58 + j4.55 pu. The equivalent impedances of low- and medium-voltage motors in
parallel is

(7.089 + j19.015)|/(0.58 + j4.55) = 0.637 +/3.707

To this add the impedance of cable C1 and transformer T2 from Table 7-3, which
gives 0.701 + j4.606 pu. This is the equivalent impedance as seen from the 13.8-kV

Table 8-8 Generator Fault Currents: Example 8.4

Symmetrical Dc
current component Asymmetrical Asymmetry

Calculation type (kA rms) (kA) current factor o Ratio S
ANSI 18.95 34.58 39.43 1.29 2.08
IEC, generator Rg 24.17 17.08 29.59 0.50 1.22

from IEC
IEC, generator X/R 24.20 37.96 45.02 1.12 1.86

same as in ANSI

calculation
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Table 8-9 Partial Short-Circuit Currents from Asynchronous Medium-Voltage Motors:

Example 8.4

Parameter 2425 hp 300 hp 500 hp Sum (}))
Power output, P, (MW)  1.81 0.224 0.373

Quantity 1 3 2

Power factor (cos ¢) 0.93 0.92 0.92

Efficiency () 0.96 0.93 0.94

Ratio, locked rotor 6 6 6

current to full load
current (I1r/Im)

Pair of poles (p) 1 1 2

Sum of MVA (S;v) 2.03 0.78 0.86

Sum, rated current (/) 0.28 0.11 0.12

I/ Im 6.6 6.6 6.6

Power per pole pair (m) 1.81 0.223 0.186

Ry /Xwm 0.10 0.15 0.15

K 1.75 1.65 1.65

n 0.78 0.78 0.78

q 0.86 0.61 0.59

I¥m 1.85 0.73 0.79 > =337
ipM 4.58 1.70 1.84 > =8.12
ibM 1.24 0.35 0.36 > =195
Zm 8.23 21.41 19.42

Xum 0.995Zy =8.189  0.989Zy; =21.17 0.989Zy = 19.21

Ry 0.1 Xy =0.82 0.15 Xy = 3.18 0.15 Xy = 2.88

Cable C2 0.068 +0.104

>~ MV motors and cable 0.58 +j4.55

bus. Thus, the initial short-circuit current from the motor contribution is
1.1/(0.701 + j4.606) per unit = |0.99| kA.

The effect of motors in this example can be ignored and the above calculation
of currents from motor contributions is not necessary. From Eq. (8.33), Y~ P,,,— sum
of the active powers of all medium- and low-voltage motors = 0.86 MW. Also,
> S,t =rated apparent power of the transformer = 7.5 MVA. The left-hand side
of Eq. (8.33) = 0.1147. Symmetrical short-circuit power at the point of connection,
without effect of motors, is

Sto = V3L U, = ¥/3(56.5)(13.8) = 1350.7MVA

The right-hand side of Eq. (8.33) gives 2.571 and the identity in Eq. (8.33) is satisfied.
The effect of motors can be ignored for a fault at 13.8 kV.

If the calculation reveals that motor contributions should be considered, we
have to modify i, at the fault point. This requires calculation of y, which is not
straightforward. High-voltage motors have x = 1.75 or 1.65 and low-voltage motors
have x = 1.65. For a combination load, x = 1.7 can be used to calculate i, approxi-
mately.
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Table 8-10 Low-Voltage Motors, Partial Short-Circuit Current Contributions: Example

8.4
Motors M4, M5, and
M6 (or identical group
of motors M4', M5’,
Parameter and M6) Remarks
P, (MW) 0.43 Calculated active
power rating of
the motor group
Sum of MVA (S;m) 0.52 Active power rating
divided by power
factor
Ry /Xm 0.42 From Eq. (8.20) for
group of motors
connected through
cables
Xm 1.3 From Eq. (8.4)
Ratio, locked rotor current to full load 6
current (I r/Im)
Zy in per unit 100-MVA base 32.12
Xu 1n per unit 100-MVA base 0.922 Zyy = 29.61 Equation (8.20)
Ry in per unit 100-MVA base 0.42 Xy = 12.44 Equation (8.20)
Cables C3 or C4 in per unit 100-MVA base  0.46 + j0.860 Table 7-3

Fault at F3. For a fault at F3, we will first calculate the motor contributions. The
low-voltage motor impedance plus transformer T3 impedance is 7.089 + j19.015, as
calculated above. The initial short-circuit contribution from the low-voltage motor
contribution is  1.1/(7.089 4+;19.015) = 0.019 — j0.051pu or || =0.76kA.
Medium-voltage impedance, from Table 8-9, is 0.58 + j4.55 per unit. The medium-
voltage motor contribution is 0.028 — j0.239 pu or || = 3.43kA.

