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ABSTRACT
Interaction between equipment subjected to earthquakes is an area of major concern to engineers
intent on seismically hardening a substation. The buswork connections installed between
equipment greatly affect the seismic performance of that equipment. If the buswork is not
properly designed, equipment that would otherwise survive may fail, resulting in unnecessary
financial losses or reliability impact. The use of seismically designed connections, whether
flexible, rigid, or a combination of both, increases the probability that a facility will still be
operational after an earthquake.
This application guide addresses the design of flexible and rigid buswork connections to
incorporate the seismic interaction between equipment. A complete design process is presented
along with a detailed description of the required input, and details for a proper installation. The
guide also addresses the concept of developing standard details to use for most common types of
flexible connections as opposed to custom designing all connections. Practical design examples
are provided for flexible and rigid buses. Available data on the dynamic properties of substation
equipment are provided as well.
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1

Introduction

1.1

OVERVIEW

Interaction between equipment subjected to earthquakes is an area of major concern to engineers
intent on seismically hardening a substation. The buswork connections installed between
equipment greatly affect the seismic performance of that equipment. If the buswork is not
properly designed, equipment that would otherwise survive can fail, compromising the reliability
of the system and resulting in unnecessary financial losses. The use of seismically designed
connections, whether flexible, rigid, or a combination of both, increases the probability that a
facility will still be operational after an earthquake.
This application guide addresses the design of flexible and rigid buswork connections to
incorporate the seismic interaction between equipment. A complete design process is presented
along with a detailed description of the required input, and details for a proper installation. The
guide also addresses the concept of developing standard details to use for the most common
types of flexible connections as opposed to custom designing all connections. Practical design
examples are provided for flexible and rigid buses. Available data on the dynamic properties of
substation equipment are provided as well.
This application guide does not address the particular case of interconnections with air
core reactors, which require special considerations due to, among others, their special
construction and proximity to the significant electrical field around such equipment.
This application guide was intentionally presented presuming a minimum knowledge of
mathematics and structural dynamics. Therefore, as much as possible, it focuses on the concepts
and the use of specific software (whenever applicable), rather than on the underlying
mathematics.

1.2

SCOPE

The scope of this document is the engineering and design of flexible and rigid bus connections
for substation equipment subjected to earthquakes.

1.3

PURPOSE

This document was prepared to provide practical guidelines to the substation designer on seismic
design of buswork connections. The intent is to complement and extend the content of IEEE Std
1527-2006 (IEEE 2006) by providing details, information, and guidelines that will permit a user
to apply in a practical way the methods, sometimes complex, that form the basis of this standard.
An additional aim is to sensitize equipment manufacturers and utility engineers to the dynamic
forces that are transmitted from flexible and rigid bus connections at the attachment points of
equipment items during earthquakes.

1.4

PRACTICAL REFERENCES

This application guide complements the following publications:
•

IEEE Std 605-2008, IEEE Guide for Design of Substation Bus Structures

•

IEEE Std 693-2005, IEEE Recommended Practice for the Seismic Design of Substations

•

IEEE Std 1527-2006, IEEE Recommended Practice for the Design of Flexible Buswork
Located in Seismically Active Areas

1.5

DEFINITIONS, ABBREVIATIONS, AND ACRONYMS

1.5.1

Definitions

Basketing of flexible conductors (also called “bird caging”): The unraveling or untwisting of
outer and inner strands. Basketing can be caused by the following:
•

minimum bending radius is violated

•

ends being twisted opposite to direction of lay angle
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Bundled conductor: An assembly of two or more conductors used as a single conductor and
employing spacers to maintain a predetermined configuration. The individual conductors of this
assembly are called subconductors.
Complete quadratic combination (CQC method): A modal combination method, especially
useful for systems with closely spaced natural frequencies.
Conductor configuration: The generic term for a flexible buswork connection geometry that
has been designed to accommodate a certain amount of movement at end points, without putting
undue strain or stress on these end points.
Critical damping: The least amount of viscous damping that causes a single-degree-of-freedom
system to return to its original position without oscillation after initial disturbance.
Damping: An energy-dissipation mechanism that reduces the response amplification and
broadens the vibratory response over frequency in the region of resonance. Damping is usually
expressed as a percentage of critical damping. See also: critical damping.
Differential displacement between equipment: The maximum absolute relative displacement
between two equipment items moving toward or away from each other during an earthquake, or
for design purposes.
Drops: The field or construction term for the flexible buswork connection made between a high
buswork section, either rigid or strained and a piece of equipment or lower buswork section.
Flexible buswork or flexible buswork connections: Terms given to the section of buswork that
is usually made up of stranded bare conductors (as opposed to rigid conductors) electrically
interconnecting two pieces of equipment, a piece of equipment and a section of rigid bus, or two
sections of rigid bus.
g: Acceleration due to gravity, i.e., 9.81 m/s2.
Ground acceleration: The acceleration of the ground resulting from the motion of a given
earthquake. The maximum or peak ground acceleration is the zero period acceleration (ZPA) of
the ground response spectrum.
Natural frequency: A frequency at which a body or system vibrates due to its own physical
characteristics (mass and stiffness) when the body or system is distorted and then released.
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Pinch effect: The “pinch effect” is caused by the bending of the conductor during a highvelocity movement caused by short-circuit forces near where a spacer or equipment terminal
clamp is attached.
Push-pull tests: The name given to a test to determine how flexible a certain conductor
configuration is when its end points are pulled apart or pushed together. The results of this test
are units of force per displacement of the connection point of the conductor.
Response spectrum: A plot of the maximum absolute response of an array of single-degree-offreedom (SDOF) identically damped oscillators with different frequencies, all subjected to the
same base excitation. See also: single-degree-of-freedom system.
Seismically decouple: A term to describe how two pieces of equipment or a piece of equipment
and a rigid bus section can be interconnected electrically by a flexible buswork connection,
which ideally allows independent movement, or at least, minimized interaction between the two
components.
Seismicity: Seismic activity; the occurrence of earthquakes in time and space.
Single-degree-of-freedom (SDOF) system: The idealization of a physical system in which its
mass, its elastic properties (flexibility or rigidity), its energy-loss mechanism (damping), and its
external source of excitation (loading) are assumed to be concentrated in a single physical
element.
Slack (or “conductor slack”): The difference between the conductor length and the straight-line
distance between its attachment points; the amount of displacement that a conductor in a given
configuration can be stretched into a straight configuration.
Square root of the sum of squares method (SRSS method): A modal combination method
used to obtain an estimation of the complete response of a system, by summing up the square of
each modal response considered in the analysis (such as displacement, force, etc.) and then
taking the square root of the result. This method assumes that individual maximum modal
responses are not correlated, which is approximately the case when modal frequencies are spaced
by more than 20% of each other. See also: complete quadratic combination (CQC method).
Stand-alone equipment displacement: The motion of equipment without conductors attached,
i.e., without interconnection to other equipment.
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Time history: A record of earthquake ground motion (either natural or artificial), usually in
terms of acceleration, as a function of time.

1.5.2

Abbreviations and Acronyms

CQC

complete quadratic combination

MDOF

multi-degree-of-freedom

PGA

peak ground acceleration

SDOF

single-degree-of-freedom

SRSS

square root of sum of squares

ZPA

zero period acceleration
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2

Interaction of Substation Equipment during
Earthquakes

2.1

GENERAL DESCRIPTION

Substation equipment is generally seismically qualified on a stand-alone basis, without
consideration of the conductor (rigid or flexible) that normally interconnects them. However,
during an earthquake, interconnected equipment will move relative to one another, stretching and
compressing the connection between (Fig. 2.1). This differential displacement between
equipment items will result in additional forces transmitted from the conductor to their
attachment points. These forces in turn translate into moments at the bases of the equipment
insulators, which may be vulnerable if not qualified accordingly; hence equipment that would
otherwise survive in a stand-alone configuration may fail. Also, the connection itself creates to
some degree interaction between equipment that may adversely modify their seismic behavior, as
compared to stand-alone behavior. The use of properly designed and installed connections
increases the probability that a facility will remain operational after an earthquake.

Fig. 2.1 Displacement between interconnected equipment during an earthquake

2.2

OBSERVATIONS FROM PAST EARTHQUAKES

In past earthquakes, it has been suspected that the presence of conductors between equipment
experiencing differential displacement might be responsible for generating destructive forces at
the tops of such apparatus. For example, during the 1978 Miyagi, Japan, earthquake, many units
of interconnected equipment failed, even though they were individually qualified to withstand
the effects of an event of that magnitude; connections were then identified as one of the
important causes of destruction (Okada et al. 1986). Similar conclusions were drawn after the
1986 North Palm Springs, California, earthquake (EPRI 1998); the 1988 Saguenay, Quebec,
Canada, earthquake (Pierre 1991); and the 1995 Kobe, Japan, earthquake (NIST 1996). From
these observations basic recommendations to provide at least adequate conductor slack have
been provided in some guides and standards (e.g., IEEE 2005; Schiff 1998) although it is only
recently that more specific guidance has been formally provided through IEEE 1527.

2.3

MAIN RESEARCH RESULTS ON INTERACTION

To our knowledge, the first research on conductor interaction was initiated in Japan about 25
years ago, after observations from the Miyagi earthquake (Okada et al. 1986). In the early 1990s,
research began in Hydro-Quebec, where the dynamics of conductors was experimentally
investigated (Dastous and Pierre 1996). Since then, several groups have begun and/or pursued
research on the subject, either analytically and/or experimentally: Hydro-Quebec, BPA, BC
Hydro, and PEER (UC San Diego and UC Berkeley). Many methods recommended in IEEE
1527, as well as in this application guide, have evolved from these results. It is not the purpose of
this application guide to present and discuss in depth these research results. A summary on
flexible conductor research can be found in the appendix of IEEE 1527, and the bibliography of
this guide refers, to the best of our knowledge, to the main publications in the domain, including
studies on rigid bus connections. However, some of the main results that support the
understanding behind this application guide are summarized here.
Flexible and rigid conductors are dynamic rather than static systems: Experimental
and numerical simulation results have demonstrated that a connection responds dynamically
rather than statically when excited from the motion of interconnected equipment. The response is
not only a function of being stretched to a given elongation, but also of inertia and the energydissipation characteristics of the connection and the connected equipment.
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Significant interaction effects may take place when not enough slack is provided in a
flexible connection: In a pair of interconnected equipment, the response of the higher-frequency
item may be adversely amplified as compared to its stand-alone behavior when insufficient slack
is provided. In some cases this may also happen to the lower-frequency item due to the inertia of
the conductor.
Significant interaction effects may take place using rigid bus connections: When a
rigid bus connection is used, the higher-frequency equipment item motion may be amplified
under certain conditions as compared to its stand-alone behavior; in the same way, the lowerfrequency equipment item motion may be de-amplified. The interaction effect is strongly
conditioned by the dynamic properties of the coupled system. The amplification of the higherfrequency item response tends to increase with increasing stiffness of the connecting element,
increasing mass of the lower-frequency item, increasing separation between equipment
frequencies, and increasing differential displacement between the stand-alone equipment items.
Damping in the connecting element has a significant effect on reducing the amplification due to
the interaction.
The level of dynamic forces generated at the ends of a single flexible conductor may
be on the order of 1000 N for a 0.5g PGA ground motion: The forces generated at the ends of
connections during a dynamic elongation can be much higher than under the corresponding static
elongation. Analytical as well as experimental results on typical flexible conductor
configurations have shown that the level of forces obtained during interconnected behavior is of
the order of 1000 N (225 lbs) for a ground acceleration of 0.5g PGA, even when sufficient slack
is provided (Table 2.1). The actual level of generated forces varies greatly and depends on many
factors, including the shape and the amount of slack, the frequencies of the interconnected
equipment, and the input used, among others. At this time, it is not possible to predict in a
simplified fashion (without either experimentation or simulation) the forces that would be
obtained under a given set of these parameters. The level of 1000 N/conductor is at this time the
best estimate of the average maximum force that can be obtained when sufficient slack is
provided, for one or two conductors, from 1796 kcmil to 4000 kcmil.
The stand-alone differential displacement of equipment items is usually a
conservative estimate of the interconnected equipment differential displacement when
items are connected with a flexible or rigid bus connection.
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For flexible connections, the minimum required slack is the one that permits the
expected maximum differential displacement between equipment items in their stand-alone
configurations.
When sufficient slack is provided in a flexible connection, the frequencies of
interconnected equipment are not significantly modified compared to their stand-alone
frequencies provided that the mass of the bus is small relative to the equipment mass.
The frequencies of equipment items interconnected with a rigid bus are always
greater than the corresponding frequencies of equipment items in their stand-alone
configurations.
Table 2.1 Maximum forces measured during experiments with flexible connections1
Equivalent
maximum input
acceleration to
IEEE Std 693
(g)

Type of test / configuration--span-type of conductor

•
•
•

harmonic out of phase / catenary—5 m—1796 kcmil
harmonic out of phase / catenary—5 m—4000 kcmil
harmonic out of phase / catenary—3 m—1796 kcmil

0.48
0.48
0.48

•
•
•
•

3 cycles sine wave / parabola—3 m—1796 kcmil
3 cycles sine wave / parabola—4 m—4000 kcmil
3 cycles sine wave / double curvature—5 m—4000 kcmil
3 cycles sine wave / triple curvature —5 m—4000 kcmil

0.48
0.48
0.48
0.48

•
•
•
•

shake table time history test / catenary—4.6 m—2300 kcmil
shake table time history test / catenary—4.6 m—Lupine
shake table time history test / catenary—4.6 m—2300 kcmil
shake table time history test / catenary—4.6 m—Lupine

0.5
0.5
0.5
0.5

•
•
•

shake table time history test / catenary—3.2 m—2300 kcmil
shake table time history test /catenary—3.2 m—2300 kcmil
shake table time history test / catenary—3.2 m—2300 kcmil

0.5
0.5
2
0.5

Maximum
horizontal
3
force
750 N
1590 N
1114 N
1040 N
1140 N
720 N
620 N
1060 N
810 N
1330 N
1430 N
693 N
730 N
948 N

Reference

(Dastous and Pierre 1996)

(Dastous and Paquin 2003)

(Filiatrault and Stearns 2002)

(Gualifabian et al. 2004)

1. The results reported in this table were for flexible connections with sufficient slack to permit the differential
displacement to be applied at the conductor’s ends. No cases of resonance or strong interaction are reported
in this table.
2. The actual experiment was conducted at 0.38g. The traction reported in this table for 0.5g is obtained by
linear extrapolation from the measured traction for 0.38g.
3. Force per subconductor when multi-conductors were used (up to 2).
4. All conductors in these studies are all-aluminum conductors (AAC).
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3

General Design Process

3.1

OVERVIEW OF MAIN DESIGN CRITERIA

This chapter presents an overview of the main mechanical criteria that a seismically designed
connection must meet in order to be adequate. The establishment and/or verification of these
criteria are expanded in the following clauses, along with practical examples.

3.1.1

Permitting Differential Displacement between Equipment

It is intuitively obvious that an adequate flexible connection must allow the interconnected
equipment to displace without sudden impact due to loss of all slack. To do so, the maximum
differential displacement that can occur during an earthquake between interconnected equipment
must be evaluated. From this quantity the elongation demand on the connection, i.e., the
maximum stretch to which a connection would be submitted, can be determined. It has been
established for flexible conductors that the amount of required slack, defined as the availability
i.e., the stretch that a connection can tolerate without a sudden impact on the attached equipment,
must be at least equal to the elongation demand. Due to the stiffness and the inertia of flexible
conductors, the elongation demand is the minimum amount of required slack; depending on the
conductor shape and/or flexibility, an additional length is needed in order for the transmitted
forces to be within acceptable levels.
Rigid buses with a flexible connector should also allow for the differential displacement
to take place without sudden impact. However, the dynamic properties of the coupled system,
i.e., the equipment items and the connection, have a strong influence on the differential
displacement and may reduce it, as compared to the differential displacement between the standalone equipment items.

3.1.2

Meeting Electrical Clearances

As with any air-insulated buswork, it is important that a flexible buswork connection maintain
the minimum electrical clearances as specified in such documents as the National Electrical
Safety Code (IEEE 2001) to ensure the proper operation and integrity of the facility and safety.
The required electrical clearances of a given configuration in its plane are illustrated in
Figure 3.1 for a flexible bus; the same requirements apply to a rigid bus. These clearances are the
phase-to-ground and the minimum safety clearances.
The phase-to-ground clearance appears as a radius from the base of the insulator (top of
the metallic support) that is equal to or shorter than the insulator length. For proper clearance of
this type, no part of the flexible connection should fall within the shaded area indicated in Figure
3.1. The minimum safety clearance appears as a vertical distance from the ground under which
the conductor should not fall. For a given configuration, this translates into a maximum sag value
that should not be exceeded. The flexible buswork design must also assure that the minimum
phase-to-phase and phase-to-ground clearances will be maintained during and after a seismic
event.
An example of the required clearances for a connection between a dead tank circuit
breaker and a disconnect switch is presented in Figure 3.2.
Rigid buses should at all times meet clearances as well. Even though they deform much
less than flexible buses, their flexible connectors add flexibility to the assembly and therefore
should be checked for the required clearances.

Fig. 3.1 Schematic view of electrical clearance distance requirements
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Fig. 3.2 Practical example of required clearances
3.1.3

Multi-Connected Equipment Effects

It is important that in a given electrical phase, all connections are designed such that sufficient
slack and/or flexibility are provided between all interconnected equipment pairs. Otherwise,
impacts may be transferred between equipment, from pairs where slack is insufficient. In
addition, for equipment items in a given electrical phase interconnected with rigid buses, it is
important that the interaction effect between all pairs of items be within the permissible limits,
particularly when the motion of connected equipment is amplified due to the interaction as
compared to its stand-alone response.

3.1.4

Forces Expected at the Terminals

As discussed earlier, even for a flexible connection with sufficient slack or a rigid bus with a
flexible connector, significant forces may be transferred to the terminals due to dynamic effects
during a seismic event. Therefore, terminal hardware as well as equipment should be designed to
withstand those loads in addition to normal and exceptional operating loads. These additional,
normal, and exceptional loads are
13

•

the weight of the connection system,

•

the forces due to wind,

•

ice loading,

•

electrical fault condition (short-circuit forces), and

•

normal operating forces.
Several of these loads can occur simultaneously thereby having a cumulative effect on

the equipment terminal pads. The probability of simultaneous occurrence of these loads must be
reviewed on a case-by-case basis. Short-circuit loads have not been found to be a significant
cause of failure during past earthquakes (IEEE 2005).
Since the seismic qualification of equipment is done on a stand-alone basis, the effect of
the loads (stresses) listed above must be included in the design in direct combination (i.e.,
additional) to the maximum stresses either measured or calculated in the seismic qualification
process. The effect of many of these loads is to add an additional bending stress at the base of the
insulator(s) of the equipment, since they are applied near the tops.
To account for dynamic effects of flexible conductors, design forces have been
established based on available experimental (Table 2.1) and analytical results at this time
(Dastous 2007); these design forces are presented in Table 3.1 according to the seismic input
defined in the IEEE 693 Std. These forces are defined per subconductor, for a maximum of two
subconductors in a given connection. In case of more than two subconductors, a separate study
should be undertaken to evaluate these forces. As discussed in Section 4.3, the forces in Table
2.1 were obtained with the following all-aluminum conductors: 1796 kcmil, 2300 kcmil, 2500
kcmil, and 4000 kcmil, which are typical conductors used in interconnecting substation
equipment. Note that the physical characteristics of the first three conductor types are relatively
similar, while the 4000 kcmil conductor is relatively heavier but of similar minimum bending
stiffness.
As an example, suppose that two equipment items qualified for the moderate level of
IEEE-693 will be interconnected by a bundle of two subconductors. In such a case, additional
vertical and horizontal forces of 2000 N (1000 N per subconductor) must be included as
additional loads in the seismic design.
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It is recognized that the forces in Table 3.1 might be especially significant for lower
voltage and lighter equipment (230 kV and below). However, even for higher voltage, they
cannot be neglected in most cases.
Table 3.1 Design forces from seismically induced dynamic effects of flexible conductors,
for IEEE 693 moderate and high qualification performance levels
a

Design force

Qualification level
moderate (0.5g)
high (1.0g)

Horizontal
1000 N per subconductor 2000 N per subconductor
(at terminal pad in line direction)
Vertical
1000 N per subconductor 2000 N per subconductor
(at terminal pad)
a

3.1.5

These forces include the static forces due to conductor’s weight

Stability to Operational Loads

Flexible or rigid connections must be designed such that their shapes regain their original form
after the application of any normal and exceptional loads; i.e., they should not sustain any
permanent deformation. For example, a connection must be designed so that it does not collapse
laterally after the application of high wind.

3.2

DESIGN PROCESS FOR SEISMIC CONNECTIONS

Appendix A presents the general flowchart from IEEE Std. 1527 for the seismic design of
flexible connections, including electrical requirements. Assuming that all electrical parameters
(such as number and dimensions of conductors, clearance requirements, etc.) have been
determined beforehand, Figure 3.3 shows a more precise flowchart for the mechanical design of
connections valid for rigid and flexible connections.
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Start design process
Determine seismic input: Section 4
Determine basic connection geometry: Section 5
Determine elongation demand: Section 6
Choose connection type
Rigid

Flexible

Choose a rigid bus/flexible
connector: Section 8.1.1

Choose a preliminary
shape: Section 7.2

Establish connector
properties: Section 8.2

Establish required length:
Section 7.2.2

Evaluate interaction effects
and elongation of the
connector: Section 8.3

Check rigidity, clearances and
stability: Section 7.3 or 7.4
NO

NO

Everything
OK?

Everything
OK?

YES

YES
Design process complete !

Fig. 3.3 Flowchart for design of seismic connections
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4

Determination of Seismic Input

4.1

GENERAL CHARACTERIZATION OF SEISMIC INPUT

During an earthquake, a structure experiences ground shaking at its base. This shaking is usually
characterized by two orthogonal components of horizontal motion in translation (sometimes
called the longitudinal and transverse components) and one vertical component.
For engineering purposes, these components of motion can be defined in two ways to
characterize the seismic input required for analysis or testing:
•

by the time variation of ground acceleration

•

by a response spectrum
The time variation of ground acceleration is obtained from the recording of a given

earthquake (or sometimes artificially generated using dedicated software). One example of
historical recording is presented in Figure 4.1. It is observed that the maximum ground
acceleration (PGA) of this record is 0.20 g.

Fig. 4.1

90o component of horizontal ground acceleration from the 1989 Loma Prieta
earthquake Mw 7.0 recorded at station no. 58222 (San Francisco Presidio)

Since the time variation of ground acceleration from a given recording is an historical
event that is unlikely to recur, more than one recording is usually needed in order to adequately
characterize the variability of the expected input at a given location. These records are also
usually scaled up or down to represent the expected intensity of the ground motion at a given
distance from the expected earthquake source(s).
As an alternative to the time variation of ground acceleration, the concept of response
spectrum is now widely used in standards and seismic guidelines to describe the seismic input.
This concept is the one used in this application guide and is detailed in the following clauses.
The first design step, establishing the seismic input as per the flowchart in Figure 3.3,
consists therefore of determining the response spectrum at the location where the electrical
equipment and connections will be installed.

4.2

CONCEPT OF RESPONSE SPECTRUM

The time variation of ground acceleration can be used as input to obtain the time variation of a
given response quantity of a structure; e.g., the displacement at the top. This can be done
numerically using computer models or experimentally using shake table testing. For design of
new structures or evaluation of existing ones, however, it is generally sufficient to know only the
absolute peak value of the response quantity of interest. This can be accomplished through the
concept of response spectrum. A response spectrum is a plot of the peak absolute-value response
of a single-degree-of-freedom (SDOF) system as a function of its natural frequency, for a
specified value of its damping.
A single-degree-of-freedom system is the idealization of a structure in which its mass,
elastic property (flexibility or rigidity), and energy-loss mechanism (damping) are assumed to be
concentrated in a single physical element allowed to move in a single direction only (simple
oscillator). Figure 4.2 illustrates this idealization.
A SDOF system is characterized by (1) a unique natural frequency of vibration (denoted
by f), corresponding to the frequency at which the system would vibrate if distorted (into the
dotted line in Fig. 4.2) then released and (2) a unique value of damping (denoted by ζ), which
causes the initial amplitude of vibration to decay with time. It is important to note that the natural
frequency of a SDOF idealization is a function of the combination of the mass and rigidity
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properties of the structure under consideration. Therefore, very dissimilar structures of different
mass and rigidity may have the same natural frequency when idealized as a SDOF system.
The SDOF idealization is very useful in dynamic analysis, as responses of most structures
in the linear domain can be realistically obtained using one or an assemblage of SDOF systems.
For the seismic design of connections, this idealization is used to obtain the maximum
differential displacement of interconnected equipment under a specified earthquake input and,
thereby, the maximum elongation demand of the connection.

Rigid support

Fig. 4.2 Idealization of equipment by a single-degree-of-freedom system
Figure 4.3 illustrates the construction of a response spectrum from the time variation
responses of SDOF systems of different frequencies under the Loma Prieta recording (Fig. 4.1).
It is observed that the response spectrum presents only the maximum absolute response of SDOF
systems as stated earlier.
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f = 1 Hz
ζ=2%

f = 2 Hz
ζ=2%

Fig. 4.3 Construction of response spectrum
Earthquake response spectra are typically presented in three ways, depending on the
response quantity of interest:
•

spectral displacement response spectrum giving the maximum absolute value of the
“exact” displacement of the SDOF system relative to its moving base, denoted Sd

•

pseudo-velocity response spectrum giving an estimation of the maximum velocity of the
SDOF system relative to its moving base, denoted Sv

•

pseudo-acceleration response spectrum giving an estimation of the maximum absolute
acceleration of the SDOF system, denoted Sa
These quantities are related through the following relationships:
S v = (2 ⋅ π ⋅ f ) ⋅ S d

(4.1)

S a = (2 ⋅ π ⋅ f )2 ⋅ S d

(4.2)

The term pseudo is used for the velocity and acceleration spectra obtained from
Equations (4.1) and (4.2), since they provide approximations to, respectively, the maximum
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exact relative velocity and the absolute acceleration that would be obtained using the
mathematics of SDOF responses.
In the evaluation of the maximum displacement of equipment items, Equations (4.1) and
(4.2) can be used to obtain the spectral displacement Sd when the input is either a pseudovelocity or a pseudo-acceleration response spectrum, as is most often the case in seismic
guidelines and standards.

4.2.1

Normalized and Local Response Spectra

The response spectrum from a given input record has the same limitation as the time history
variation of the ground motion from which it originates: it represents only one historical event.
Therefore, more than one response spectrum is needed in design to represent the probable
earthquake excitation that could happen at a given location, from different earthquake scenarios
expected in the lifetime of the considered structure. For this reason, in practice a design response
spectrum is used that “envelops” all the different response spectra that would be expected. Two
types of design response spectra are generally used:
•

normalized design response spectrum

•

local (also called site-specific) design response spectrum

The normalized response spectrum is a general spectrum that envelops all the possible
responses that are expected over a wide area from earthquakes with different magnitudes,
distances, site-soil conditions, etc., to provide a design that would allow structures (or equipment
in our case) to be safely designed for all possible inputs in this area. For example, the IEEE 693
response spectrum for the moderate level is presented in Figure 4.4; it is valid for all areas in
Mexico, Canada, and the United States for which the maximum expected ground acceleration
(ZPA) at the site is equal to or less than 0.5 g. The advantage is that equipment designed
according to such a spectrum could be safely interchanged between all areas for which the design
criterion applies.
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Fig. 4.4 IEEE 693 performance level response spectrum for the moderate level (0.5g)
The disadvantage of the normalized design response spectrum is that, for many regions, it
overestimates the response that could locally be expected. For this reason, local spectra are also
available that represent more closely the expected responses at a given site. Similar to the
normalized spectrum, they envelop all the predicted inputs at a site. An example of a local
response spectrum is presented in Figure 4.5.

Fig. 4.5 Montreal response spectrum from the National Building Code of Canada 2005
When custom-designing connections at a given substation, it is recommended whenever
possible to use the local spectrum, since it will generally lead to less equipment displacements
and therefore will demand less elongation from a connection. This is particularly important in the
design of flexible connections for equipment of low natural frequencies, such as 330 kV and
above, as a demand of a large elongation (resulting in large connection slack) can sometimes be
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difficult to meet in practice when the conductor is too long and violates the required electrical
clearances.
As an example, in Table 4.1 we present the spectral displacements Sd from the IEEE
spectrum and the Montreal spectrum (both spectra could have been used interchangeably for a
substation in Montreal), for frequencies of 1, 2, and 5 Hz and a damping value of 5%. It is
observed that the displacements from the IEEE spectrum are far greater than the ones from the
Montreal spectrum1. This is especially true at frequencies of 1 Hz and below. However, it is
observed that as the frequency increases, the displacements become small and for the related
equipment these differences will not be of practical importance.
Table 4.1 Spectral displacements comparison between the IEEE 693 (at the performance
level) for the moderate level and Montreal spectra, for 5% damping
Spectrum
IEEE 693 (ZPA=0.5 g)
Montreal (ZPA=0.43g)

1 Hz
28 cm
4 cm

2 Hz
8 cm
2 cm

1

5 Hz
1.2 cm
0.7 cm

Earthquakes in Eastern North America have usually far less energy content in the low-frequency range than
earthquakes on the West Coast. This explains here the large differences between the IEEE and Montreal spectra.
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5

Determination of Basic Connection
Geometry

A simple but important step in establishing an adequate seismic connection is to define the
connection geometry. The basic geometry (Fig. 5.1) of a connection is defined by
•

the horizontal distance between its attachment points: L,

•

the vertical separation between its attachment points: H ( = h2 - h1),

•

the straight-line distance between attachment points (chord length): L1.

as schematized in Figure 5.1. Note that the attachment points refer to the extremities of
connectors (Fig. 5.2) and will be input to determine the “free” conductor length required, i.e., the
conductor length outside the connectors free to deform. As will be discussed later, additional
conductor length should be provided for installation of flexible buswork to include the required
length inside the connectors.
attachment point 2
attachment point 1
L1
L

H

h2

h1
support

Top of ground

Fig. 5.1 Basic connection geometry

According to Figure 5.1:
L1 = L2 + H 2

(5.1)

which is a required input to establish the necessary conductor length for a flexible connection; it
is of course a necessary quantity to design a rigid connection as well.
Attachment point 2

connector

Attachment point 1
connector

H

terminal pad
equipment 1

L

terminal pad
equipment 2

Fig. 5.2 Determination of basic geometry from connector extremities

A practical example is illustrated in Figure 5.3 for which we have
L1 = 32 + 0.4 2 = 3.027 m

H= 0.4 m
L= 3.0 m

h1 = 4.8 m

h2 = 5.2 m

Fig. 5.3 Example of basic connection geometry
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6

Determination of Elongation Demand

As introduced in Section 3.1.1, the elongation demand (denoted from now on by the simpler term
“demand”) is the amount of stretch that a massless connector with zero stiffness would
experience under the displacement of its two interconnected equipment.
Due to the non-zero mass and stiffness of the conductor and the resulting interaction with
the connected equipment, the displacements of equipment items in their connected configuration
cannot be evaluated in a simple fashion. Sophisticated methods, such as the nonlinear finite
element method or analytical/numerical methods are required to obtain representative results.
Therefore, it is easier and preferable for design purposes to use the equipment displacements in
their stand-alone configurations, i.e., without conductors connected. Moreover, the stand-alone
displacements are more readily available from equipment seismic qualification tests or analytical
qualification, which are usually conducted on the stand-alone equipment.
It has been demonstrated that the stand-alone differential displacement is usually a
conservative estimate of the differential displacement between connected equipment in cases of
flexible connections (Dastous et al. 2004), and, therefore an estimation of the elongation demand
can be obtained from it. For equipment interconnected by a rigid bus/flexible connector system,
it has been shown that depending on the connector properties, the response of the higherfrequency equipment in a pair can be amplified, while the response of the lower-frequency item
is usually de-amplified. However, the net result is that the differential displacement between the
interconnected items is most often smaller than the stand-alone differential displacement (Song
et al. 2007). Therefore, using the stand-alone differential displacements of equipment items is
also a conservative estimate of the elongation demand for rigid bus/flexible connector systems;
however, this estimate can produce too conservative an estimate of the force generated in a rigid
bus that lacks a flexible connector.

6.1

REQUIRED COMPONENTS OF DISPLACEMENT TO ESTABLISH THE
ELONGATION DEMAND

Since the nature of earthquake excitation is three dimensional, the stand-alone displacement
input to establish the elongation demand should theoretically comprise two horizontal orthogonal
components and a vertical one.
In this guide we will define the horizontal components of ground motion as follows:
•

The longitudinal component is the horizontal ground motion in the direction from one
equipment to the other (or more precisely from one attachment point to the other on each
pair of interconnected equipment).

•

The transverse component is the horizontal ground motion perpendicular to the
longitudinal component.

For a flexible bus, the elongation demand is the difference between the straight-line distance
between the attachment points of equipment in their installed (non-moving) positions and the
maximum straight-line distance between the same points under the seismic input. Since for a
rigid bus, compression is as bad as tension, the larger absolute difference based on either the
maximum or minimum straight-line distance between the attachment points under the seismic
input governs the design. The elongation demand is computed as
eo = L1* − L1

(6.1)

where e0 is the elongation demand, L1* is the maximum (for flexible bus) or the maximum or
minimum (for rigid bus) straight-line distance between the attachment points of equipment under
the seismic input, and L1 is the straight-line distance between the attachment points in their nonmoving positions.
Let DL, DT, and DV denote the maximum differential displacements between the
attachments points in the longitudinal (L), transverse (T), and vertical (V) directions,
respectively, under a given seismic input. The maximum net elongation under the assumption
that the three differential displacement components reach their maxima at the same time during
an earthquake is illustrated in Figure 6.1(a) for two equipment attachment points separated by an
horizontal distance of L and a vertical distance of H.
For all practical purposes, the differential displacement in the vertical direction, DV, is
zero, since electrical substation equipment is usually very rigid in this direction. As a result, the
individual vertical displacement experienced by each equipment item is the ground displacement
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during the earthquake, which is the same for both and is usually very small (unless a foundation
moves due to liquefaction). Therefore, the maximum elongation demand in practice comprises
the two horizontal components only, as illustrated in Figure 6.1(b). According to Figure 6.1(b),
the elongation eo (still assuming that the maximum values of DL and DT occur at the same time)
is given by
2
2
2
2

D  D  H

H
eo = L ⋅  1 + L  +  T  +   − 1 +   
 
L   L  L
L 



(6.2)

Expansion of the squared terms in the above equations shows that a good approximation to eo is
the maximum longitudinal differential displacement DL between the two attachment points
(6.3)

eo ≈ DL

and that the contribution of DT to the elongation demand eo is negligible provided that the ratio
DT/L is much smaller than 1, which is normally the case.

DV

L1*
V

point 2

T

DT
DL

L
H

L1
point 1
L

(a) Theoretical 3D maximum differential displacement between attachment points
V

T

DT

L1*
DL

L
L1

point 2

H

point 1
L

(b) Maximum differential displacement between attachment points with DV = 0

Fig. 6.1 Theoretical maximum elongation demand
To gauge how close DL is to eo, we present in Figure 6.2 the ratio DL/eo against the ratio
DL/L (maximum longitudinal differential displacement over the horizontal span) for different
ratios of H/L, under the realistic assumption that DL=DT (still with DV=0), i.e., the two horizontal
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maximum differential displacement components are of the same order and reach their maxima at
the same time.

Fig. 6.2 Ratio of estimated elongation DL over “real” elongation eo when DL=DT (DV=0)
It is observed from Figure 6.2 that even for a very large ratio DL/L = 0.5 (longitudinal
differential displacement component half the horizontal span—an unlikely situation unless the
span is small and the equipment displacements are large)—DL provides 86% of the “real” value
of the elongation eo when attachment points are at the same height (H/L=0). Furthermore, it is
observed that as the difference of height between attachment points increases, the ratio DL/eo
increases, with values over one, for which DL is then a conservative estimate of eo.
In practice, the values of DL/L are usually much smaller than 0.5. This is illustrated in
Table 6.1 where we present values of DL/eo for average values of DL derived using the IEEE 693
spectrum for both moderate and high levels, for a typical span of 3 m (10 ft) with H/L=0, using
realistic values of expected differential displacements. It is observed that in the worst possible
case, the approximation of DL provides a 90% estimate of the real value of eo, which confirms
that the contribution of DT to the elongation is rather small in realistic practical cases.
Table 6.1 Practical values of DL/ eo for a span of 3 m (10 ft) with H/L=0
Average
frequency of
interconnected
equipment
1 Hz
2 Hz
5 Hz

IEEE 693 moderate level (0.5 g)

IEEE 693 high level (1 g)

DL

DL/L

DL/ eo

DL

DL/L

DL/ eo

45 cm
15 cm
2 cm

0.15
0.05
0.007

0.94
0.97
≅1

90 cm
30 cm
4 cm

0.30
0.10
0.013

0.90
0.96
0.99
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It is also noteworthy that during a seismic event, it is unlikely that both DL and DT reach
their maxima at the same time, since the time variations of the orthogonal components of
horizontal ground motion usually have low correlation. Hence, the ratio of DL/eo will likely be
higher than presented by the above analysis, and therefore the value of the differential
displacement in the longitudinal direction, DL , provides a good estimate in practice of the real
expected elongation.
In summary, the elongation demand can generally be well approximated using Equation
(6.3), but Figure 6.2 can always be used to gauge the accuracy of the approximation given by DL.
If desired, Equation (6.2) can be used to obtain a more accurate estimate using the two horizontal
differential displacement components at their maximum values at the same time.

6.2

DETERMINATION OF DIFFERENTIAL DISPLACEMENT OF STAND-ALONE
EQUIPMENT

The way to determine the maximum differential displacement of stand-alone equipment is the
same for either the horizontal longitudinal direction (connection direction) or the transversal
direction (perpendicular to the connection). Therefore, in what follows we will use xmax to
describe the maximum differential displacement in either direction; however they are not
necessarily the same, depending on the equipment configuration.