To calculate the generator and utility source contributions the impedances
ZG,PSU is in || with (ZT,PSU + ZQ), i.e., 0.0074 +]01483 in || with
0.006074 + j0.16378. This gives 0.0034 + j0.0778 pu. Add transformer T2 impedance
(0.06349 + j0.89776) and cable C1 impedance (0.00038+;0.00101) from Table 7-3.
This gives an equivalent impedance of 0.0673 4+ j0.976 per unit. Thus, the initial
short-circuit current is 0.077 — j1.122 per unit or |If| = 15.61 kA. The total initial
symmetrical current, considering low- and medium-voltage motor contributions, is
19.80kA. To calculate i,, x must be calculated for the component currents.

For contribution through transformer T2, using Eq. (8.4):

xat = 1.02 + 0.985 3006899
=1.82

As this is calculated from a meshed network, a safety factor of 1.15 is applicable, i.e.,
x = 1.15 multiplied by 1.82 = 2.093. However, for high-voltage systems yx is not
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>2.0. This gives i,z = (2)(v/2)(15.65) = 44.27. For medium-voltage motors, x can
be calculated from Table 8-9:

B 812
TN T
For low-voltage motors through transformer T3:

Xivt = 1.02+0.98e 7710 = 1 346
ipLy = (1.346)(v/2)(0.76) = 1.45kA

Total peak current by summation = 47.07 kA.

The breaking current is the summation of individual breaking currents:

Breaking current through transformers at 4.16kV = |I{| = 15.65kA

Breaking current medium-voltage motors from Table 8-9 = 1.96kA

For low-voltage motors with Iy /Igm = 6.6, 4 = 0.78, ¢ can be conservatively
calculated for m < 0.3 and p = 2. This gives ¢ = 0.64. The component breaking
current from low-voltage motors is therefore, 0.78 x 0.64 x 0.76 = 0.38 kA. Total
symmetrical breaking current = 17.98 kKA.

To calculate the asymmetrical breaking current the dc components of the
currents should be calculated:

The dc component of the low-voltage motor contribution is practically zero.

The dc component of the medium-voltage motors at contact parting time of
0.05 s = 0.5kA.

The dc component of current through transformer T2 = 6.07 kA.

Total dc current at contact parting time = 6.57 kA; this gives asymmetrical
breaking current of 19.14kA.

The results are shown in Table 8-7.

Example 8.5: Steady-State Currents

Calculate the steady-state currents on the 13.8-kV bus, fault point F2, in the system
of Example 7.1, according to IEC and ANSI methods.

IEC Method

The steady-state current is the summation of the source current through the trans-
former and the generator steady-state current:

Iy = Lpsy + Ik = IKpsu + AmaxliG

Substitution of A, gives the minimum steady-state current; A,., and A.;, are
calculated from Fig. 8-7; and I =4.69kA, I/ =30.99kA, and ratio
I/, = 6.61. Also from Table 6-1, the generator Xy_g = 1.949. From Series
One curves in Fig. 8-7, A, = 0.5 and A, = 1.78. Therefore, the maximum gen-
erator steady-state current is 8.35kA, and the minimum generator steady-state cur-
rent is 2.345kA. The source steady-state current is equal to the initial short-circuit
current (25.53 kA); therefore, the total steady-state short-circuit current is 33.88 kA
maximum and 27.88 kA minimum.
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44 kV
Cable Cable
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Z=8.5% Z=8.5%
X/R=20 XiR=20
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0.93 efficiency, X, = (leading}, 0.96

18.7%, pair of poles =2 efficiency, X' ;= 16%,
pair of poles =4

Figure 8-P1 System configuration for Problem 3.