6.2.1

Introduction

It is only recently that the evaluation of the displacement at the attachment point has been
formally required in the seismic qualification of substation equipment (IEEE 2005). Prior to this
requirement, this information was often not readily available in reports, and is therefore missing
for a large portion of equipment presently installed.
Whenever the maximum displacement is available from a seismic qualification report, it
is recommended to use it directly as long as the qualification has been done
analytically/numerically (usually with the finite element method), provided of course that the
model used is deemed representative and that the damping used is equal to or less than the actual
physical damping of the fundamental vibration mode (as defined below) of the equipment. When
the information on the maximum displacement comes from a qualification done experimentally
(usually through a shake table test), care must be exercised in its use as discussed in Section
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6.2.5. When the information on the displacement is missing from the qualification report,
different analytical/numerical methods are available to estimate it, as discussed below in Clauses
6.2.2–6.2.4.

6.2.2

Available Analytical/Numerical Methods

Different analytical methods are available to estimate the maximum displacement of structures
under seismic loading, as described in many textbooks such as Clough and Penzien (1975). Also,
the finite element method can be used, based on numerical approximations. It is to be recognized
that even though mathematically exact, these methods are all approximate in the sense that they
rely on a discretization of the equipment and assumptions regarding their properties.
Nevertheless, they are representative of the real behavior of structures when the latter are
properly modeled.
We present here different methods that can be used, followed by some approximations.
The choice of which method to use depends on how much information is available to the user
regarding the equipment at hand. The basic input required in all these methods is the
fundamental frequency of the equipment and its damping. If not available, these quantities must
be either estimated and/or obtained experimentally.

6.2.2.1 Single-Degree-of-Freedom Method
The simplest approximation is to assume that the equipment behaves essentially as a singledegree-of-freedom (SDOF) system of frequency f and critical damping ratio ζ, as described
earlier (Fig. 4.2). Using a response spectrum to define the seismic input in the desired horizontal
direction, the maximum displacement of such a system is directly given in terms of the ordinate
of the response spectrum as
xmax = S d ( f , ζ ) =

SV ( f , ζ ) S a ( f , ζ )
=
2 ⋅π ⋅ f
(2 ⋅ π ⋅ f )2

(6.4)

depending on the way the spectrum is specified, i.e., displacement spectrum (SD), pseudovelocity spectrum (Sv), or acceleration spectrum (Sa).
This method gives a good approximation of the displacement if the center of gravity (CG)
of the equipment (Fig. 4.2) is close to its interconnection point and if the response of the system
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is defined essentially by the first vibration mode. Examples of such equipment are live-tank
circuit breakers for which the mass is concentrated at the top.

6.2.2.2 Generalized Single-Degree-of-Freedom Method
A more accurate approximation is to assume that the system behaves as a generalized SDOF
system (Fig. 6.3) and that it oscillates principally in one vibration mode or mode shape ψ(y). The
mode shape is simply the predominant displacement pattern of the equipment under the
earthquake input. It is intuitively obvious that for most tall and slender equipment, this pattern is
similar to a cantilever deflection. This pattern is similar to the one that the structure would take if
a displacement were applied at its attachment point and then suddenly released: the structure
would then essentially oscillate at its fundamental frequency, in its fundamental mode.

y

Mode shape: Ψ(y)

Fig. 6.3 Generalized single-degree-of-freedom system
Using the response spectrum method, the displacement at any point y of such a system is
given by
xmax = α 1 ⋅ S d ( f , ζ ) = α 1 ⋅

Sv ( f , ζ )
S ( f ,ζ )
= α1 ⋅ a
2 ⋅π ⋅ f
(2 ⋅ π ⋅ f )2

(6.5)

where α1 is the modal-participation factor associated with the fundamental frequency and mode
when its shape ψ(y) is normalized to unity at the attachment point.
This factor can be calculated if the mass and stiffness distributions of the system (leading
to a correct evaluation of the mode shape) are known with sufficient accuracy. The modal33

participation factor α characterizes the difference between the SDOF system and the generalized
SDOF, as it is generally different from 1. Average and bound values of this factor for different
equipment are given in Section 6.2.4.

6.2.2.3 Multi-Degree-of-Freedom Method
The most precise numerical approximation is to model the equipment as a multi-degree-offreedom (MDOF) system using the finite element method. This method consists of dividing a
structure into smaller elements of given properties (finite elements) connected to each other by
nodes. A proper division (the meshing) along with representative physical properties of the
different parts (insulator, support, etc.) ensures that the structure at hand is properly modeled and
representative of the behavior of the real one. This method is now well established and numerous
finite element programs are commercially available. An example of a finite element model for a
230 kV circuit breaker is presented in Figure 6.4.

Actual equipment

dimensions

finite element model

Fig. 6.4 Example of equipment and corresponding finite element model
Substation equipment can usually be represented using linear models for which the
displacements and deformations are assumed small and for which the material properties are
assumed constant (not varying when the structure deforms). The displacement at any nodal point
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j of such models can be obtained using the principle of modal superposition and an appropriate
combination method of the modal responses. The principle of modal superposition is based on
the theory that the deformation of a structure under a dynamic loading can be represented by the
sum of different spatial patterns (the modes), each of a unique harmonic vibration frequency. It is
qualitatively equivalent to a Fourier analysis, where any signal can be represented by a
summation of sine and cosine functions of different frequencies. Figure 6.5 exemplifies the
method where the displacement of the cantilever structure at the left is represented by the sum of
its first three vibration modes.

Total displacement

Mode 1 contribution

Mode 2 contribution

Mode 3 contribution

Fig. 6.5 Example of modal superposition (Clough and Penzien 1975)
It is not the purpose of this guide to discuss this method in depth, since, as we will shortly
see, that it is seldom necessary in the evaluation of the displacement, and since finite element
software will perform the calculations automatically anyway. It suffices to say that this method is
an extension of the generalized SDOF method where the displacement at the top using the SRSS
combination rule (appropriate when modal frequencies are well spaced) is given by the sum of
the squares of the different modal responses of the structure as
xmax =

(α1 ⋅ S d 1 )2 + (α 2 ⋅ S d 2 )2 + ... + (α n ⋅ S dn )2

(6.6)

where αj are the modal participation factors of all modes used (up to n) and where Sdj is the
spectral displacement for mode j of frequency fj and damping ratio ζj. It can be observed by
comparison with Equation (6.5) that the latter is simply a special case of the multi-degree-offreedom method where only the first mode is used.
In the case of the multi-degree-of-freedom method, the precision of the solution is
dependent on the number of modes used, where the modes are numbered from 1 to n in the order
of increasing frequency. We will see in the next section that, for most cases, the number of
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modes to use for a precise estimation of the displacement is usually very small and that, in fact,
the use of only one mode (usually the fundamental mode corresponding to the fundamental
frequency of the structure) is often sufficient.

6.2.3

Comparison and Use of the Different Analytical Methods

To qualitatively compare the different methods, we consider the simple example of a cantilever
beam of constant properties because most substation equipment that is tall and/or slender has
behavior similar to that of a cantilever beam. Two cases are considered. The first is a beam with
a fundamental frequency of 1 Hz which would represent tall and heavy equipment, such as some
of those found at 500 kV and above. The second is for a fundamental frequency of 4 Hz, which
would be representative of lighter equipment, such as those found at 230 kV and below.
For the MDOF method, we limit our analysis to the first three vibration modes as
illustrated in Figure 6.6, where EI is the bending stiffness of the beam, m is the mass per unit
length, and ωI is the circular frequency of mode i equal to 2 ⋅ π ⋅ f i .

Fig. 6.6 Cantilever beam (a) and its first three modes (b) (Clough and Penzien 1975)
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The modal participation factors of the first three modes of a cantilever beam, normalized
to obtain unit displacement at the top of the beam, are given in Table 6.2.
Table 6.2 Modal participation factor of a cantilever beam of constant properties
Mode
1
2
3

αi
1.566
0.867
0.509

As seismic input, we will use the IEEE 693 spectrum at 2% damping for the highperformance level at 1 g PGA (twice the spectral values in Fig. 4.4). The first three modal
frequencies and spectral displacements for the two cases studied are presented in Table 6.3.

Table 6.3 Natural frequencies and spectral displacements of a cantilever beam using the
high performance level IEEE-693 response spectrum at 2% damping
Case 1
Case 2
Mode f (Hz) Sd (m) Mode f (Hz) Sd (m)
1
1.0
0.736
1
4
0.0503
2
6.3 2.03E-2
2
25
4.89E-4
3
18
1.22E-3
3
70
5.07E-5

The comparison between the SDOF, the generalized SDOF, and the MDOF methods for
the two cases studied is presented in Table 6.4. The displacement at the top of the beam is the
response quantity of interest.
Table 6.4 Example comparison of the SDOF, generalized SDOF, and MDOF methods
Case
1
2

SDOF
Equation (6.4)
0.736 m
5.03 cm

Generalized SDOF
Equation (6.5)
1.153 m
7.877 cm

MDOF (3 modes)
Equation (6.6)
1.153 m
7.877 cm

It is first observed that the SDOF method underestimates the displacement for both cases,
as expected, since the first modal participation factor is 1.566 as opposed to 1.0 with the SDOF
approximation. This is because the mass of the cantilever is not concentrated at its tip. It is next
observed that there is practically no difference between the generalized SDOF and MDOF
methods. This is typical of most substation equipment that are tall and/or slender and therefore,
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the generalized SDOF method provides a realistic estimation of the displacement of most
substation equipment when using the first or fundamental mode of the system2.
The preferred method to establish the stand-alone displacement in this guide is therefore
the generalized SDOF method. Practical values of the first modal participation factors for this
method are presented next.

6.2.4

Values of the First Modal Participation Factor for the Generalized SDOF Method

In the following subclauses different methods are presented to determine the first modal
participation factors for practical cases. All methods assume that the first fundamental frequency
of equipment is known. The equipment damping is also assumed to be known. In case of
uncertainty in the damping value, the recommended value for substation equipment is 2% of
critical damping (IEEE 2005).

6.2.4.1 Theoretical Values of First Modal Participation Factor
Theoretical values of the first modal participation factor have been determined by Dastous et al.
(2004) for the cases illustrated in Figure 6.7(a), (b), and (c), corresponding, respectively, to a
beam of constant properties, a beam of constant properties with lumped mass on the top, and two
connected beams each of different but constant properties.

2

Note that for certain types of structures (e.g., disconnect switches), the mode and frequency of vibration of interest
to obtain the displacement are not necessarily the fundamental (or first) mode and corresponding frequency of the
structure when the modes are ordered in increasing order of frequency. In particular, the fundamental (first) mode
may correspond to a local vibration pattern that is irrelevant to the global behavior of the connected equipment. By
fundamental (or first) mode we imply here the one corresponding to the first bending mode of the structure in the
direction of interest, which is usually shaped as a cantilever pattern. As a relevant example, see Chapter 2 of Song et
al. (2006), where the determination of the most representative mode for a disconnect switch on a 3D lattice
supporting structure is discussed.
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Fig. 6.7

Models used for theoretical evaluation of first modal participation factor in
Dastous et al. (2004)

In Section 6.2.3 the results were presented for (a), for which α1=1.566 (Table 6.2). This
situation would correspond in practice to an equipment of constant cross-sectional area on a rigid
base, e.g., an insulator column or a lightning arrester on a rigid support. The term “rigid base” is
somewhat relative, as it practically implies that the fundamental frequency of the equipment is
much lower than that of its stiff support, e.g., an insulator of 2 Hz over a support of 30 Hz.
Another example where this model is applicable is the case of an equipment item with additional
dampers between its base and support. For such a system, the fundamental mode is often related
only to the motion of the insulator-equipment itself, while the support is relatively motionless.
Case (b) demonstrates the effect of an added rigid lumped mass at the top of an
equipment of constant cross-sectional area, while supposing that the support is relatively rigid
compared to the insulator column. Practical examples of such equipment are live tank circuit
breakers, for which the tank at the top corresponds to adding a rigid mass on a flexible column.
For such a case, the first modal participation factor is a function of the ratio of the added mass ml
to the mass of the column itself: m = m ⋅ l , with m being the linear mass and l the equipment
length. The variation of the first modal participation as a function of this ratio is given in Table
6.5 and illustrated in Figure 6.8. It is observed that as the ratio of the lumped mass to the mass of
the beam increases, the modal participation factor decreases up to the theoretical case of the
SDOF system with a factor of 1. Inversely, as the lumped mass diminishes, the case of a beam of
constant property with no lumped mass is eventually attained (factor of 1.566).
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Table 6.5 First modal participation factor for beam of constant property with lumped
mass
mι/m

0.01

0.05

0.1

0.5

1

2

5

10

α1

1.562

1.475

1.408

1.190

1.113

1.062

1.027

1.014

α1

Fig. 6.8

First modal participation factor for a beam of constant property with lumped
mass on top

In practice, most equipment items have supports offering some degree of flexibility.
Contrary to the two previous cases, for which a theoretical solution was relatively easy to obtain,
determination of the modal-participation factor for equipment resting on its support is less
straightforward and can be obtained only numerically or by means of approximate methods. Case
(c) illustrates the common case of an equipment of constant cross section over a support of
constant property, thus demonstrating the effect of the support flexibility. Practical examples of
this case are an insulator over a tubular support or a constant cross-section lattice support and a
lightning arrester or a voltage/current transformer over similar supports.
For case (c), it can be shown that the first modal participation factor is a function of three
dimensionless parameters:
l

m

E I 

α1 = f  1 , 1 , 1 1 
 l m2 E2 I 2 
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(6.7)

where

l1
l

is the ratio of the support length to the total length of the equipment-support

combination,

m1
m2

equipment, and

is the ratio of the linear mass of the support over the linear mass of the

E1 I1
E2 I 2

is the ratio of the bending stiffness of the support over the bending

stiffness of the equipment.
In order to study the variation of the modal-participation factor with the dimensionless
parameters given in Equation (6.7), a parametric study was performed by calculating all possible
combinations of a given set of values for the support and the equipment properties (Dastous et al.
2004). Five different cross sections were used for the support, and three for the equipment. Three
values of l1/l were used. Apart from the two extreme values of the support cross section, all
values were chosen as representative values that are actually found in practice. The extreme
values were artificially chosen to correspond, respectively, to a very flexible and a very rigid
support in an aim to study bounding values of the E1I1/E2I2 ratio. It was assumed that the support
was a circular tubular steel cross section, and that the equipment was made of porcelain with a
solid circular cross section. It is to be noted that in this study (as in practice), the linear mass
mi and

the rigidity EiIi are correlated, since they are both obtained with the same cross section.

However, in order to study the possible case of oil-filled equipment, the linear mass of the
equipment m2 was also varied for a given cross section by multiplying its nominal value obtained
with the solid porcelain cross section, by factors up to three; five factors between one and three
were used. This allowed studying the effect of adding mass to equipment of constant rigidity
and, hence, the effect of varying the ratio m1 / m2 for a constant ratio of E1I1/E2I2. The parameters
that served in this study are presented in Table 6.6. All possible combinations led to a set of 225
different simulations. It is to be noted that some combinations will seldom be used in practice:
e.g., a support diameter of 0.5 m with a porcelain diameter of 0.15 m. However, the objective
here was to obtain a general idea of the possible variations of the modal-participation factor
including extreme values, so such combinations are still of interest.
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Table 6.6 Set of parameters used for studying the influence of support
Parameter
l1/l
Support diameter (m)
(thickness in in.)
Equipment diameter (m)
Factor multiplying the
porcelain linear mass m 2

Values used
0.33, 0.5, 0.6
0.1 (1/4), 0.2 (1/4), 0.3 (1/4), 0.4 (1/4), 0.5
(1/2)
0.15, 0.25, 0.35
1, 1.5, 2, 2.5, 3

The results of this study are presented in Figure 6.9 as a function of the ratio m1 / m2 for a
factor of 1 only for m2 and the three values of l1/l. In this figure, the ratio m1 / m2 is therefore
correlated to the ratio E1I1/E2I2.
It is first observed that the modal-participation factor varies between 1.37 and 2.09 for all
combinations and increases with an increase in m1 / m2 . The value of 1.37 corresponds to the
combination of the lightest support (also the most flexible) and the heaviest equipment (also the
most rigid). The value of 2.09 corresponds to the opposite combination, i.e., the heaviest support
and lightest equipment. It is next observed that for a m1 / m2 ratio less than 1, the modalparticipation factor decreases with an increase of l1/l, while the opposite occurs for the values of
m1 / m2

greater than 1. It is also observed that for the same ratio of less than 1, the modal-

participation factor is bound by a value of approximately 1.6. In practice, the equipment is often
heavier (and less flexible) than the support (when of tubular type), which means that the value of
1.6 can be regarded as a realistic bounding value. Compared to the value of 1.566 for a beam of
constant properties with fixed support, it can therefore be deduced that, in many practical cases,
the effect of the flexible support will be to decrease the modal-participation factor. However, it is
important to note that as the support becomes more flexible, the fundamental frequency of the
support-equipment combination will decrease, leading to a higher spectral displacement than in
the opposite case. From the point of view of obtaining the smallest displacement for limiting the
required slack, it is therefore advisable to avoid too much flexibility in the support relative to the
equipment. In other words, it is better to have a higher modal-participation factor with a high
frequency than the opposite.
Next, the effect of increasing the value of m2 while keeping a constant ratio E1I1/E2I2 was
studied. It was observed (but not shown here) that the modal-participation factor is reduced for
all values of m1 / m2 and that this effect is more marked for higher ratios of E1I1/E2I2 than for
smaller ones, where the reduction is almost negligible. The maximum decrease observed in this
study was 21%, obtained with the longest support (l1/l =0.6) with the highest value of the ratio
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E1I1/E2I2. However, since the fundamental frequency will also decrease with an increase of m2
for a constant ratio of E1I1/E2I2 , this reduction will be largely offset by the increase in spectral
displacement.

Fig. 6.9

First modal participation factor for equipment on a support (beams of constant
properties along their height)

In summary, the effect of the support, apart from always decreasing the fundamental
frequency, is to modify the modal-participation factor. In practical cases where m1 / m2 is often
less than 1, a bounding value of 1.6 was established. For ratios m1 / m2 over 1, a bounding value
of 2.09 was obtained. Since this was done with an extreme combination of rigid support-flexible
equipment, it can be safely assumed that the modal-participation factor will always be less than 2
for equipment on a support that can be assimilated as two beams of constant properties.
However, care must be applied in interpreting this result when the equipment-support
combination diverges from the case of two simple beams, e.g.. a bushing on a transformer top.

6.2.4.2 Survey of First Modal Participation Factor from Equipment Database
An important survey of the first modal participation from seismic qualification reports has been
performed and detailed in Dastous et al. (2004). In this survey, reports where qualification had
been done analytically/numerically with the response spectrum method have been reviewed.
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Since, as seen above, the contribution of the first mode is dominant in the displacement, the first
modal participation factor can be extracted from this report as
α1 ≅

xmax
Sd ( f , ζ )

(6.8)

where xmax is the reported maximum displacement at the attachment point in a given direction,
and Sd(f,ζ)is the spectral displacement from the response spectrum used in the qualification for
the fundamental frequency, f, and damping ratio, ζ, of the equipment.
The equipment retained in this study were high-voltage apparatus mostly rated over 120
kV, which could be idealized as generalized SDOF systems (candle-like or frame type).
Equipment not considered were dead tank circuit breakers and equipment with added dampers,
as the behavior of these equipment is somewhat different from that of the generalized SDOF
system. A total of 181 factors were obtained comprising 161 factors for equipment on flexible
supports and 20 without flexible supports. The results are presented in Table 6.7 and illustrated
in Figure 6.10 against the fundamental frequency of the equipment.
It is observed that the first modal participation factor is in the range of 0.65–1.98 with a
mean value of 1.34. For disconnect switches (vertical opening in this survey only), the modal
participation factor was observed to be significantly higher in the closed position, which suggests
that this position should be used in the evaluation of the first modal participation factor. Figure
6.10 reveals that the first modal participation factor is not correlated with the frequency of the
equipment, which varies here from 0.4 Hz to 17 Hz with an average of 3.9 Hz.
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Table 6.7 Results of survey on first modal participation factor
Equipment type
Current transformers
Circuit breakers/live
tank
Circuit switcher
Disconnect switches:
hinge end open
Disconnect switches:
jaw end open
Disconnect switches:
hinge end closed
Disconnect switches:
jaw end closed
Ground disconnect
switches (column type)
Lightning/surge
arresters
Reactors
Shunt capacitors on
rack
Voltage transformers
All values

α1
all values
max
mean
1.84
1.43

α1
With support only
min
max
mean
1.18
1.84
1.44

nb.
of
values

nb.
with
support

nb.
without
support

19

14

5

min
1.18

38

38

0

0.65

1.82

1.25

0.65

1.82

1.25

1

1

0

-

-

1.44

-

-

1.44

8

8

0

0.88

1.82

1.21

0.88

1.82

1.21

8

8

0

0.71

1.82

1.15

0.71

1.82

1.15

9

9

0

1.16

1.91

1.45

1.16

1.91

1.45

9

9

0

1.09

1.91

1.42

1.09

1.91

1.42

1

1

0

-

-

1.44

-

-

1.44

24

17

7

1.08

1.59

1.43

1.08

1.59

1.40

3

3

0

1.28

1.29

1.29

1.28

1.29

1.29

49

49

0

0.80

1.98

1.32

0.80

1.98

1.32

12
181

4
161

8
20

1.3
0.65

1.63
1.98

1.45
1.34

1.44
0.65

1.60
1.98

1.52
1.33

α1
Without support only
min
max
mean
1.34
1.51
1.40

1.49

1.56

1.51

1.30
1.30

1.63
1.63

1.41
1.44

Fig. 6.10 First modal participation factor versus frequency for all equipment surveyed
6.2.4.3 Average and Bounding Values of the First Modal Participation Factor
Based on the above survey, it was found that the distribution of the first modal participation
factor for a randomly selected equipment on support was approximately Gaussian (Normal),
with a mean value of 1.35 and a standard deviation of 0.15 (Dastous et al. 2004). Based on this,
the following equation predicts an upper-bound value on the maximum displacement that covers
95% of equipment surveyed:
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xmax

95%

= 1.62 ⋅ S d ( f , ζ )

(6.9)

It is noted that the above 95% upper-bound estimate assumes no uncertainty in the determination
of Sd. It is recommended that in the absence of data other than the fundamental frequency of the
equipment and its damping, this equation be used to obtain a conservative estimate of the
equipment maximum displacement for connection design. Based on this equation, Figure 6.11
provides upper-bound values for the equipment displacement as a function of the equipment
fundamental frequency for 2% damping, according to the spectral displacements from the IEEE
693 required response spectra for the moderate- and high-performance levels. Table 6.8 provides
values from this graph at selected frequencies.

Fig. 6.11 Upper-bound displacement according to IEEE 693 required spectra for 2%
damping
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Table 6.8 Upper-bound displacement according to IEEE 693 required spectra for 2%
damping
f
(Hz)
0.5
1
2
3
5
10
16.7
33

xmax|95%
IEEE-693
moderate performance level
(0.5 g)
(cm)
120
60
16
8
2.6
0.6
0.13
0.019

xmax|95%
IEEE-693
high- performance level
(1 g)
(cm)
240
120
32
15
5.2
1.2
0.25
0.037

6.2.4.4 Application of the Generalized SDOF Method
As discussed, the generalized SDOF method applies to all equipment that are tall and slender
(candle-like) as well as those which are of frame type such as disconnect switches and capacitor
banks on simple supports. For the first category (candle-like), the first modal participation factor
and the fundamental frequency2 are generally similar in both the longitudinal and transverse
directions of the equipment, as long as the equipment support and insulator are symmetric. For
the latter category (frame type), the first modal participation factor (as well as the fundamental
frequency) is generally different between the longitudinal and transverse directions. However,
even though such equipment appears more complex, their fundamental vibration modes are often
of cantilever type in both directions and contribute most to the displacement response.
A few types of equipment generally cannot be adequately represented by a generalized
SDOF model:
•

dead tank circuit breakers

•

bushings on power transformer or on reactors

•

equipment such as disconnect switches that are supported on complex 3D lattice or truss
structures

The reasons are that
•

The reported fundamental frequency of the equipment may not correspond to the motion
of the bushing itself.

•

The attachment conditions of the bushing on the equipment are often complex and the
vibration behavior of the bushing-equipment may deviate from the simple cantilever
behavior of a generalized SDOF system.
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•

The 3D nature of the support involves more complex mode shapes than equipment on
simple supports.

For the first two types, the displacement at the top of the bushing can be estimated in a simple
fashion as follows:
•

Evaluate the fundamental frequency and modal participation factor of the bushing alone
on a rigid base and obtain an intermediate value of displacement using the generalized
SDOF method.

•

Multiply this intermediate value of displacement by a factor of 2 to get the final
displacement at the top.

The factor of 2 has been established empirically to account for the amplification from the
attachment conditions at the base of the bushings3 (see IEEE 2005).
An alternative and more precise method for the three types of equipment identified above
is to do a representative finite element analysis of the equipment and its support; such a method,
however, is time consuming and requires appropriate skill and software. Care must also be taken
to represent in the most precise way the attachment conditions of the bushing on the equipment,
which are often complex and include the effects of different parts such as the flange, the rubber
ring, and the bolts.

6.2.5

Evaluation of Stand-Alone Equipment Displacement through Testing

Shake table testing can be used to determine the equipment displacement when the equipment
falls within the physical size and load limits of the table. Time history data obtained from an
earthquake record on the site (if available) or for a geologically similar site may be scaled up or
down for input to the testing to match the qualification level selected, but usually more than one
is used. A geoscientist should be consulted on the selection and scaling of the ground motion
record. The stand-alone displacement can be obtained if measured directly using an appropriate
displacement sensor (not from the double integration of an accelerometer signal as discussed
below). However, the maximum displacement thus obtained may not always correspond to the
required response spectrum as the test response spectrum, i.e., the actual response spectrum from
the motion of the shake table itself, does not always match the required response spectrum at all
3

The recommended factor of 2 is not definitive, as it is presently under investigation by different research projects
focusing on the complex behavior of bushing-support arrangements.
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frequencies. This is due to the limitations of shake table controls and/or the time history signal
itself, whereby the spectrum cannot precisely match the required response spectrum at all
frequencies, as illustrated in Figure 6.12. Shown here is the difference between the response
spectrum from a time history signal compatible with the target high level IEEE 693 response
spectrum.

Fig. 6.12 Difference between required response spectrum and time history input spectrum
If the test response spectrum is lower than the required response spectrum at or close to
the fundamental frequency of the equipment, it is advisable to correct the measured displacement
to match the required response spectrum as follows:
1. From the test response spectrum, obtain the spectral displacement at the fundamental
frequency of the equipment: Sd_TRS.
2. Obtain an approximation of the modal participation as
α1 ≅

xmax_ measured

(6.10)

S d _ TRS

3. Obtain the corrected displacement corresponding to the required response spectrum as
(6.11)

xmax = α1 ⋅ S d

where Sd corresponds to the spectral displacement from the required response spectrum at the
fundamental frequency of the equipment.
This approach is of course valid inasmuch as the actual damping of the first vibration
mode is close to the damping assumed in the evaluation of the test response spectrum.
Otherwise, the modal participation factor from Equation (6.10) could be biased.
Recovery of the displacement from double integration of the measured acceleration at the
top of the equipment (through an accelerometer) is not recommended because the obtained
displacement could be seriously biased. Also, one may be tempted to obtain the first modal
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participation using the measurement of the maximum acceleration xmax_ measured as α1 ≅

xmax_ measured
S a _ TRS

,

where Sa_TRS is the spectral acceleration from the test response spectrum at the fundamental
frequency. However, this approach may be seriously flawed, since unlike the displacement, the
maximum acceleration is most often made up of the contributions of more than one vibration
mode; usually the first three account for a representative approximation in the case of candle-like
or frame structures.

6.3

COMBINATION OF INDIVIDUAL DISPLACEMENTS TO OBTAIN
ELONGATION DEMAND

In order to evaluate the elongation demand, the stand-alone displacements of a pair of
interconnected equipment must be combined in order to obtain the maximum differential
displacement between them in both horizontal directions: DL for the longitudinal direction and
DT for the transversal direction. However, as discussed in Section 6.1, in most cases DL alone
provides an excellent estimate of the elongation demand. In what follows we denote by xmax_1
and xmax_2 as the stand-alone displacements in a given horizontal direction for equipment items 1
and 2.
Three methods are theoretically available to obtain the maximum differential
displacement, which we denote by D for either direction:
1. the absolute sum method:
(6.12)

D = xmax_ 1 + xmax_ 2

2. the SRSS combination:
(6.13)

D = x 2 max_ 1 + x 2 max_ 2

3. an adaptation of the CQC combination rule (Der Kiureghian et al. 1999):
D = x 2 max_1 − 2 ⋅ ρ12 ⋅ xmax_1 ⋅ xmax_ 2 + x 2 max_ 2

(6.14)

where ρ12 is the correlation coefficient between xmax_1 and xmax_2
ρ12 = 8ζ 2 (1 + r )r 3 / 2 /[(1 − r 2 ) 2 + 4ζ 2 r (1 + r ) 2 ]

(6.15)

where r is the ratio of the fundamental frequencies of the stand-alone equipment items: f1/f2. Note
that the numbering of the equipment items is immaterial. The same numerical result is obtained
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for ρ12 when r is replaced by 1/r (i.e., for f2/f1 instead) and ζ is the critical damping ratio, which
is assumed to be the same for the two equipment.
It is to be noted that when the frequencies of interconnected equipment of light damping
are separated by more than 20% relative to each other, the CQC and SRSS methods yield
basically identical results, since the correlation coefficient ρ12 is then nearly zero.
In Dastous (2007), the three methods are compared based on numerical simulations of
325 different pairs of substation equipment of varying fundamental frequencies under 12
different time history inputs, for a total of 3,900 combinations. In this study, the “true”
differential displacement obtained during the simulations was compared to estimations from the
above three methods. The results showed that
•

when the frequencies of the two equipment items are within 20% or less of each other,
the best overall method is the CQC method;

•

when the frequencies are separated by 20% or more, the CQC and SRSS methods provide
the same precision;

•

in all cases, the absolute sum method provides the poorest estimate of the true differential
displacement, with sometimes very large absolute errors for equipment at low frequencies
(for which stand-alone displacements are also large).
The main reasons why the absolute sum method provides poor estimates are that

•

it assumes that the equipment reach their maximum stand-alone displacements at the
same time during an earthquake—an unlikely situation unless they have the same
fundamental frequency and damping;

•

it also assumes that the two equipment items are oscillating out of phase (in opposite
directions) at the moment they simultaneously reach their maximum displacements—a
very unlikely situation indeed; if they have the same frequency and damping, they
theoretically oscillate in phase and will therefore have no (zero) differential displacement
between them.

Since the CQC and SRSS methods are statistical methods, they provide only an average value of
the maximum differential displacement over an ensemble of ground motions and may, therefore,
underestimate the true differential displacement for a given ground motion. To counteract this
possibility, a factor of 1.25 was empirically obtained in Dastous (2007) to cover 95% of the true
differential displacement using the SRSS method. Therefore, the differential displacement in this
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application guide using the SRSS method with displacements obtained from a mean response
spectrum of an ensemble of ground motions should be obtained as
D =1.25 ⋅ x2max_1 + x2max_ 2

(6.16)

Such a factor has not been determined yet for the CQC method but we recommend using the
same when this method is applied:
D =1.25 ⋅ x 2 max_ 1 − 2 ⋅ ρ12 ⋅ xmax_1 ⋅ xmax_ 2 + x 2 max_ 2

(6.17)

However, if the displacements are obtained from a response spectrum corresponding to the mean
plus one standard deviation (as is the case in most design response spectra), the 1.25 factor may
not be needed in both equations above (i.e., the use of a factor of 1 may be more adequate).
As discussed, the CQC method is the most precise and will be particularly useful when
expected displacements are large and fundamental frequencies of interconnected equipment are
closer than 20%, so that a reduced and more realistic value of the demand will be obtained by
comparison with the SRSS method. It is noted that when the two equipment items have identical
frequencies and damping ratios, the CQC formulation correctly predicts zero differential
displacement. This is not the case with either the absolute sum or the SRSS combination method.
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7

Flexible Buswork Seismic Design

This chapter describes the design of flexible connections between equipment items in order to
satisfy the requirements of sufficient flexibility, displacement capacity to meet demand,
electrical clearances, and span.

7.1

ADVANTAGES AND LIMITATIONS OF FLEXIBLE CONNECTIONS

Flexible connections are often used to interconnect substation equipment due to the following
advantages:
•

When properly designed, they provide sufficient flexibility between equipment,
especially in the case of large expected differential displacements, thus avoiding transfer
of forces.

•

They naturally provide sufficient provision for thermal expansion movements arising
from heating of the conductors.

•

More than one conductor can be used in a bundle to allow the passage of high current
density.

•

They are relatively easy to install.

Flexible connections have the following limitations:
•

For short spans (less than 1–2 m, depending on the conductor size), they can be relatively
rigid due to their inherent axial and bending stiffness.

•

Due to their flexibility, they sag and thus may lead to clearance violations.

•

Due to the two previous limitations, and depending on shape and rigidity, they can be
used only for span lengths over certain intervals.

•

They may be subjected to large lateral movements under short circuit and wind
conditions, thus allowing the possibility of compromising phase-to-phase clearances
during such events.

7.2

AVAILABLE SHAPES, REQUIRED CONDUCTOR LENGTH, AND
QUALITATIVE BEHAVIOR

7.2.1

Typical Shapes

As a result of analysis and actual physical tests with AAC conductors aimed at establishing the
flexibility characteristics, four basic configurations and slight variations of each (such as
attachment at other angles) were found to be most suitable. These basic configurations are shown
in Figure 7.1. These configurations provide the necessary conductor “stretch” and permit
“compression” without applying excessive force to the bus and equipment terminations when
their length is appropriately determined (next section).

Fig. 7.1 Basic flexible conductor configurations
All presented configurations maintain their assumed shapes within a specified span
interval, outside of which the shapes may become unstable (Dastous and Paquin 2003). The
recommended use, advantages, and limitations of each configuration are summarized in Table
7.1. Alternative configurations and variations have also been installed, such as those presented in
Figure 7.2.
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Fig. 7.2 Alternative flexible conductor configurations (Opsetmoen 1998)
Table 7.1 Summary of basic flexible configurations characteristics
Configuration

Recommended use for
• large required slack
• clearance problems with
other shapes

1:inverse parabola

2:double curvature

3: catenary

4 triple curvature

7.2.2

(Length should be defined
such that it corresponds to a
half circle when both ends
are at the same height).
• clearance problems with
catenary
• one end must be attached
horizontally

• smaller elongation demand

• clearance problems with
catenary
• large spans where inverse
parabola not suitable

Advantages
• most flexible of all
configurations when
designed as a half circle,
for the same elongation
demand
• automatically meets
clearances
• permits elongation without
abrupt change of stiffness
over a large range
• may need to be preshaped for smaller spans
• may satisfy clearances not
possible with catenary
• simple
• most flexible of all
configurations for the same
ratio of elongation demand
over available slack
(however the inverse
parabola is usually more
flexible when formed as a
half circle as prescribed in
this guide)
• conventional installation
with conventional hardware
• easy acceptance by field
personnel as “business as
usual”
• may satisfy clearances not
possible with catenary with
same required slack
• takes conductor away from
phase to ground radius
clearance

Limitations
•
•

•
•
•

•
•

•
•
•

Limited in maximum span
as may collapse under
weight or climatic loading
Recommended to use in a
bundle of two with spacers
to provide lateral stability
to wind
o
requires 90 connector
hardware
may lead to large sags for
longer spans
o
o
requires 45 or 90
connector hardware

may lead to abrupt change
of stiffness if all slack is
used up
may lead to clearance
violations if a large slack is
required

Limited in minimum span
as may become too stiff
o
requires 45 connector
hardware
o
not recommended with 90
hardware as may lead to
“bird caging”

Required Conductor Length

In addition to permitting the required amount of differential displacement, i.e., “meeting” the
elongation demand, it is necessary to choose a practical conductor configuration that will provide
sufficient flexibility. Although the seismically induced equipment movements will initially be in
the same direction, later movements may oppose each other, depending on the natural frequency
of each piece of equipment. It is, therefore, necessary to choose a conductor configuration that
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will provide the necessary flexibility, in both the “pushing” and “pulling” directions, to
accommodate the expected maximum differential displacement. Since configurations where the
amount of available slack equals the elongation demand will become abruptly stiff when
stretched close to that limit, an additional length is necessary so that the configuration provides
the required flexibility for the entire range of expected motions.
The required conductor length for a flexible conductor is given by
L0 = L1 + eo + L2

(7.1)

where L0 is the necessary conductor length, L1 is the straight-line distance between the
attachment points, eo is the elongation demand, and L2 is an additional provision for the
conductor shape under consideration to avoid abrupt stiffening when stretched close to the
elongation demand and to ensure that the loads transferred to the terminals are within equipment
and terminal pad connection capacities.
Also, for each conductor configuration, a minimum span exists below which the
conductor becomes increasingly more rigid and, therefore, lacks the necessary flexibility to
accommodate the expected differential displacement. Depending on the required amount of
slack, some configurations may also sag in a way that they will violate the clearance
requirements.
Therefore, in addition to determining L2, the user must determine
•

the minimum span below which the configuration becomes too rigid,

•

the maximum span at which the configured shape will collapse under its own weight or
under the additional effects of climatic loading such as wind and ice whenever this
applies,

•

the satisfaction of the clearance requirements.

The methods to check these requirements are presented below.
Regarding configuration 1, the inverse parabola, it is recommended to form it as a half
circle, whenever possible, since it will then be more stable to vertical loads, such as its own
weight and additional ice loading if present. In terms of the parameters defined in Figure 7.1, the
recommended length of the conductor in this configuration is
L0 _ parabola =

π ⋅H
2

+V

(7.2)

where L0_parabola is the necessary conductor length for the inverse parabola, H is the horizontal
distance between attachment points, and V is the vertical distance between attachment points.
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This length will be adequate as long as it can permit without abrupt stiffening the
elongation demand eo, as discussed in the next section. In general, this configuration is suitable
for large displacements, as the slack provided by the half-circle configuration is important and
often much larger than the elongation demand. When the vertical difference between the
supports (V) is of the order of the horizontal span between them (H), i.e., V≈H, it is
recommended instead to use a configuration closer to a quarter circle, which would be more
stable than the full inverse parabola. In such a case, the required length to use is closer to
L0 _ quarter

_ circle

≈

π ⋅H
2

(7.3)

The quarter-circle configuration provides less slack then the full inverse parabola and can
therefore accommodate less displacement than the latter.