Table 8-P1 Impedance Data for Problems 4 and 5

System component Description and impedance data

230-kV utility source Three-phase short-circuit = 8690 MVA, X/R =16.9
Step-up transformer  230-18 kV, 200MVA, Z = 10%, X/R = 35, HV tap at 23,5750V

Generator 18kV, 230 MVA, 0.85 power factor, subtransient reactance = 16%
Three-winding auxiliary18-4.16-4.16 kV, 20/10/10 MVA. impedance 18kV to each 4.16-kV
transformer winding = 8% 20-M VA base, impedance 4.16-kV winding to 4.16-kV

winding = 15%, 20-MVA base
I-MVA transformer  4.16-0.48 kV, Z = 5.75%, X/R =5.75
1.5-MVA transformer 4.16-0.48kV, Z =5.75%, X/R=1.5
Medium-voltage M1 = 5000-hp, 6-pole, synchronous, 0.8 power factor leading
motors M2 = 2500-hp, 8-pole, induction
M3 = 2500-hp, 2-pole, induction
M4 = 2500-hp, 12-pole, synchronous, 0.8 power factor leading
MS5 = 2000-hp, 4-pole, synchronous, unity power factor
M6 = 1000-hp, 2-pole induction
M7 = 1000-hp, 6-pole induction
Low-voltage motor MG1 =2 x 100 hp, and 6 x 40 hp induction 4-pole induction
groups MG2 =4 x 150 hp, and 8 x 75 hp induction 6-pole induction

Copyright 2002 by Marcel Dekker, Inc. All Rights Reserved.



ANSI Method

The source current from Example 7.1 is 27.69 kA. From Table 6-1, the generator
transient reactance is 0.278 on machine MVA base. The generator contribution is,
therefore, 16.87 kA, and the total steady-state current is 44.56 kA.

The calculations demonstrate that there are differences in results obtained by
ANSI and IEC methods and one or the other calculation method can give higher or
lower results. For the same impedance data and X /R ratios, the results are more
comparable. The predominant differences are noted in the contributions from
motors and generators, which are the major sources of short-circuit currents in
power systems. These differences vary with the contact parting times. The factor ¢
in IEC calculations makes the source contributions higher, and this generally results
in higher currents. It seems appropriate to follow the calculations and rating struc-
tures of breakers in these standards in their entity, i.e., use IEC calculations for TEC-
rated breakers and ANSI calculations for ANSI-rated breakers.

Problems

The problems in this secction are constituted so that they can be solved by hand
calculations.

1. A 13.8-kV, 60-MVA, two-pole 0.8 power factor synchronous generator
has a subtransient reactance of 11%. Calculate its corrected impedance
for a bus fault. If this generator is connected through a step-up transfor-
mer of 60 MVA, 13.8-138 kV, transformer Z = 10%, X/R = 35, what
are the modified impedances for a fault on the 138-kV side and 13.8-kV
side?

2. In Problem 1, the 138-kV system has a three-phase fault level of 6500
MVA, X/R =19. Calculate initial symmetrical short-circuit current,
peak current, symmetrical breaking current, and asymmetrical breaking
currents for a three-phase fault on the 138-kV side and 13.8-kV side. The
minimum time delay for fault on the 138-kV side is 0.03 s for a fault on
the 13.8-kV side is 0.05s.

3. Figure 8-P1 shows a double-ended substation with parallel running trans-
formers. A three-phase fault occurs at F. Calculate I/, ins Tosym»> Toasym>
Iy, and I

4. Figure 8-P2 shows a generating station with auxiliary loads. Calculate
three-phase fault currents for faults at F1, F2, and F3. Calculate all
component currents I}, ips Ibsyms> Ibasyms lac» and [ in each case. The
system data are shown in Table 8-PI.

5. Repeat Problem 4 with typical X/R ratios from Figs 7-2 and 7-4.
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Figure 8-P2 System configuration for Problems 4 and 5.
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9

Calculations of Short-Circuit Currents
in DC Systems

The calculations of short-circuit currents in dc systems is essential for the design and
application of distribution and protective apparatuses used in these systems. The dc
systems include dc motor drives and controllers, battery power applications, emer-
gency power supply systems for generating stations, data-processing facilities, and
computer-based dc power systems and transit systems.

Maximum short-circuit currents should be considered for selecting the rating
of the electrical equipment like cables, buses, and their supports. The high-speed dc
protective devices may interrupt the current, before the maximum value is reached. It
becomes necessary to consider the rate of rise of the current, along with interruption
time, in order to determine the maximum current that will be actually obtained.
Lower speed dc protective devices may permit the maximum value to be reached,
before current interruption.

Though the simplified procedures for dc short-circuit current calculation are
documented in some publications, these are not well established. There is no ANSI/
IEEE standard for calculation of short-circuit currents in dc systems. A General
Electric Company publication [1] and ANSI/IEEE standard C37.14 [2] provide some
guidelines. IEC standard 61660-1 [3], published in 1997, is the only comprehensive
document available on the subject. This standard addresses calculations of short-
circuit 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.

The IEC standard describes quasi steady-state methods for dc systems. The
time variation of the characteristics of major sources of dc short-circuit current from
initiation to steady-state are discussed and appropriate estimation curves and pro-
cedures are outlined.

A dynamic simulation is an option, however, akin to short-circuit current
calculations in ac systems; the simplified methods are easy to use and apply, though
rigorously these should be verified by an actual simulation.
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9.1 DC SHORT-CIRCUIT CURRENT SOURCES

Four types of dc sources can be considered:

Lead acid storage batteries

DC motors

Converters in three-phase bridge configuration

Smoothing capacitors

Figure 9-1 shows the typical short-circuit current-time profiles of these sources, and
Fig. 9-2 shows the standard approximate function assumed in the IEC standard [3].
The following definitions apply:

I, = Quasi steady-state short-circuit current
i, = Peak short-circuit current

T, = Short-circuit duration

t, = time to peak

a b
i (@) ' (b)
an' ;
| ke
foo ! e t
Rectifier without and with Battery
smoothing reactor
{c) (d}
F i
M
; Ton
=
hau
oo t fom t

Capacitor
-— Motor without additional inertia mass
. Motor with additional inertia mass

Figure 9-1 Short-circuit current-time profile of various dc sources: (a) rectifier without and
with smoothing reactor; (b) battery; (c) capacitor; (d) dc motor with and without additional
inertia mass. (From Ref. 3. Copyright 1997 IEC. Reproduced with permission.)
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Figure 9-2 Standard approximation of short-circuit function. (From Ref. 3. Copyright 1997
IEC. Reproduced with permission.)

7; = Rise time constant
7, = Decay-time constant

The function is described by:

. S 1—em

i(1) = gy ©.1)
ir(1) = ip[(1 —)e "% falr > 1 9.2)
o= I/, (9.3)

The quasi steady state current [ is conventionally assumed as the value at 1 sec after
the beginning of short-circuit. If no definite maximum is present, as shown in Fig.
9-1(a) for the converter current, then the function is given by Eq. (9.1) only.

9.2 CALCULATION PROCEDURES
9.2.1 IEC Calculation Procedure

Figure 9-3 shown a hypothetical dc distribution system which has all the four sources
of short-circuit current, i.e., a storage battery, a charger, a smoothing capacitor, and
a dc motor. Two locations of short-circuit are shown: (1) at F1, without a common
branch, and (2) at F2, through resistance and inductance, R, and L, of the common
branch. The short-circuit current at F, is the summation of short-circuit currents of
the four sources, as if these were acting alone through the series resistances and
inductances. Compare this to the IEC method of ac short-circuit calculations in
nonmeshed systems, discussed in Chapter 8.

For calculation of the short-circuit current at F,, the short-circuit currents are
calculated as for F; but adding R, and L, to the series circuit in each of the sources.
Correction factors are introduced and the different time functions are added to the
time function of the total current.

Whether it is the maximum or minimum short-circuit current calculation, the
loads are ignored (i.e., no shunt branches) and the fault impedance is considered to
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Figure 9-3 A dc distribution system for calculation of short-circuit currents. (From Ref. 3.
Copyright 1997 IEC. Reproduced with permission.)

be zero. For the maximum short-circuit current, the following conditions are
applicable:

e The resistance of joints (in bus bars and terminations) is ignored.
e The conductor resistance is referred to 20°C.
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The controls for limiting the rectifier current are not effective.

The diodes for the decoupling part are neglected.

The battery is fully charged.

The current limiting effects of fuses or other protective devices are taken
into account.

For calculation of the minimum short-circuit current:

The conductor resistance is referred to maximum temperature.

The joint resistance is taken into account.

The contribution of the rectifier is its rated short-circuit current.

The battery is at the final voltage as specified by the manufacturer.

Any diodes in the decoupling parts are taken into account.