7.2.3

Qualitative Investigation on the Flexibility of the Different Shapes under Stretching

The flexibility of some of the recommended shapes (or their variations) has been investigated
experimentally by static push-pull tests, where both ends were rigidly clamped in position (Fig.
7.3). Although limited in scope, since each configuration was tested with only one span length
and with a unique amount of slack, this figure demonstrates qualitatively that the inverse
parabola is the most flexible configuration, followed by the double curvature.
However, this figure is also somewhat misleading, as it is not possible to assess based on
the actual shape alone, a definitive or quantitative conclusion on the flexibility of the different
shapes. The main reason is that any shape will be relatively flexible over a given range of
elongation but, as discussed in Section 7.2.2, will ultimately and often abruptly become stiff
when the elongation reaches the available slack. It is then more precise to say that all
configurations have a range of elongation over which their behavior is somewhat linear, and a
nonlinear range where their flexibility diminishes rapidly (or their rigidity increases abruptly), as
shown in Figure 7.4, for both ranges from the results of a push-pull test on a catenary shape.
Note that the boundary between the quasi-linear and nonlinear ranges, here 5.2 m, is specific to
the conductor cross section and configuration and has been qualitatively selected.

57

Configuration
1
2
3
S

Span Length (m)
0.70
1.37
1.37
1.37

Conductor Length (m)
2.21
1.85
1.58
1.58

Note: Vertical separation of terminals was zero for the above configuration.
Fig. 7.3

Results of flexibility testing at BC Hydro on different configurations (Opsetmoen
1998)
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Fig. 7.4 General behavior of flexible connections under stretching
An alternative way to assess the flexibility of the different shapes is to compare their
behavior for the same ratio of demand over available slack, given by
β=

eo
L0 − L1

(7.4)

where β is the ratio of demand over available slack, also defined as the interaction parameter
(Der Kiureghian et al. 1999), eo is the elongation demand, and L0−L1 is the available slack or
“availability,” the difference between the conductor length and the straight-line distance between
attachment points.
As β approaches 1, clearly, any configuration will be less flexible (or more rigid). To
illustrate the flexibility of the different shapes proposed in this guide according to β, we present
in the following figures the results of quasi-static push-pull finite element simulations using
values of β = 0.8 and 0.5 for a unique span of 4 m and a demand of 30 cm; scaled initial shapes
of all configurations are also illustrated. For the inverse parabola, we also present the case where
its length corresponds to a half circle as recommended in this guide (which corresponds to β =
0.13 here).
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Figure 7.5 illustrates that for β = 0.8, the most flexible configuration for all ranges of
elongations is the catenary, followed by the double curvature, the triple curvature, and finally the
parabola. This is understandable, as configurations with ends attached at angles will rapidly
become stiffer when stretched, due to the bending stiffness of the conductor near the attachment
points. The bending stiffness resists any elongation that tends to flatten the conductor to achieve
an angle of 0o at the attachment points. This can also be inferred by examining the initial position
of the different shapes on the figure, especially the inverse parabola at β = 0.8 (not the half-circle
shaped one), since as observed, it is already quite flat except near its attachment points at 90o;
any increase in elongation will therefore be resisted by the bending stiffness of the conductor
there. We note that for this inverse parabola configuration, the generated force for the complete
elongation of 30 cm is of the order of 20,000 N and well outside the range of the figure.
As also indicated in the figure, the triple-curvature configuration was transformed in a
kind of parabola shape at 45o attachment points through a “snap-through” phenomenon. The
weight of the conductor was not sufficient to keep it in the desired configuration because due to
its bending stiffness, the conductor moved upward when its attachment points were rotated 45o.
This phenomenon was induced here by the way the shape was formed through the finite element
simulation (as presented and discussed later), but would probably occur in practice unless the
conductor was pre-shaped before its installation. This phenomenon can also take place when
stretching a connection, as is observed here for the double-curvature shape: the jump observed
around 0.06 m in the elongation curve for this shape is due to this effect.
The results in Figure 7.5 suggest that due to the bending stiffness of the conductor, it is
necessary to increase the additional length L2 in Equation (7.1) when the ends of the conductor
are attached at an angle (from 45o to 90o here). It is also observed that the rigidity of the inverse
parabola formed as a half circle is almost constant and close to zero for the elongation range
considered; this is understandable, as the corresponding value of β is only 0.13, which signifies
that a lot of slack is available in relationship to the demand.
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Fig. 7.5

Effect of shape on flexibility for a constant β value of 0.8 (span 4 m, eo=30 cm,
slack=37.5 cm for all shapes (except parabola half circle)

Figure 7.6 illustrates the case where β=0.5. It is observed that except for the inverse
parabola, all other shapes are in the quasi-linear behavior and thus have sufficient slack for the
required elongation demand (here assumed to be 30 cm). Also, by comparison with the previous
figure, it is observed that the inverse parabola with β=0.5 is much more flexible than with β =
0.8.
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Fig. 7.6

Effect of shape on flexibility for a constant β value of 0.5 (span 4 m, eo=30 cm,
slack=60 cm for all shapes (except parabola half circle)

The preceding observations lead to the following conclusions regarding the flexibility of
available configurations:
•

All configurations possess a range of elongations over which they are relatively flexible
but after which their stiffnesses gradually and then rapidly increase (quasi-linear vs.
nonlinear behavior).

•

A ratio of demand over availability under 1 [β – Eq. (7.4)] is mandatory to avoid the
nonlinear range and corresponding abrupt stiffening.

•

For the same value of β (under 1), the most flexible configuration is the catenary,
followed in order by the double curvature, the triple curvature, and the inverse parabola.

•

All configurations require an additional length L2 to provide sufficient flexibility,
especially when attachment points are at an angle.

•

The flexibility of a configuration generally increases with decreasing β.

•

When the inverse parabola is formed under a half circle as recommended, it is generally
very flexible as long as the demand is easily permitted.
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7.2.4

Qualitative Effects of Adding Slack

The main effects of adding slack to a flexible conductor are
•

increase of sag (in the cases of configurations 2–4 above) and, therefore, of the possibility
that phase-to-ground and minimum safety clearances may be violated;

•

decrease of forces applied at the terminals in the static configuration of the conductor
under its own weight;

•

increase in the flexibility of the conductor for the same demand (e.g., decrease in the
value of β);

•

increase in the possibility that the conductor will collapse under its own weight or
additional vertical (ice) or transversal (wind) loads, particularly in the case of the inverse
parabola; and

•

increase in the mass of the conductor, which may decrease the fundamental frequency of
light equipment connected to it.
Regarding the first point, of increased sag and the possibility of violating clearance, it

may not be obvious that sometimes adding only a few more centimeters of slack can make the
difference between a configuration that meets the clearances requirements and one that does not.
Among other factors, the effect of adding slack depends on the span. This is illustrated in Figure
7.7, where scaled representations of a catenary4 shape under its own weight for different amounts
of slack are represented for spans of 2, 4, and 6 m. These figures have been developed using
finite element calculations as described below. For each span, the effect of adding slack by
increments of 15 cm (approximately 6 in.) is illustrated. It is observed that the span of 2 m is
quickly limited by the phase-to-ground clearance as it is augmented, while the span of 6 m is
limited by the minimum safety clearance for the same increments of slack. It is observed here
that the span of 4 m is the one that provides the maximum amount of permitted slack while
respecting clearances (with a maximum amount of permitted slack of about 40 cm), whereas the
spans of 2 and 6 m allow less than 30 cm of slack while satisfying both clearances.

4

The term “catenary” here is not exact due to the bending stiffness of the conductor, which has a significant
influence on the deformations in the vicinity of the attachment points. However, this term is retained in this guide to
describe a conductor with ends attached horizontally.
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Fig. 7.7

Effect of adding slack for catenary shapes of different spans (1796 KCM
conductor, safety clearances for 170 kV, insulator length 1.7 m)

The preceding calculations and figures also underscore that the required slack must be
estimated as precisely as possible, as it may be difficult to meet the clearances depending on the
span (and also the conductor shape). By comparison with the estimated upper-bound
displacements from the IEEE 693 spectrum (Table 6.8), we see that for frequencies in the
vicinity of 1 Hz or less, it might be difficult to provide sufficient slack for these displacements
while meeting the clearances.
It is also inferred from the preceding figures that the effect of added slack on the sag is
proportional to the span; i.e., the greater the span, the more the sag increases for the same
increase in slack. This is illustrated in Figure 7.8, where we present the sag as a function of slack
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for the three spans above. It is observed that the greater the span, the greater the sag for the same
amount of slack and the faster the sag increases with the slack.

Fig. 7.8 Effect of adding slack on sag for catenary configurations of different spans
7.3

VERIFICATION OF CLEARANCES, FLEXIBILITY, AND STABILITY USING
THE NONLINEAR FINITE ELEMENT METHOD

Once the elongation demand has been established and the conductor configuration has been
selected, the additional length L2 must be determined in order to establish the required conductor
length Lo. This additional length is a function of the desired flexibility upon application of the
elongation demand e0 to ensure that the loads transferred to the terminals are within equipment
and terminal pad connection capacities. Once the total length has been established, one must
check that the corresponding configuration under its own weight (and ice if applicable) is able to
meet the required clearances and is also stable (will not collapse) under its weight (and ice if
applicable) and lateral loading due to wind. The nonlinear finite element method is suitable for
these verifications. When used properly, it provides a realistic prediction of the conductor shape
in its installed configuration under operational loads, and, gives a reasonable estimate of the
static forces applied at the terminals. The present section introduces this method, describes how
to use it, and provides representative calculation examples.

7.3.1

Introduction

The finite element method is a widely used computational method, whereby a structure is
divided into small (finite) elements of given properties—a process called “meshing”—the
assembly of which represents the physical behavior of the real structure under arbitrary loading.
Different types of elements are available to model structures, namely linear elements such as
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beams, surface type such as shells, and solid type such as tetrahedrons. An element is defined
geometrically by the position of its nodes—the points at its boundaries—and physically by its
dimensions and the physical properties of the material assigned to it.
The analysis process of any structure generally consists of the following steps:
1. determination of the required mechanical properties: cross section, elastic moduli, etc.;
2. discretization of the structure into n finite elements—the meshing;
3. application of the boundary conditions of the structure: the points that will remain fixed
in given directions such as connections to foundations;
4. application of the considered loads at the nodes of the model: self-weight, ice weight,
wind, displacement of a point, etc.;
5. computation of the structure’s response to the loads; and
6. analysis of the results: displacements, internal forces, stresses, etc.
For structures, two main types of finite element analysis are available: linear and
nonlinear. Linear analysis generally applies when the material deformation remains within the
elastic range and when the deformation of the structure remains small compared to its
dimensions. Conversely, nonlinear analysis applies outside the elastic range behavior and/or
when deformations are not small.
Flexible conductors are similar to beams due to their bending stiffness, which has a
definite influence on their behavior, especially in the areas close to their attachment points.
However, as opposed to regular beams used in building structures, flexible conductors may
experience large deformations under the influence of their own weight and other loads. It is
therefore not possible to predict beforehand their final installed position. For this reason, this
position must be found starting from a straight horizontal line configuration, by gradual
application of the weight and displacement of the attachments points to reach the desired span,
vertical offset, and attachment angles of the installed configuration. Therefore, flexible
connections require nonlinear analysis. Since their deformations are large in the process to
establish their equilibrium position—technically, this behavior is said to be geometrically
nonlinear. Furthermore, flexible connections are also materially nonlinear, due to their
construction in layers of wires where each wire can be either slipping or sticking to the adjacent
ones, leading to a variable bending stiffness (Dastous 2005; Hong et al. 2005). However, as we
will see below, this type of nonlinearity can be avoided in a conservative way in static
calculations by considering an effective bending stiffness as an approximation.
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The selected results of nonlinear finite element calculations are presented in the following
figures as typical applications of the method for flexible connections. Figure 7.9 illustrates the
prediction of a given geometry and is representative of the typical results of this method. When a
configuration “falls” in its final shape under its own weight (without need of pre-shaping), the
finite element method produces quite accurate results and thus may be used with confidence to
check clearances, as illustrated in Figure 7.10. It is observed that at the attachment point, the
conductor, due to its bending stiffness is initially straight before “falling” under its own weight.
This bending stiffness cannot be neglected as discussed above.
Figure 7.11 illustrates the prediction of end forces during static push-pull tests for two
different catenary configurations and shows a relatively good agreement. However, the precision
of the prediction of forces by the method can be somewhat different from case to case,
depending on, among other factors, the properties of the model used and the history of how the
final configuration of the conductor was formed during the installation. Therefore, it is safe to
say that for predicting forces, the nonlinear finite element method generally provides a realistic
but not always precise estimate.

(a) actual test setup

(b) finite element comparison

Fig. 7.9 Comparison between calculated and measured shape of a catenary configuration

Fig. 7.10 Clearance check with the finite element method with double-curvature
configurations of different spans
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Fig. 7.11 Comparison between calculated and measured forces of static push-pull tests on
catenary configurations
7.3.2

Required Software for Flexible Conductor Analysis

To analyze flexible connections, a finite element program with large displacement nonlinear
capabilities is necessary. Most commercial finite element packages now have such capabilities.
The cost and functionalities of these programs may vary greatly but they are generally expensive,
on the order of several thousand dollars.
For an excellent introductory low-cost program, we recommend using the educational
program FEAP, which is available at
http://www.ce.berkeley.edu/~rlt/feap/
This program provides state-of-the-art numerical methods and elements but is not as
sophisticated in terms of its interface as commercial programs because its input must be defined
through a text file. However, it is entirely adequate to perform nonlinear calculations of flexible
connections as described in this guide. A free version of this software, FEAPpv, is also available
at the same link as above but is more limited in its capabilities. It can be used only to perform 2D
nonlinear calculations of a flexible connection under its own weight in a vertical plane, which is,
however, sufficient to check clearances and the geometry that a configuration would take under
gravitational loading.

7.3.3

Required Types of Elements in Flexible Conductor Modeling

As stated earlier, a structure should be divided prior to analysis into a finite number of elements
(the meshing). Different types of elements are available for that purpose (mainly beams, shells,
and solids). To adequately model the behavior of a flexible conductor, a beam element is
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necessary and sufficient, since as discussed above, flexible conductors are similar to beams with
finite deformations.
Ideally, a specialized beam element accounting for the construction in layers of
conductors and the corresponding slipping or sticking of the individual wires could be used.
However, such elements are complex and not readily available in commercial finite element
software unless the user is willing to develop and implement a custom-made element. Before
doing so, the user should also qualify his model through comparisons with experiments to ensure
realistic results. Since this is not possible for most users of this guide, one must instead use a
regular beam element which is normally readily available in the program at hand.
The method in this guide is based on the use of geometrically nonlinear beam elements
with constant material properties, e.g., bending stiffness; the required properties for a
representative calculation are discussed next.
Depending on the program, a geometrically nonlinear beam element is named in different
ways, such as finite deformation beam, or most often nonlinear beam. The user must only verify
that the beam element used accounts for large displacements and/or deformations in a
geometrically nonlinear way.

7.3.4

Determination of Input Properties for the Beam Element Representing the
Conductor

The following properties of a flexible conductor must be evaluated as input to the beam element
used in the model:
•

cross-sectional area: A

•

equivalent Young’s modulus: Eeq

•

equivalent bending moment of inertia: I

•

mass property of the element: linear mass: m or density ρ

7.3.4.1 Cross-Sectional Area
The cross-sectional area A of a flexible conductor is approximately equal to the sum of the crosssectional areas of its individual wires. This approximation neglects the contribution of the lay
angle of the wires, which is usually small. For the general case of a conductor made of wires of
different diameters, the cross-sectional area is given by
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A=

π
4

n

⋅  δ i2

(7.5)

i =1

where n is the number of wires in the conductor, and δI is the diameter of wire i.
For the case where a conductor is made of wires of identical diameter δ, Equation (7.5)
simplifies to
A = n ⋅π ⋅

δ

2

(7.6)

4

For example, consider a 2300 kcmil conductor made of 61 identical wires of diameter δi=4.939
mm. Equation (7.6) is used to obtain
A = 61 ⋅ π ⋅

4.939 2
=1169 mm 2
4

As an example of a conductor made of different wire sizes, consider the ACSR Bersimis
42/7 conductor made of 42 aluminum strands, 6 steel strands, and 1 steel wire for the core. The
properties of this conductor are summarized in Table 7.2.
Table 7.2 Properties of the Bersimis 42/7 conductor
layer

material

number of wires

core
1
2
3
4

steel
steel
aluminum
aluminum
aluminum

1
6
8
14
20

wire diameter
(mm)
2.54
2.54
4.57
4.57
4.57

Young’s modulus
(GPa)
200
200
69
69
69

material density
3
(kg/m )
7800
7800
2700
2700
2700

Here we have two different wire diameters, so Equation (7.5) is used and simplified to
A=

π
4

n

⋅

δ

2 π
i =

i =1

4

[

]

⋅ 7 ⋅ 2.542 + 42 ⋅ 4.572 = 725 mm 2

7.3.4.2 Equivalent Young’s Modulus
The equivalent Young’s modulus E of a conductor of given cross section is derived from its axial
stiffness EA as
Eeq =

EA
A
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(7.7)

The axial stiffness of an arbitrary cross-sectional area composed of a single material is given by
the product of its area and the Young’s (or elasticity) modulus of its material E. In the case of
flexible conductors made of layers, the axial stiffness is in theory also a function of the lay angle
of each layer. However, since the axial stiffness is not a dominant factor in the conductor
behavior under static loading (unless the conductor is stretched to a straight-line or beyond), the
product of the area A times the Young’s modulus E provides an adequate approximation of the
axial stiffness for finite element analyses purposes.
Therefore, when a conductor is made of wires of the same material, the equivalent
Young’s modulus is simply the Young’s modulus E of the material itself. In the case where the
core and layers are made of different materials (e.g., an ASCR conductor), the axial stiffness is
given by
(7.8)

EA = Ec ⋅ Ac + El ⋅ Al

where Ec is the Young’s modulus of the core material, Ac is the area of the core, Elis the Young’s
modulus of the material in the layers, and Al is the total area of all the layers. In this case, the
equivalent Young’s modulus is a weighted average of EC and El.
As an example of a conductor made of different materials, consider again the ACSR
Bersimis 42/7 conductor (Table 7.2). The area of the core and the first layer Ac are given by
Ac = 7 ⋅ π ⋅

(2.54 ) = 35.5 mm
2

2

4

The total area of all the other layers is given by
Al = 42 ⋅ π ⋅

(4.57 ) = 689 mm
2

2

4

Thus, the axial stiffness of the conductor is given by (using proper units for the quantities above)
EA = Ec ⋅ Ac + El ⋅ Al = 200 ⋅ 10 9 ⋅ 35.5 ⋅ 10 −6 + 69 ⋅ 10 9 ⋅ 689 ⋅ 10 −6 = 5.46 ⋅ 10 7 N