The current-limiting effects of fuses or other protective devices are taken
into account.

9.2.2 Matrix Methods

Matrix methods contrast with superimposition techniques. In an example of calcula-
tion in Ref. [1], three sources of current, i.e., a generator, a rectifier, and a battery,
are considered in parallel. The inductances and resistances of the system components
are calculated and separate resistance and inductance networks are constructed,
much akin to the ANSI/IEEE method for short-circuit current calculations in ac
systems. These networks are reduced to a single resistance and inductance and then
the maximum short-circuit current is simply given by the voltage divided by the
equivalent resistance and its rate of rise by the equivalent time constant, which is
equal to the ratio of equivalent inductance over resistance. This procedure assumes
that all sources have the same voltage. When the source voltages differ, then the
partial current of each source can be calculated and summed. This is rather a sim-
plification. For calculation of currents from rectifier sources an iterative procedure is
required, as the resistance to be used in a Thévenin equivalent circuit at a certain
level of terminal voltage during a fault needs to be calculated. This will be illustrated
with an example.

9.3 SHORT-CIRCUIT OF A LEAD ACID BATTERY

The battery short-circuit model is shown in Fig. 9-4; Ry is the internal resistance
of the battery, Ep is the internal voltage, Rc is the resistance of cell connectors,
Lcc is the inductance of the cell circuit in H, and Lpc is the inductance of the
battery cells considered as bus bars. The internal inductance of the cell itself is
zero. The line resistance and inductance are Ry and L, respectively. The equiva-
lent circuit is that of a short-circuit of a dc source through equivalent resistance
and inductance, i.e.,

di
R+L = E 94
IR+ a B 9.4

The solution of this equation is

E
i= ?3(1 — e R/ 9.5)
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Figure 9-4 Equivalent circuit of the short-circuit of a battery through external resistance
and inductance.

The maximum short-circuit current is then

E
Ipse = ?B (©.6)

and the initial maximum rate of rise of the current is given by di/dz at r =0, i.e.,

dig FEp
—B_"B 9.7
dt — L 0.7

Referring to Fig. 9-4 all the resistance and inductance elements in the battery
circuit are required to be calculated. The battery internal resistance Ry by the IEEE
method [4] is given by

Rp
Rp = RcelIN = V (98)

P
where Rc. is the resistance/per cell, N is the number of cells, R, is the resistance per
positive plate, and N, is the number of positive plates in a cell; R, is given by

R, = %Q/positive plate 9.9)
2 — 1y
where V7 is the cell voltage and I; is the corresponding rated discharge current per
plate. Similarly, V5 is the cell voltage and I, is the corresponding rated discharge
current per plate at V5.
The following equation for the internal resistance is from Ref. [1]:

Ep

Ry=—"2_Q 1
B7100 x Iy, ©-10)

where Iy, is the 8-h ampere rating of the battery to 1.75V per cell at 25°C. Ry is
normally available from manufacturers’ data; it is not a constant quantity and
depends on the charge state of the battery. A discharged battery will have much
higher cell resistance.
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Figure 9-5 Battery system layout for calculation of short-circuit current (Examples 9.1
and 9.2).

Example 9.1

A 60-cell 120V sealed, valve regulated, lead acid battery has the following electrical
and installation details:

Battery rating = 200 Ah (ampere hour), 8-h rate of discharge to 1.75V per cell.
Each cell has the following dimensions: height = 7.9in. (=200 mm),
length = 10.71in. (=272 mm), and width = 6.8in. (=173 mm). The battery is
rack mounted, 30 cells per row, and the configuration is shown in Fig. 9-5. Cell
interconnectors are 250 KCMIL, diameter = 0.5751n.

Calculate the battery short-circuit current. If the battery is connected through a
cable of approximately 100 ft length to a circuit breaker, cable resistance SmS2 and
inductance 14 pH, calculate the short-circuit current at breaker terminals.

The battery resistance according to Eq. (9.10) and considering a cell voltage of
2V per cell, is

By 120
T 100 x Iy, 100 x 200

The manufacturer supplies the following equation for calculating the battery resis-
tance:

Ry 6mS

Ry = 3LX B

T mQ (9.11)
Substituting the values, this gives a battery resistance of 18.6 m<2. There is three
times the difference in these values, and the manufacturer’s data should be used.

From Fig. 9-5, battery connectors have a total length of 28 ft, size 250 KCMIL.
Their resistance from the conductor resistance data is 1.498 m at 25°C. The total
resistance in the battery circuit is Rg + Rc = 20.098 m<2. Therefore, the maximum
short-circuit current is 120/(20.098 x 107) = 5970 A.

The inductance L. of the battery circuit is sum of the inductances of the cell
circuit Lcc plus the inductance of the battery cells, Lcg. The inductance of two
round conductors of radius r, spaced at a distance d, is given by the expression:
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=" <0.25 + lnd> 9.12)
T r

where 1 is the permeability in vacuum = 4710~ H/m. From Fig. 9-5, the distance
d = 24in. and r, the radius of 250 KCMIL conductor, is 0.2875in. Substituting the
values in Eq. (9.12) the inductance is 1.87 pH/m for the loop length. Therefore, for a
18-ft loop length in Fig. 9-5, the inductance Loc = 10.25 uH.

The inductance of battery cells can be determined by treating each row of cells
like a bus bar. Thus, the two rows of cells are equivalent to parallel bus bars at a
spacing d = 241in, the height of the bus bar & = height of the cell = 7.951in and the
width of the bus bars w = width of the cell = 6.8in. The expression for inductance
of the bus bars in this configuration is:

_ (3, 4
L=" (2+lnh+w) (9.13)

This gives inductance in H per meter loop length. Substituting the values, for an 18-ft
loop length, inductance Lgc = 4.36 uH. The total inductance is, therefore, 14.61 pH.
The initial rate of rise of the short-circuit current is given by

Es 120

Le 1461 x 10°°

The time constant is

Le 1461 x107°
Rg+ Rc  20.01 x 103

The current reaches 0.63 x 5970 =3761 A in 0.73ms and in 1.46ms it will be
0.87 x 5970 = 5194 A.

The cable resistance and inductance can be added to the values calculated
above, i.e., total resistance = 25.01 m2 and total inductance is 28.61 pH. The max-
imum short-circuit current is, therefore, 4798 A, and the time constant changes to
1.14 msec. The current profiles can be plotted.

IEC Calculation

=821 x 10°A/s

=0.73ms

To calculate the maximum short-circuit current or the peak current according to
IEC, the battery cell resistance Ry is multiplied by a factor 0.9. All other resistances
in Fig. 9-4 remain unchanged. Also, if the open-circuit voltage of the battery is
unknown then use Ey = 1.05U,p, where U,g = 2.0 V/cell for lead acid batteries.
The peak current is given by

) Ep
1 =
pB

Rgg;

(9.14)

where ipp is the peak short-circuit current from the battery and Rgg, is the total
equivalent resistance in the battery circuit, with Rg multiplied by a factor of 0.9. The
time to peak and the rise time is read from curves in Fig. 9-6, based on 1/§, which is
defined as follows:

1 2

- = 9.15
1) RBBr+ 1 ( )

Lgg, T
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Figure 9-6 Time to peak 7,5 and rise time constant 7,5 for short-circuit of a battery. (From
Ref. 3. Copyright 1997 IEC. Reproduced with permission.)

The time constant 77y is specified as equal to 30 ms and Lgg; is the total equivalent
inductance to the fault point in the battery circuit. The decay time constant t,p is
considered to be 100 msec. The quasi steady-state short-circuit current is given by

0.95Eg

=B 9.16
B Rppr + 0.1Ry ©-16)

This expression considers that the battery voltage falls and the internal cell resistance
increases after the short-circuit. Note that all equations from IEC are in MKS units.

Example 9.2

Calculate the short-circuit current of the battery in Example 9.1, by the IEC method.

The total resistance in the battery circuit, without external cable, is
0.9 x 18.6 + 1.498 = 18.238 mQ2. The battery voltage of 120 V is multiplied by factor
1.05. Therefore, the peak short-circuit current is

Ey 1.05 x 120

"B T Run | 18.238 x 1073

This is 15.7% higher compared to the calculation in Example 9.1: 1/§ is calculated
from Eq. (9.15).