The total area of the conductor was computed as 725 mm2 and, therefore, the equivalent Young’s
modulus is given by
Eeq =

EA 5.46 ⋅ 107
=
= 75.4 GPa
A 725 ⋅ 10− 6
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7.3.4.3 Equivalent Bending Moment of Inertia
The bending behavior of a conductor under loading is a complex phenomenon because
individual wires may either slip or stick to the adjacent ones. When all wires are in the slip state,
the bending stiffness of the conductor is at its minimal value and is given by the sum of the
bending stiffnesses of individual wires around their respective neutral axes. For a conductor
made of n wires, the minimum bending stiffness is given by
EI min =

n

δ4

 Ei ⋅ π ⋅ 64i

(7.9)

i =1

where n is the total number of wires in the conductor, Ei is the Young’s modulus of wire I, and δI
is the diameter of wire i.
When all the individual wires are sticking together, the bending stiffness is at its maximal
value EImax. The ratio of EImax to EImin can be large. For example, for the 1796 kcm AAC
conductor, which is made of 61 aluminum wires, this ratio is close to 80.
It has been shown that for short-span substation conductors (typically between 2 and 7
m), which have relatively low tension as opposed to transmission lines, the bending stiffness is
generally close to its minimal value (Stearns and Filiatrault 2005). Furthermore, since we are
interested in verifying the electrical clearances, it would be conservative to use the minimum
bending stiffness, as this would lead to the maximum deflection of the conductor configuration.
Similarly, to verify stability under loading, the use of the minimum bending stiffness will be
conservative. Therefore, the use of the minimum bending moment of inertia is recommended in
this application guide for such calculations. When more precision is required, the user is referred
to more complex models such as those described in Dastous (2005) and Hong et al. (2005).
The minimum bending moment of inertia should be obtained using the equivalent
Young’s modulus used in the model, since the finite element input requires Imin instead of EImin.
Using Equation (7.9), this is given by
I min =

EI min
Eeq

(7.10)

For example, consider a 2300 kcmil conductor made of 61 identical aluminum wires of diameter

δi=4.939 mm and Young’s modulus equal to 69 GPa. Using Equation (7.9) we obtain directly the
minimum bending stiffness as
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n

EI min =

δ i4

 E ⋅ π ⋅ 64
i

i =1

EI min
= I min =
E

n



π⋅

i =1

δ i4
64

= n ⋅π ⋅

δ i4
64

= 61 ⋅ π ⋅

4.9394
= 1782 mm 4 =1.782 ⋅ 10− 9 m 4
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As an example of a conductor of different wire properties, consider again the Bersimis 42/7
conductor (Table 7.2). Using Equation (7.9) we first obtain the value of the minimum bending
stiffness as
n

EI min =  Ei ⋅ π ⋅
i =1

δ i4
64

=

7



200 ⋅ 109 ⋅ π ⋅

i =1

(2.54 ⋅ 10 ) + 69 ⋅ 10
64
−3 4

42

9

⋅π ⋅

i =1

(4.57 ⋅ 10 )

−3 4

64

= 65.72 N ⋅ m 2

Using Equation (7.10) and the value of Eeq previously found, we obtain the bending moment of
inertia as
I min =

EI min
65.72
=
= 8.72 ⋅ 10 −10 m 4
Eeq
75.4 ⋅ 109

7.3.4.4 Mass Property
Depending on the finite element software at hand, the mass property of the conductor cross
section could be specified either through the density of the material ρ or the linear mass of the
conductor cross section m .
In the general case of a conductor cross section made of different materials for the core
and the outer layers, the linear mass is given by
m = ρ c ⋅ Ac + ρ l ⋅ Al

(7.11)

where ρc is the mass density of the core material, Ac is the cross-sectional area of the core, ρl is
the mass density of the outer layer material, and Al is the cross-sectional area of the outer layers.
When the density is required as input, an equivalent density ρeq must be input in the case
where two materials are used in the conductor. This equivalent density can be obtained using
Equation (7.11), and the total conductor cross section A as
ρ eq =

m
A

(7.12)

For example, the linear mass of the 2300 kcmil conductor with density 2700 kg/m3 is given,
using its previously calculated area of 1169 mm2, by
m = ρ ⋅ A = 2700 ⋅ 1169 ⋅ 10−6 = 3.16 kg / m
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As another example, consider again the Bersimis 42/7 conductor using areas for the steel
and aluminum outer layers as previously computed. Using (7.11), the linear mass is obtained as
m = ρ c ⋅ Ac + ρ l ⋅ Al = 7800 ⋅ 35.5 ⋅ 10 −6 + 2700 ⋅ 689 ⋅ 10 −6 = 2.137 kg / m

Using Equation (7.12), the equivalent density is given by
ρ eq =

2.137
m
=
= 2950 kg / m3
A 724.5 ⋅ 10 − 6

7.3.4.5 Common Conductor Properties
Table 7.3 shows the properties of commonly used substation conductors according to the
nomenclature and calculations above. All conductors in this table are made of the same material
(all copper or all aluminum) and have identical wire diameters (δi).
Table 7.3 Common conductor input properties for finite element calculations*
m

Size
(kcmil)

Material

N

δi
(mm)

A
(mm2)

Eeq
(GPa)

Imin
(mm4)

ρ
(kg/m3)

(kg/m)

250
500
715.5
1113
1796
2300
4000

Copper
Copper
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum

19
37
37
61
61
61
270

2.916
2.950
3.534
3.432
4.359
4.939
3.090

127
253
363
564
910
1169
2025

120
120
69
69
69
69
69

67.4
138
283
415
1080
1782
1208

8955
8955
2700
2700
2700
2700
2700

0.343
0.683
0.980
1.524
2.458
3.155
5.470

* All conductors listed are made of only one material as stated (e.g., aluminum conductors are AAC).

7.3.5

Calculation of the Initial Configuration of the Conductor

The first step in analyzing a flexible connection is to obtain its equilibrium position under its
own weight in its installed position. To do so, we start with the configuration initially in a
straight horizontal line and apply the required weight and displacement(s) / rotation(s) of the end
points to obtain the final span, the required vertical offset, and the attachment angles. Since the
deformations of the conductor from a straight line are large, the final configuration cannot be
obtained in only one calculation step by applying all the weight and displacement at once, as this
would lead to computational, or convergence, problems, in the terminology of the finite element
method, since the final configuration is too far from the original one. We must therefore apply
the weight and required displacements in small increments and, for each increment, calculate the
corresponding equilibrium position until the final position is obtained. One recommended
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procedure, particularly applicable to the catenary shape, is to first incrementally apply the weight
on the initial straight line and then to incrementally move either one or both end points to obtain
the final position (see Fig. 7.12).
1. Conductor in a straight
horizontal line divided into
n elements

2. Gradual application of
weight in a given number of
steps

3. Gradual application of
end(s) displacement (s) and
rotation (s) in a given
number of steps

Fig. 7.12 General procedure to establish the initial configuration of the conductor
We will now describe this procedure in details to illustrate the main features of a
nonlinear calculation. However, other paths may or sometimes need to be applied to reach
convergence, as described later.

7.3.5.1 Straight-line Initial Configuration and Required Number of Elements
The configuration must first be modeled as a straight line with a length equal to the conductor
length Lo. This line must be divided into a sufficient number of elements in order to obtain a
proper representation of the behavior of the real conductor. In theory the finer the meshing, the
more accurate is the representation. However in practice, 20–100 elements would provide a
sufficient discretization to obtain accurate results.
It is a good practice to start with a relatively coarse mesh (for example 20 elements) and
to gradually increase the number until the difference between the calculation results is
insignificant. In the process we can compare the convergence of the results, such as sag at midspan and forces applied at the terminals. Generally, in finite element calculations displacements
(such as the mid-span sag) converge more rapidly than forces. For example 20 elements might
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already provide the final sag with good accuracy, while 60 elements may be required to obtain
the convergence of the applied forces at the terminals. It is therefore recommended to experiment
with the number of elements until all results of interest have converged.
It is noted that too many elements may lead to numerical problems and convergence
difficulties. This is due to the internal representation of the different stiffnesses of a beam
element, e.g., axial and bending stiffnesses, which are inversely proportional to the length and
cubic length of the element, respectively. When this happens, one may get a message from the
program that the stiffness matrix is ill-conditioned. For example, dividing a configuration into
several thousand elements may lead to such a problem. Therefore the refinement of the mesh
must be sufficient while not being excessive.

7.3.5.2 Numerical Method to Establish Equilibrium in the Calculation Process and Path
As described earlier, the solution to the desired equilibrium position must be obtained in a stepby-step fashion, by following a certain “path.” Using the example from Figure 7.12, a possible
path is to
1. apply incrementally the total weight in 20 increments,
2. apply incrementally the required displacement of the right end to reach the desired span
in 100 increments.
The number of increments provided here is just for example. In practice one must also
experiment with the chosen path and its division into steps to make sure convergence of the
solution is obtained. By convergence, we mean that at each step of the process along the path, the
related intermediary equilibrium positions obtained are qualitatively similar to what would
happen in practice if the conductor weight and displacement were applied along the same path,
so that the final position is realistic. Indeed, due to the nonlinear calculation process, it is
possible that the obtained solution does not correspond to the physical reality, or even that no
solution can be obtained following a certain path and/or a certain division in number of steps.
We now discuss the recommended numerical method to obtain convergence and the notion of
convergence criteria. Next we will discuss the recommended path.
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Recommended Numerical Method and Convergence Criteria
To explain the nonlinear computation process and to verify that we have obtained a “converged”
solution, we must first explain some basics. In a nonlinear calculation, the equation solved by the
finite element program can be generalized as
K ( x) ⋅ x = F

(7.13)

where K(x) is the stiffness matrix of the system and represents the resistance of the structure to
loads, x is a vector representing the displacements at every node of the model, and F is a vector
representing the loads applied at every node of the model (either actual loads or those resulting
from imposed displacements).
The left-hand side of this equation represents the internal forces resisting the external
forces F (right-hand side). It is observed that the stiffness matrix K is written as a function of x,
the displacements. This is because under nonlinear behavior, the resistance of the system varies
as it deforms. For example, a catenary configuration with a small sag will resist differently a
given conductor weight than a configuration with a larger sag. Since K(x) varies as a function of
x, the solution of Equation (7.13) cannot be obtained directly. It must be obtained gradually by
following, as stated above, a given path where the applied load F is divided into increments and
an intermediate solution is obtained for each increment step.
The intermediate solution at each increment (or step) along a given path is obtained in an
iterative way in finite element programs by attempting successive evaluations of the stiffness
matrix K(x) and finding the corresponding solution x until the two sides of Equation (7.13) are
more or less equal, i.e., until the difference between the two sides becomes acceptably small
(different criteria to verify this are discussed below). Different numerical methods exist to
perform this analysis, the most common being the Newton-Raphson, modified Newton-Raphson,
and BFGS methods. All these methods involve evaluations in a certain pattern of the stiffness
matrix during the iterations in one computational step (or increment) and differ in their
advantages and disadvantages. The numerical method recommended in this guide for the
calculation of flexible connections is the Newton-Raphson method, which is generally robust and
provides fast convergence.
Due to the finite precision of computers and the approximations involved in any
numerical method, Equation (7.13) can never be solved perfectly and some differences between
its left and right hand sides will always remain. This is why a finite convergence criterion is set
in programs that ensure a sufficient but not unattainable precision without demanding extensive
77

computational resources. Generally, in finite element programs, the convergence criterion can be
based on different measures, the most common and also the recommended one in this guide
being the one based on the “energy norm” or simply the energy, which is often the default
criterion in programs. The energy norm is made of the square root of the product of the
incremental displacement times the difference between the right and left sides of Equation (7.13)
for the same given increment. The convergence is usually checked at a given step by comparing
the energy norm obtained at the first iteration with the norm at the current iteration until
dE i ≤ ε ⋅ dE 1

(7.14)

where dE1 is the energy norm obtained at the first iteration of the current increment, dEi is the
energy norm at iteration I, and ε is the convergence criterion (<<1) (also called the tolerance
level or simply, the tolerance of the solution). The recommended values for the convergence
criterion (or tolerance) ε are from 1 ⋅ 10 −8 to 1 ⋅ 10 −16 . In general, a smaller value will correspond to
more iterations and longer computation times and vice-versa. However, smaller values are
sometimes necessary, as convergence of the final results cannot be reached using bigger values.
Recommended Path
In theory, a nonlinear solution can be obtained by different paths and different subdivisions (also
called load steps) of each part of a path. However, to obtain convergence and a sound solution
for flexible conductors, a basic rule of thumb should be followed.
This rule is that the chosen path must correspond to what one would do physically to
install a configuration and/or what makes sense in a physical way. For example, to obtain the
catenary configuration as per Figure 7.12, it would make less sense to first apply the
displacements on a massless conductor, followed by the application of the weight, as this has no
physical counterpart (the weight is always present) unless the configuration is first shaped on the
surface of the ground and then lifted and rotated for its installation.
One possible path for a general configuration with vertical offset between the end points
and the latter installed at angles consists in carrying out the following successive “segments”:
1. Apply the weight on the straight line.
2. Move one end horizontally to obtain the desired span.
3. Displace one end vertically to obtain the required vertical difference.
4. Apply the required rotation at each end (either simultaneously or one after the other when
both ends are attached at angles).
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The advantage in the above procedure of first applying the weight is that this
“conditions” the conductor to fall under its own weight when one end is moved horizontally to
obtain the desired span. If instead we tried to apply the horizontal displacement first, we would
run into convergence problems, as this would simply compress the conductor along its length.
This direction corresponds to a very high stiffness (axial stiffness) and, therefore, would lead to
convergence problems.
However, the above procedure does not always work well when ends are at angles and
the span is short, and/or when angles of 90o are present at one or both ends, such as for the
inverse parabola. Sometimes convergence problems are met under a given path, and a different
one must be tried in order to obtain a stable solution. For such cases, an alternative path, which
works particularly well for the inverse parabola, is the following:
1. Apply a small fraction of the required rotation at both ends, such as 5%, to condition the
conductor to move in the required direction once the horizontal displacement is applied
(next step).
2. Move one end to obtain the desired span while applying the remainder of the required
rotation(s).
3. Displace one end vertically to obtain the required vertical offset.
4. Apply the weight of the conductor.
This procedure corresponds physically to first shaping the configuration on the surface of
the ground, lifting it from the ground, and then rotating it in a vertical plane for its installation.
The first step of applying a small fraction of the rotation is similar to applying the weight in the
preceding procedure, as this conditions the conductor to move upwards in the case of the inverse
parabola when the horizontal displacement will be applied. In the examples that follow, we will
see that both above procedures are used.
As for the division of each “segment” of the above paths in increments or load steps (we
will use the simple term “step”), one must choose a sufficiently fine division to facilitate
convergence. In general the number of steps to apply the weight can be 20–100, while the other
segments may each require from 100 to a few 1000 steps. In general the more steps, the easier it
is to obtain convergence, as the change between one increment to another is smaller. However, in
cases of convergence problems, refining the division does not always work, as discussed in the
next section. Again one must experiment and the final number of steps or segments depends on,
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among other factors, the convergence criteria, the physical property of the conductor, and the
required displacements and rotations if applicable.

7.3.5.3 Instabilities and Convergence Difficulties in Nonlinear Calculations
Snap-back and Snap-through
During a nonlinear calculation, a configuration can sometimes abruptly change its shape (or
displace a large amount) and move to a new equilibrium position between two load steps,
technically called a bifurcation point. The solution of such phenomena can sometimes be
difficult and lead to convergence problems (or numerical instabilities), which make the solution
difficult and may even result in the impossibility of attaining a converged solution, using the
standard Newton-Raphson method as recommended earlier. In such cases, refining the division
of the segment where the bifurcation happens does not generally help, as the instability is real no
matter how slowly it is attained. In the analysis of flexible conductors, two similar phenomena of
instability can occur:
•

“snap-back,” when an initially concave part switches to a convex shape

•

“snap-through,” when an initially convex part switches to a concave part
The two situations are illustrated in Figure 7.13. A snap-back generally occurs when

rotations are applied at one end or both ends and, due to the bending stiffness of the conductor,
the conductor abruptly moves upwards; this may happen, e.g., when forming a double- or triplecurvature configuration, as it suddenly moves into an inverse parabola shape. A snap-through
generally occurs when the weight of the conductor, or the additional weight of ice, is applied
over an inverse parabola, and the conductor abruptly moves downwards a certain distance. In
both cases, a transitory loss of stiffness (the structure “softens”) or stability (the structure
“buckles”) occurs until a new equilibrium position is reached, where the new corresponding
stiffness is then able to sustain the applied loads again.
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(a) snap-back

(b) snap-through

Fig. 7.13 Snap-back and snap-through
Using the standard Newton-Raphson equilibrium scheme with the possibility of
continuing the analysis when the stiffness matrix becomes non-positive definite—the technical
term employed in structural analysis (and in most finite element software) to define the loss of
stability of the structure under consideration—two behaviors can generally be observed when a
bifurcation point is reached:
•

a sudden loss of stability and no stable equilibrium position attained afterwards

•

a sudden loss of stability followed by a stable equilibrium position
The first behavior is shown in Figure 7.14(a), where we plot the resulting shape of a

double-curvature configuration that is currently being formed by rotating its left end from the
moment the bifurcation point (denoted by i in the figure) is attained to two steps later in the
computational process (denoted by i+2). It is observed that within two load steps the
configuration deforms abnormally and an unstable solution is obviously reached; observe the
scale of the last shape from the top. For this case, obviously it will not be possible to come back
to a stable solution (after i+2). The second behavior is shown in Figure 7.14(b). It is observed
that even though the displacement is large between the steps, a sound physical position is finally
attained; for such a case the solution is controlled and nothing more has to be done even though
there was a momentary loss of stability in the computational process.
In both snap-back and snap-through phenomena where the solution is unstable, different
numerical techniques have been devised and can be used to circumvent difficulties. While it is
beyond the scope of this guide to present all numerical techniques that are available for that
purpose, we recommend, among others, the use of a continuation method to obtain a stable and
converged solution. A continuation method consists of controlling the increment of the load
applied such that the variation of displacement is small (or of controlled amplitude) from one
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time step to the other; in other words, the variation of the configuration shape is controlled such
that large sudden displacements cannot happen between load steps. Such a continuation method
is commonly called an arc length method or a load-displacement-control method. One
possibility is to run the analysis until just before the bifurcation point using the Newton-Raphson
method, and then switch to the continuation method afterwards. An example is presented below.