1 2
- = 15.6ms

5 18238 x 107 L
14.61 x 10-° " 30 x 102
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From Fig. 9-6, the time to peak = 4.3 ms and the rise time constant is 0.75 ms. The
quasi steady-state short-circuit current is

0.95 x 126 x 10°

L = = 5956 A
B 7 18.238 4 0.1(18.6)

The calculations with external cable added are similarly carried out. The cable
resistance is SmE2 and inductance is 14 pH. Therefore, Rgp, = (0.9)(18.6) + 1.498 +
5 = 23.24m<. This gives a peak current of 5422 A; 1/§ = 2.40 ms and time to peak is
7 ms. The rise time constant is 1.3 msec, and the quasi steady-state short-circuit
current is 4796 A. The short-circuit current profile is plotted in Fig. 9-7(a).

7.0 : T

5422p W

5.0 L. [
4796 A —» |= / :

Curent ine { kA)
o -
= [=1

- |

N
o
|
|

i @
LANE Battery

0.6 /
02 ! - | e e

840 ms . {0}

_____ | ‘/ i Mator

200 400 600 800

Current ipu( kA)
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Figure 9-7 Calculated short-circuit current-time profiles: (a) battery (Example 9.2); (b) dc
motor (Example 9.4); (c) rectifier (Example 9.6); (d) capacitor (Example 9.7).
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Figure 9-7 (Continued)

9.4 DC MOTOR AND GENERATORS

An expression for the short-circuit from dc generators and motors [1] is

i, =00 — ey — (?—6—0)(1 — el (9.17)

Tq r'aq
where

i, = per unit current

eo = internal emf prior to short-circuit in per unit

r, = steady-state effective resistance of the machine in per unit
r; = transient effective resistance of the machine in per unit

0, = armature circuit decrement factor

op = field circuit decrement factor

The first part of the equation has an armature time constant, which is relatively
short and controls the buildup and peak of the short-circuit current; the second part
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is determined by the shunt field excitation and it controls the decay of the peak value.
The problem of calculation is that the time constants in this equation are not time
invariant. Saturation causes the armature circuit decrement factor to increase as the
motor saturates. Approximate values suggested for saturated conditions are 1.5-3.0
times the unsaturated value and conservatively a value of 3.0 can be used. The
unsaturated value is applicable at the start of the short-circuit current and the
saturated value at the maximum current. Between these two extreme values the
decrement is changing from one value to another. Figure 9-8 shows the approximate
curve of the short-circuit current and its equivalent circuit. For the first two-thirds of
the curve the circuit is represented by machine unsaturated inductance L., and for
the last one-third L, is reduced to one-third with series transient resistance. The peak
short-circuit current in per unit is given by

i = (9.18)

The transient resistance r; in per unit requires some explanation. It is the effective
internal resistance:

ry=re 4 rp (9.19)

where ry, is the total resistance of the windings in the armature circuit, r, is the
equivalent to flux reduction in per unit, and ry, is the transient resistance equal to
reactance voltage and brush contact resistance in per unit. The flux reduction and
distortion are treated as ohmic resistance. The values of transient resistance r; in per
unit are given graphically in the ATEE Committee Report of 1950 [5], depending on
the machine rating, voltage, and speed. The transient resistance is not constant and
there is a variation band. The machine load may also effect the transient resistance
[6]. There does not seem to be any later publication on the subject. Similarly, the
steady-state resistance is defined as

rg=ry+r,+ry (9.20)

Current
o

@3,

Figure 9-8 Short-circuit current-time curve for a dc motor or generator showing two
distinct time constants.
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where ry, is the steady-state resistance equivalent to reactance voltage and brush
contact in per unit, and r, is the steady-state resistance equivalent to flux reduction
in per unit.

The maximum rate of rise of the current is dependent on armature unsaturated
inductance. The unit inductance is defined as

V260
a =1 27PN,

(9.21)

The per unit inductance is the machine inductance L, divided by the unit inductance:

L, PN\L, I,

C.=— 9.22
* Lal 19.1 V] ( )
This can be written as
19.1C.V,
L =" 2
«="PN,I (9.23)

where P = number of poles, N; = base speed, V; =rated voltage, I, = rated
machine current, and C, varies with the type of machine. Charts of initial inductance
plotted against unit inductance show a linear relationship for a certain group of
machines. For this purpose the machines are divided into four broad categories as
follows:

Motors: C, = 0.4 for motors without pole face windings.
Motors: C, = 0.1 for motors with pole face windings.
Generators: C, = 0.6 for generators without pole face windings.
Genera