(a) unstable behavior

(b) stable behavior

Fig. 7.14 Unstable and stable solutions for snap-back5
Convergence Difficulties
Sometimes the solution does not converge at a certain step and the program terminates abruptly
or indicates so by a message, or the solution “blows up” (meaning that divergence of the solution
happens because the computer cannot precisely handle the very large or very small numbers
generated in the numerical solution). This may happen without the attainment of a bifurcation
point. The main reasons are usually one or more of the following:
5

In these figures, the vertical axis represents the vertical position of the conductor at each horizontal position
represented by the horizontal axis. Note that in figure (a) at iteration i+2, the calculation strongly diverges and this is
why the vertical and horizontal axis span values are in the order of the thousandth, showing that the numerical
solution there “blew up.”
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1. The load or displacement increment between steps is too large and does not allow the
possibility of attaining equilibrium.
2. The specified number of iterations is not sufficient, so that equilibrium cannot be reached
at the tolerance level specified (convergence is slow).
3. The specified convergence criterion ε is too small and cannot be attained.
4. The convergence criterion ε is too big and the solution has therefore diverged along the
steps as the solution has progressed.
5. The path chosen (e.g., application of weight, then displacements, then rotations) leads to
sudden or abrupt increase of stiffness.
6. The structure “softens” over a certain range and increasing the load eventually leads to
instability problems.
In nonlinear analysis, there are no universal means to solve such problems because
solutions are most often problem dependent. The suggestions discussed below often work.
Regarding the first point, it can often easily be corrected by simply refining the division
of the steps for the segment under consideration; e.g., changing the division of an applied
displacement of 0.5 m from 100 to 500 steps. Some commercial programs also allow the
possibility of automatically dividing a given step if convergence is not reached, through the use
of an automatic-time-stepping scheme, which subdivides a time step until convergence is
attained.
Considering the second point, it can often be corrected by simply increasing the number
of iterations. We recommended 20 load step iterations but sometimes more are required when the
convergence is slow.
Regarding the third point, it can often be corrected by setting the convergence criterion ε
higher. We recommended earlier using values of ε from 1 ⋅ 10 −8 to 1 ⋅ 10 −16 , but sometimes values
as high as 1 ⋅ 10 −3 work well and give stable solutions. However, the danger in setting the
tolerance too high is that the solution can slowly diverge as it progresses, since equilibrium is not
attained with sufficient precision. This also addresses the fourth point above, the solution of
which is to decrease the value of the criterion until divergence disappears.
With respect to the fifth point, as discussed earlier, the path chosen must somehow have
physical meaning. As described in an earlier example provided of a horizontal straight-line
configuration, we cannot displace one end of the conductor horizontally towards the other
because this would correspond to compressing a very rigid structure. If, for this example, the
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weight is first applied, the line will be “conditioned” to go downwards as soon as we displace
one end, thus avoiding compression of a straight line along its axis. Most such problems occur
when the displacement applied is in a direction of increased or of initially high rigidity. The
solution then is to change the path to avoid such a situation. Sometimes combinations of different
segments are necessary to obtain convergence; e.g., applying a small amount of the end rotations,
then of the horizontal displacement, then of the combined rotations and displacement, followed
by the application of the weight. Below we will present examples of some of the schemes that
were required for different shapes.
For many of the convergence problems above, a solution is sometimes to change the
numerical method used in establishing the equilibrium or to complement it with some algorithms
that help the solution to converge. Among such methods are the modified-Newton-Raphson
method and the BFGS algorithm to establish equilibrium, and the line search method to
complement the Newton-Raphson or BFGS or modified-Newton-Raphson algorithms.
For the sixth point, which is similar to the snap-back and snap-through phenomena, the
use of the continuation method is often useful in case of a softening behavior. An introduction to
these alternative methods can be found in Zienkiewicz and Taylor (2000) or in the user’s
manuals of many commercial programs.

7.3.6

Verification of Clearances

To check the clearance requirements (phase-to-ground and minimum safety clearances), the
equilibrium position calculated must be extracted from the finite element results and plotted
against these requirements according to the geometry of the installation. The following points
must be extracted from the geometry of the installation in order to plot the configuration and
check clearances:
•

coordinates of attachment points on both sides, in order to locate the calculated
configuration relative to the base of the insulator parts and from the minimum safety
clearance;

•

coordinates of the base of insulator parts (or the “grounded” points closest to the
configuration) in order to set the origins for the phase to ground radii that will be plotted
to check the phase-to-ground clearances;
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•

location of the minimum safety clearance baseline relative to the coordinates of
attachments points.
The origin of the coordinate system used does not matter as long as all points above are

measured according to it. For the sake of simplicity, we recommend using as origin the first
attachment point at the left of the configuration.
Figure 7.15 presents an example of how the required points are extracted and placed in
the coordinate system used (here, the x,y system for, respectively, the horizontal and the vertical
axis), and how the configuration is checked for the required clearances. This example is taken
from Figure 3.2 with the difference that both attachment points are horizontal, rather than at an
angle from the horizontal. This example shows a hypothetical configuration and demonstrates
that the minimum safety clearance is just met, while it easily meets phase-to-ground clearances
on both sides.

7.3.7

Verification of Stability

7.3.7.1 Introduction
The stability of a configuration should be verified under two types of loads:
•

under the self-weight of the conductor (normal operational load)

•

under self-weight plus ice and wind design loads (extreme loads), as applicable
Under the first type of load, the check of stability generally serves to verify the maximum

span that a given configuration can take while holding its assumed shape. For example, one
should check the maximum span that an inverse parabola can take without collapsing under its
own weight into a triple-curvature shape. Such verification is done while calculating the initial
equilibrium position with the finite element method, as described above. If the obtained position
does not correspond to the assumed shape, then it is probably a good indication that the span
used is too long for this type of configuration.
The second type of load (ice and/or wind) may displace the configuration away from its
equilibrium position. This may cause a violation of clearances previously met and/or deform a
conductor permanently. The new position that a configuration may take under such loads can be
calculated by supposing that these loads act in a static way, and by performing a finite element
analysis from the calculated initial position under their application. However, because the
calculation method presented earlier is limited to the assumption that the material behavior is
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linear and perfectly elastic, it therefore does not permit predicting if the configuration will be
deformed permanently. One may refine this analysis by modeling the nonlinear material
behavior, but in the absence of tests to support the validity of such models, it is risky to use them
to predict the permanent deformation in a conductor. Furthermore, due to the construction of
conductors in layers, a precise model would have to take account of the behavior of each strand
individually. The finite element method presented here should therefore be used to check the
influence of such loads over the initially calculated equilibrium position. If the configuration
displaces to such extent that concerns arise regarding the violation of clearances, testing such a
configuration experimentally, as described in the next section, can verify if the conductor would
then be permanently deformed. Also, since ice and wind load levels used for design occur
generally with a long return period (e.g., 50 years), one should decide if a permanent
deformation under such extreme events can be tolerated until the configuration is replaced. If this
is the case, then the only concern that remains is that the configuration is stable under its normal
operating conditions (i.e., it maintains its assumed shape). But effects from smaller and more
frequent winds or ice loads are possible, and it is therefore essential to make sure that the
conductor configuration meets the corresponding required criteria.
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attachment point 1

attachment point 2

y=-0.54
(Baseline of minimum safety distance)

base of insulator 2 for
origin of phase to
ground radius

base of insulator 1
for origin of phase to
ground radius

(a) Geometric points in the chosen coordinate system

(b) Plot of configuration in the coordinates system along with clearances

Fig. 7.15 Geometric points required to check clearances
7.3.7.2 Wind and Ice Load Determination and Their Introduction in the Calculation Process
Ice and wind loads correspond to uniform loads on a configuration in the same way as the selfweight of the conductor. The determination of these loads will be done in this guide according to
IEEE Std 605-2008 (IEEE 2008); alternatively, ASCE Manual no. 113 may be used as well
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(ASCE 2008). We will present here only the basic equations; the user is referred to IEEE Std605-2008 or ASCE no. 113 for further information regarding the parameters used as input.
Ice Load
For engineering design purposes, it is assumed that the conductor is covered with a uniform ice
thickness. The ice weight on a circular conductor is given as
FI = π wI rI (Do + rI )

(7.15)

where FI is the weight of ice per unit length of the conductor (N/m) (lbf/in.), wI is the weight
density of ice (8820 N/m3) (0.0330 lbf/in.3), rI is the equivalent uniform radial thickness of ice
due to freezing rain (m) (in.), and Do is the outside diameter of the conductor (m)(in.).
Note: multiply result in lbf/in. by 12 to get result in lbf/ft.
For sections other than circular, the ice weight is given as
FI = wI AI

(7.16)

where AI is the area covered by ice on the cross section considered (m2) (in.2).
The ice thickness used by the utility for transmission line design should be considered as
the criterion for the ice loading on conductors between equipment. The thickness of ice will
depend on the operator’s standard; it could be 6.4 mm (1/4 in.) to 12.7 mm (1/2 in.) or higher
depending on the winter conditions or the location of the installation, for it cannot be assumed
that ice will not accumulate even with a conductor temperature above zero degrees Celsius. The
only exceptions to this general rule of thumb are regions where the ambient temperature does not
fall below zero degrees Celsius and regions that are too dry to prevent ice from forming.
Alternatively, the minimum ice thickness for the United States can be determined
according to the 50-year mean recurrence interval uniform ice thickness due to freezing rain with
concurrent 3-s gust wind speeds used in ASCE 7-05 (the corresponding maps are reproduced in
IEEE-605-2008).
Wind Loads
The maximum force due to wind may occur during extreme wind conditions with no ice or high
wind conditions with ice. In general, the extreme wind conditions result in higher loads than the
high wind conditions with ice. However, it is recommended to calculate wind loads with both
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types of wind in order to evaluate the maximum scenario, as it might not always be the case
depending on particular local conditions.
Factors that affect wind forces are the speed and gust of wind, the conductor size and
shape, the height and exposure of the conductor, and the radial thickness of ice. Wind loads
should be evaluated in the horizontal direction that produces the maximum load.
In the case of extreme wind speed (without ice), the wind load by unit length on a
conductor is given as
FW = C V 2 Do C f K Z G f I

(7.17)

where Fw is the wind load by unit length (N/m) [lbf/ft], C is a constant (SI: 0.613, British: 2.132
x 10-4), V is the extreme wind speed without ice (m/s) (mi/h), Do is the conductor outside
diameter or the height of the profile used as conductor (m) (in.), Cf is the force coefficient, Kz is
the height and exposure factor, Gf is the gust response factor, and I is the importance factor of the
structure.
Note: the results in British units are directly in lbf/ft (divide result by 12 to get results in lbf/in.)
In the case of high wind with ice, the wind load by unit length on a conductor is given as
FWI = C VI2 (Do + 2 × rI )C f K Z G f I

(7.18)

where FWI is the wind load with ice by unit length (N/m) [lbf/ft], VI is the high wind speed with
ice (m/s) [mi/h], rI is the equivalent uniform radial thicknesses of ice due to freezing rain (m)
(in.), and Gf is the gust response factor which is equal to 1.0 for ice and concurrent wind.

Introduction of These Loads in the Finite Element Model
The ice and wind loads given above are loads by unit length. They may be applied as such in the
finite element model if the program used allows the specification of uniform loading. Otherwise,
they may be translated as point loads at each node of the model by obtaining the net load on the
total length of conductor used and dividing it by the number of elements in the model.
For example, let’s consider that the wind load by unit length calculated is 20 N/m, that
the conductor length is 5 m, and that a total of 64 elements are used in the model. The
corresponding point load at each node of the model is therefore 20 x 5 / 64 = 1.563 N.
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As for the application of the self-weight in the calculation of the equilibrium position, the
application of wind and ice loads should be done incrementally in a given number of steps, since
the calculation is nonlinear.

7.3.7.3 Example
Stability under Self-Weight
This first example corresponds to the verification of stability for an inverse parabola planned to
be used for a span of 6 m; the selected span is purposely long in order to illustrate the instability
of the configuration under its own weight. We suppose here that a 4000 kcmil conductor is used
and that the two ends are at the same height.
First we need to determine the conductor properties required as input. The basic
conductor properties are summarized in Table 7.4. Since the conductor is an aluminum
conductor made of the same wires in all layers, a detailed description is not necessary and we
therefore present only the necessary properties for the calculations.
Table 7.4 Properties of the 4000 kcmil conductor
layer

material

number of wires
(total)

wire diameter
(mm)

all

aluminum

270

3.09

Young’s modulus
(GPa)
69

material density
3
(kg/m )
2700

Using this data, we now determine the properties required as input for the finite element
calculation.
•

cross-sectional area [Eq. (7.6)], since the material is the same in all layers and strand
diameter is constant)
A= n ⋅π ⋅

•

δ

2

4

= 270 ⋅ π ⋅

3.092
= 2025 mm 2 = 2.025 ×10− 3 m 2
4

minimum bending moment of inertia [combining Eqs. (7.9) and (7.10), since the material
is the same in all layers]
n

I min =

δ i4

π ⋅ 64 = 270 ⋅ π ⋅
i =1

3.094
=1208 mm 4 =1.208 ×10− 9 m 4
64

•

Young’s modulus = 69 GPa = 6.9 x 1010 Pa

•

linear mass [using Eq. (7.12)]

90

m = ρ ⋅ A = 2700 ⋅ 2.025 × 10−3 = 5.467 kg / m
•

The required conductor length is evaluated using Equation (7.2):
L0 _ parabola =

π ⋅H
2

+V =

π ⋅ 6 .0
2

+ 0 = 9 .425 m

To check if the configuration is holding its assumed shape under its own weight, we try
to calculate its equilibrium position in three main steps using the FEAP software:
1. application of 2.5% of the final rotations (2.0o) in 100 increments;
2. simultaneous application of the horizontal displacement of 2.37 m, vertical displacement
of −0.90 m, and the remaining rotations (98% = 88o) in 3900 increments;
3. application of the weight in 100 increments.
The path chosen here is similar to the one discussed above and recommended for the inverse
parabola. The computational parameters are summarized in Table 7.5. The FEAP input is given
in Appendix B.
Table 7.5 Computational parameters for example of stability using FEAP
Parameter
Starting position
Number of elements
Number of increments to apply initially 2.5 % of rotations
Number of increments to apply horizontal displacement, vertical
displacement and remaining of rotations
Number of increments to apply weight of conductor
Method used to reestablish equilibrium at each step
Solution tolerance

Value or description
Straight line of length 9.425 m
64
100
3900
100 but the solution is unstable (see below)
Newton-Raphson (tang in FEAP)
-12
10

The weight of the conductor was not input directly as a uniform load but replaced by a
downward force at each node, equivalent to the total weight of the conductor (5.470 kg/m x 9.81
m/s2 x 9.425 m = 505.8 N) divided by the number of elements: 505.8 N / 64 = 7.903 N. This
force was applied gradually.
The calculation of the equilibrium position led to the snap-through phenomena in
calculation step 3, indicating that physically, the configuration would lose its assumed inverse
parabola shape under its own weight. The first two calculation steps above (forming the shape of
the parabola without the application of weight) led to the assumed shape; the result is presented
in Figure 7.16 (clearly this is a half circle as assumed). However in the third step of gradually
applying the conductor weight, the snap-through phenomenon took place, and then convergence
problems related to the snap-through phenomenon occurred and it was not possible to converge
to the final equilibrium position using the standard Newton-Raphson equilibrium method no
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matter how much we refined the application of the load. A solution can be obtained from this
shape by using a continuation method as discussed earlier, where the load is controlled such that
the displacement increases in a stable way, without abrupt changes. To do so using FEAP, the
equilibrium position obtained without weight was input as the starting position and the arc length
method was used; the corresponding program input is also given in Appendix B. Figure 7.17
shows the relationship between the proportion of the weight applied (1 being equal to the total
weight) and the downwards displacement at mid-span. It is observed that the structure softens as
the load is applied and then becomes stiffer as the load increases again until the total weight is
applied. The final configuration is presented in Figure 7.18; it is observed that clearly the
obtained triple-curvature shape does not correspond to the desired parabola shape and that a
violation of the minimum safety clearance would probably occur, as the sag is around 2.5 m.
Therefore, the span chosen here of 6 m is definitively too long to install an inverse parabola.

Fig. 7.16 Calculated configuration without weight

Fig. 7.17 Load displacement curve using the arc length continuation method
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Stability under Wind and Ice Loads
The stability problems illustrated in the previous example could occur under the influence of
wind and/or ice. Since the phenomenon and the solution to compute the final equilibrium
position are similar, there is no need to present an example of instability under wind and/or ice.
We will present later design examples where the stability under wind and ice is investigated.

Fig. 7.18 Calculated configuration with weight using the arc length method
7.3.8

Verification of Flexibility

Once the equilibrium position is calculated, the flexibility of a configuration can be verified with
the finite element model by applying a cyclic displacement at one end of the conductor, equal to
the assumed elongation, and by obtaining the horizontal force at the displaced end during the
process. The plot of the load-displacement data obtained permits checking the flexibility of the
configuration. The flexibility is considered adequate when there is no significant or abrupt
increase of force for a small increase of displacement over the elongation range considered. The
flexibility of a configuration can be considered adequate for a given elongation range but not for
another, as we discussed and exemplified in Section 7.2.3. Also, the actual value of the
maximum force should be considered in relation to the acceptable forces at the terminals, as well
as the terminal pad connection capacities, and by noting that the obtained forces are static forces,
and therefore that the actual dynamic forces during a seismic event will most likely exceed those.
The load-displacement curve does not necessarily have to be linear over the full range of
elongation to consider the flexibility adequate; what we want to avoid is a significant increase of
force for a small increase of displacement. A monotonous increase of force will often be
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observed with a more pronounced increase near the full positive elongation range, while the
flexibility may still be considered adequate. At this time, there is no definite criterion or statute
on the adequacy of the flexibility and one must somehow rely on judgment. As a general rule of
thumb, the more linear the load-displacement curve, the better, and as discussed earlier, it is
recommended that as much slack be added as permitted by the electrical clearances. If a
significant increase of force is found over the elongation range considered, a solution is to
increase the additional length L2 in Equation (7.1) [in some cases an additional provision could
also be added for the inverse parabola length given by Eq. (7.2)]. Some examples are presented
next.

7.3.8.1 Finite Element Examples of Verification of the Flexibility
Figure 7.19 presents a load-displacement curve obtained for a cyclic displacement of 0.25 m
applied on an inverse parabola of 3 m span, using a 4000 kcmil conductor. The conductor length
is calculated with Equation (7.2) and equals 4.712 m. It is observed from the figure that the
behavior is almost linear and that there is no abrupt change of stiffness (the stiffness corresponds
to the slope of the curve), so the flexibility of the configuration is considered adequate. The net
increase of force over the full elongation range is from −62 to −44 N: +18 N which is definitely
negligible. Here the negative values of the force correspond to a configuration in a compressed
state over the full range of elongation (i.e., the configuration “pushes” on the terminals instead of
“pulling” them).

Fig. 7.19 Load-displacement curve with 0.25 m cyclic displacement
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Figure 7.20 shows a load-displacement curve for the same configuration as above, but
this time with a cyclic displacement of 1.0 m (four times the preceding). There is now a
departure from linearity in the positive range of elongation. The net increase of force over the
elongation range is around 150 N. Again, the flexibility here is considered more than adequate,
as the net increase of force is small and there is no abrupt increase of the force even though the
curve is clearly nonlinear.

Fig. 7.20 Load-displacement curve with 1.0 m cyclic displacement
We present in Figure 7.21 a load-displacement curve again for the same configuration,
but this time with a cyclic displacement of 1.35 m. There is now a strong departure from linearity
in the positive range of elongation. The net increase of force over the elongation range is around
750 N. The flexibility is not considered adequate here, as the net increase of force is too
significant to be considered acceptable. Also, from the slope of the curve in the positive range of
elongation, it can be deduced that any further small increase of elongation would lead to a very
significant increase in force. A solution here to withstand the 1.35 m elongation range would be
to add some additional length to the configuration. As an example, we added 20 cm of slack to
the configuration used, for a net length now of 4.912 m, and then calculated the corresponding
load-displacement curve as illustrated in red in the same figure. It is now observed that the net
increase of force over the elongation range is around 230 N, a configuration considered having
adequate flexibility.
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Fig. 7.21 Load-displacement curve with 1.35 m cyclic displacement
7.4

VERIFICATION OF CLEARANCES, STABILITY, AND FLEXIBILITY
EXPERIMENTALLY

Clearances, stability, and flexibility of a configuration can also be verified experimentally. The
obvious advantage of doing so is to diminish the uncertainties associated with finite element
modeling, such as the assumption that the material behavior of the conductor is linear, the
minimum bending stiffness assumption, and the assumed “perfect” in-plane shape assumption.
However, the main disadvantages are the need to prepare an experimental setup and the
corresponding increased costs. Also, as with finite element modeling, some idealistic
assumptions are still present in testing, notably the uniformity of ice and the constant pressure of
wind.

7.4.1

Verification of Clearances

Clearances can be checked by installing a configuration between supports (or in-between
existing equipment) and measuring the obtained geometry, and then checking the distances from
the configuration to the phase-to-ground radii and the minimum safety distance in the same way
as with the finite element results. A test setup as illustrated in Figure 7.9 could be used. An
example of measured geometry is presented in Figure 7.22.
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Fig. 7.22 Measured geometry of a configuration under its self-weight (Stevenson and
Beattie 1990)
7.4.2

Verification of Stability

Stability under self-weight will be immediately checked upon installation of the desired
configuration on the test setup. Stability to ice can be checked by simulating experimentally the
corresponding additional weight upon the installed configuration by various means. One way
would be to attach small weights at uniformly spaced points, approximately every 0.25 m. Care
must be taken that the attachment hardware used is not so rigid as to modify the bending stiffness
of the conductor locally. The weights used would correspond to the discretized effect of the
uniform weight upon the total length of the conductor (i.e., total load divided by number of
points used). Another way would be to attach water-filled tubes to the configuration,
dimensioned to reproduce the uniform load from ice; care must be taken that the stiffness of the
tubes is not significant and that the tubes are attached so that they do not modify the stiffness of
the conductor. An example is presented in Figure 7.23.

Fig. 7.23 Experimental investigation of stability using water-filled tubes (Stevenson and
Beattie 1990)
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Stability to wind load can be investigated in the same way as to ice, using either weights
at points or water-filled tubes, with the difference of installing the configuration sideways; an
example is presented in Figure 7.24. This method, however, does not permit testing for the
simultaneous application of ice and wind.

Fig. 7.24 Experimental investigation of stability to wind load using water-filled tubes
(Stevenson and Beattie 1990)
7.4.3

Verification of Flexibility

Verification of flexibility can be done experimentally by push-pull tests on the conductor and by
recording the load-displacement curve. Usually, one end is fixed to a strong floor (or wall) and
the other end is moved using an actuator. Attention must be given to minimizing the additional
resistance from the test setup itself that might “contaminate” the measured load (e.g., the friction
effect when one end is displaced on a roller). The next two figures present examples of actual
setups used.

Fig. 7.25 Schematic of experimental setup to investigate flexibility (Stevenson and Beattie
1990)
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Fig. 7.26 Experimental setup to investigate flexibility (Bhuyan et al. 2001)
7.5

FLEXIBLE CONNECTION DESIGN: EXAMPLE 1

A 230 kV disconnect switch—equipment 1—and a current-voltage transformer (CVT)—
equipment 2, need to be connected by a 2300 kcmil flexible conductor. The general description
of the equipment and the main dimensions of the setup are illustrated in Figure 7.27. The
configuration must also withstand separately the effect of a given ice thickness and wind. The
basic data of the example are given in Table 7.6. The seismic input is defined according to the
IEEE 693 moderate performance level (0.5g) as per Figure 4.4.
Table 7.6 Example 1: basic data
Data
Basic connection
geometry according to
0
Seismic input

Extreme wind

h1
h2
L
H
V
Do
Kz
Gf
Cf
I

Ice thickness

rI

Description
Height of attachment point 1
Height of attachment point 2
Horizontal distance between attachment points
Vertical distance between attachment points
Required response spectrum
Extreme wind speed (100 mph)
Conductor diameter for wind force calculation
Surface Roughness according to IEEE-605
Height above ground for wind calculation
Exposure factor according to IEEE-605 for surface
roughness C and Height of 7.6 m
Gust response factor according to IEEE-605 for wire and
surface exposure C
Force coefficient for cable (drag coefficient)
Importance factor of structure for 2% annual probability of
return and 50 year mean return period.
radial ice thickness (1.772 ")
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Value
6.471 m
6.717 m
2.958 m
0.246 m
IEEE 693 0.5 g (perf. level)
160 km/h (44.44 m/s)
4.445 cm (1.750 in.)
C
7.6 m (25 ft)
0.94
0.95
1.0
1.0
45 mm

We follow the flowchart illustrated in Figure 3.3, where certain steps are simultaneously
considered for simplicity. The seismic input and basic connection geometry have already been
described above, so the next step is the determination of the elongation demand.

2958

2342

2355

6717
6471

Fig. 7.27 Example 1: general description and main dimensions (mm)
7.5.1

Determination of Elongation Demand

To determine the elongation demand, we first obtain the dynamic properties of the equipment in
order to determine their stand-alone displacements. In this case, the only available information
from the seismic qualification reports is the fundamental frequency of each equipment item in
the first bending mode (Fig. 6.3), in the longitudinal direction:
•

disconnect switch in open position: f1 = 2.2 Hz

•

CVT: f2 = 1.8 Hz
No information being available on the damping, we assume a critical damping ratio of

2% for both equipment items. This is a conservative value for substation equipment.
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Both equipment items can be described by the generalized single-degree-of-freedom
model, since they are beam and frame types. To determine their stand-alone displacements, we
use Equation (6.9), since we have no information on their first modal participation factor:
xmax 95% = 1.62 ⋅ S d ( f , ζ )

To determine the spectral displacement Sd(f,ζ), we first obtain the spectral acceleration
from the IEEE moderate performance level (Fig. 4.4), which is equal to 1.62g for both f1=2.2 Hz
and f2 = 1.8 Hz (flat portion of the spectra—note that there is no relationship between the 1.62
factor above for xmax and the 1.62g from the IEEE spectrum). Using Equation (4.2), we then
obtain
S d (2.2 Hz , 2%) =

S a (2.2 Hz , 2%) 1.62 ⋅ 9.81
=
= 0.0832 m
(2 ⋅ π ⋅ f ) 2
(2 ⋅ π ⋅ 2.2) 2

S d (1.8Hz , 2%) =

S a (1.8 Hz , 2%) 1.62 ⋅ 9.81
=
= 0.124 m
(2 ⋅ π ⋅ f ) 2
(2 ⋅ π ⋅1.8) 2

Therefore, the stand-alone displacements are
xmax,1 1.62 ⋅ 0.0832 = 0.135 m
xmax,1 1.62 ⋅ 0.124 = 0.201m

We establish the elongation demand eo using the maximum differential displacement DL in the
longitudinal direction between the two equipment in Equation (6.3):
eo ≈ DL

The maximum differential displacement is determined with the CQC rule [Eq. (6.14)] and the
1.25 factor recommended in Equation (6.16):
DL = 1.25 ⋅ x 2 max_1 − 2 ⋅ ρ12 ⋅ xmax_1 ⋅ xmax_ 2 + x 2 max_ 2

The correlation coefficient ρ12 is first obtained using r=f1/f2 = 2.2/1.8 = 1.222, as
ρ12 =

8ζ 2 (1 + r )r 3 / 2
8 ⋅ 0.02 2 (1 + 1.222) ⋅ 1.2223 / 2
= 0.0378
=
[(1 − r 2 ) 2 + 4ζ 2 r (1 + r ) 2 ] (1 − 1.222 2 ) 2 + 4 ⋅ 0.02 2 ⋅ 1.222 ⋅ (1 + 1.222) 2

[

]

Hence, the elongation demand is given by
eo ≈ 1.25 ⋅ x 2 max_1 − 2 ⋅ ρ12 ⋅ xmax_1 ⋅ xmax_ 2 + x 2 max_ 2 =1.25 ⋅ 0.135 2 − 2 ⋅ 0.0378 ⋅ 0.135 ⋅ 0.201+ 0.2012 = 0.297 m
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7.5.2

Preliminary Shape

As a preliminary shape, we choose the flexible catenary configuration 3 from Figure 7.1 where
both ends are attached at 0o.

7.5.3

Required Conductor Length

The required length is given by Equation (7.1):
L0 = L1 + eo + L2

L1 is the straight-line distance between the two attachment points and is given by Equation (5.1):
L1 = L2 + H 2

Using the data in Figure 7.27, we obtain
L1 = L2 + H 2 = 2.958 2 + (6.717 − 6.471) 2 = 2.968 m

Based on experience, we choose a tentative value of L2 equal to 0.05 m. We will later check to
see if this value provides sufficient flexibility. Using the previous values, the required length is
L0 = L1 + e o + L 2 = 2 .968 + 0 .297 + 0 .05 = 3 .315 m

which we round up to 3.32 m.

7.5.4

Verification of Clearances, Flexibility, and Stability

We first check for the clearance requirements. If the configuration satisfies these requirements,
we will then check the flexibility and the stability; otherwise, another configuration shape must
be chosen.

7.5.4.1 Clearances
At the 230 kV level, the required clearances for the utility concerned are given by
•

minimum safety distance: 5.600 m

•

phase-to ground clearance: 1.942 m

To check these we will establish the equilibrium position of the configuration using the nonlinear
finite element method with the FEAP software.
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The basic properties of the 2300 kcmil conductor needed as input were calculated
previously in Section 7.3.4 and are summarized in Table 7.3.
To check the clearances, we first compute the equilibrium position of the conductor under
its own weight, using the procedure illustrated in Figure 7.12 and the FEAP software. The final
position is calculated in three main steps:
1. application of weight in 100 increments on a straight-line configuration equal to the total
conductor length of 3.32 m
2. application of a horizontal displacement of −0.362 m to the right end support (left end
fixed) to get the desired span of 2.958 m
3. application of a vertical displacement of +0.246 m to the right end support to achieve the
required vertical offset between the supports (6.717 m – 6.471 m=0.246 m)
The program input is given in Appendix B and the computational parameters are summarized in
Table 7.7.
Table 7.7 Computational parameters for example 1 using FEAP software
Parameter
Starting position
Number of elements
Number of increments to apply weight of conductor
Number of increments to apply horizontal displacement
Number of increments to apply vertical displacement
Method used to reestablish equilibrium at each step
Solution tolerance

Value or description
Straight line of length 3.32 m
64
100
2000
500
Newton-Raphson (tang in FEAP)
-8
10

Note that in the simulation, the weight of the conductor was not input directly but
replaced by an equivalent downward force at each node equivalent to the total weight of the
conductor (3.155 kg/m x 9.81 m/s2 x 3.32 m = 102.8 N) divided by the number of elements:
102.8 N / 64 = 1.606 N. This force was applied gradually in the first step discussed above.
Once the calculation is done, the clearances are checked graphically by plotting the
obtained equilibrium position against the phase to ground radius from the base of each
equipment item and the minimum safety clearance (the position of each node of the conductor
model under its equilibrium position must be extracted from the output of the computer program
used). Here, the base position of the phase to ground radius for each equipment item has been
assumed to be 30 cm away in the horizontal direction from the attachment point. Vertically, the
base position is the bottom position of the porcelain part of each insulator. This is illustrated in
Figure 7.28 where the (0,0) reference position is assumed to be the attachment point of the
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disconnect switch. It is observed that both clearances are satisfied, so the configuration is
adequate from this standpoint.

Fig. 7.28 Verification of clearances for example 1
7.5.4.2 Flexibility
As discussed, the required flexibility must be such that the force-elongation behavior of the
conductor under the elongation demand remains approximately linear without an abrupt change
of stiffness. To check that, we use the same finite element model as above, and starting from the
computed equilibrium position, apply a cyclic displacement in a quasi-static fashion (without
dynamic effects) equal to the elongation demand of 0.297 m identified earlier. To do so, one end
of the conductor is kept fixed in the simulation while the other is moved back and forth with an
amplitude equal to the elongation demand. The program input is given in Appendix B.
The resulting force-elongation curve is given in Figure 7.29. It is observed that the curve
is nearly linear without abrupt change of stiffness, so the configuration is adequately flexible.
The negative sign of the forces here indicates that the configuration is in compression on the
elongation range considered; this is normal and due to the bending stiffness of the conductor.
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Therefore, the configuration here applies a pushing force at both terminal ends in its installed
position.

Fig. 7.29 Force-elongation curve for example 1 at equipment terminals
7.5.4.3 Stability
It is necessary to check that the considered configuration will not collapse due to the effects of
ice and wind, and that it will maintain its clearances under these effects. The climatic loads to
consider in this example are the separate effects of 45 mm of ice around the conductor and a
wind of 160 km/h. According to IEEE-605-2008, these loads are considered static (without
dynamic effects).
The effect of ice is to add an additional uniform downward load on the conductor, equal
to the weight of ice around the conductor. Using Equation (7.15), the additional weight by unit
length on the conductor is
FI = π wI rI (Do + rI )= π ⋅ 8820 ⋅ 0.045 ⋅ (0.0445 + 0.045) =111.6 N / m

To calculate the final shape of the conductor with the additional weight of ice, we follow
the same procedure as for calculating the equilibrium position, changing only the forces applied
downward at all nodes to take account of the additional ice weight. Since we have 64 elements,
the additional force applied at each node is equal to the ice unit weight times the conductor
length divided by the number of elements: 111.6 N/m x 3.32 m / 64 = 5.789 N. This force is
added to the one simulating the weight of the conductor alone, for a total of 7.395 N at each
node, downwards. The program input is given in Appendix B.

105

The result is shown in Figure 7.30, where the initial equilibrium position without ice is
also plotted. It is observed that the configuration is only slightly deformed by the additional ice
weight and it is then obvious that the clearances are still satisfied as needed.
The effect of wind on the conductor is to generate a uniform lateral load. Using Equation
(7.17) and the values from Table 7.6 we obtain
FW = C V 2 Do C f K Z G f I = 0.613 ⋅ 44.44 2 ⋅ 0.0445 ⋅ 1.0 ⋅ 0.94 ⋅ 0.95 ⋅ 1= 48.11 N / m

The lateral displacements and the deformed position are again obtained from the finite
element simulation, starting from the initial position calculated without ice. The wind force by
unit length is replaced at each node by an equivalent point load, equal to the total force applied
on the conductor divided by the number of elements. In the case here, the total force is given by
48.11 N/m x 3.32 m = 159.7 N and, therefore, the nodal load is 159.7 / 64 = 2.496 N. This load is
applied using 100 increments. The program input is given in Appendix B.
The corresponding maximum lateral displacement is 0.559 m and the final equilibrium
position under the wind is illustrated in Figure 7.31. It is observed that even though the lateral
displacement is significant, it should not compromise the phase-to-phase clearance, as other
phases would experience a similar displacement under the same wind and time.

Fig. 7.30 Equilibrium position for example 1 under 45 mm of radial ice
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Fig. 7.31 Equilibrium position for example 1 with 160 km/hr wind
7.5.4.4 Conclusion of Example 1
The tentative catenary shape meets all requirements and is therefore accepted as final design.

7.6

FLEXIBLE CONNECTION DESIGN: EXAMPLE 2

A 330 kV rigid bus—equipment 1—and a circuit breaker—equipment 2—need to be connected
by a 4000 kcmil flexible conductor. A schematic description of the equipment and main
dimensions are illustrated in Figure 7.32. The configuration must also withstand separately the
effect of wind (no effect of ice is present). The basic data for the example are given in Table 7.8.
The seismic input is defined according to the IEEE 693 moderate performance level (0.5g) as per
Figure 4.4.
We will follow the flowchart illustrated in Figure 3.3. As for the previous example,
certain steps will be considered at the same time for simplicity. The seismic input and basic
connection geometry have already been described above, so the next step is the determination of
the elongation demand.
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7.6.1

Determination of Elongation Demand

To determine the elongation demand, we first obtain the dynamic properties of the equipment in
order to determine their stand-alone displacements. Here, the fundamental frequencies of the two
equipment items in their first bending mode (Fig. 6.3), in the longitudinal direction, have been
obtained from finite element models as
•

rigid bus: f1 = 4.33 Hz

•

circuit breaker: f2 = 0.80 Hz

We assume a critical damping ratio of 2% for both equipment items.
Table 7.8 Example 2: basic data
Data
Basic connection
geometry according to
Figure 5.1

h1
h2
L
H

Description
Height of attachment point 1
Height of attachment point 2
Horizontal distance between attachment points
Vertical distance between attachment points

Seismic input

-

Required response spectrum

V
Do
-

Extreme wind speed (56.25 mph)
Conductor diameter for wind force calculation
Surface Roughness according to IEEE-605
Height above ground for wind calculation

Extreme wind

Kz
Gf
Cf
I

Ice thickness

rI

Exposure factor according to IEEE-605 for
surface roughness C and Height of 7.6 m
Gust response factor according to IEEE-605 for
wire and surface exposure C
Force coefficient for cable (drag coefficient)
Importance factor of structure for 2% annual
probability of return and 50 year mean return
period.
radial ice thickness

108

Value
7.000 m
6.910 m
4.000 m
-0.090 m
IEEE 693 0.5 g
performance level
90 km/h (25.0 m/s)
5.863 cm (2.308 in.)
C
approximated to 7.6 m
(25 ft) to use given
values in IEEE-605
0.94
0.95
1.0
1.0
0

4000

2700

7000

3104

6910

Fig. 7.32 Example 2 general description and main dimensions (mm)
The stand-alone displacements of the two equipment items are obtained using the IEEE
0.5 g performance level at 2% damping as input to the finite element models:
xmax,1 = 0.035 m
xmax,2 = 0.598 m

We establish the elongation demand eo using the maximum longitudinal displacement DL
between the two equipment [Eq. (6.3)]:
eo ≈ DL

Since the frequencies are spaced by more than 20% relative to each other, the SRSS summation
method is used to determine the expected differential longitudinal displacement using Equation
(6.16):
DL = 1.25 ⋅ x 2 max_1 + x 2 max_ 2

Hence, the elongation demand is given by
eo ≈ 1.25 ⋅ x 2 max_ 1 + x 2 max_ 2 =1.25 ⋅ 0.035 2 + 0.598 2 = 0.748 m

We observe that the elongation demand is rather high. This is because the frequency of
equipment 2 is very low, at 0.8 Hz, and because the IEEE response spectrum has significant
energy in the low-frequency range.
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7.6.2

Preliminary Shape: Trial 1

As a preliminary shape, we choose the flexible catenary configuration 3 from Figure 7.1, where
both ends are attached at 0o, since this is the most simple and common shape.

7.6.3

Required Conductor Length: Trial 1

The required length is given by Equation (7.1):
L0 = L1 + eo + L2

L1 is the straight-line distance between the two attachment points and is given by Equation (5.1):
L1 = L2 + H 2

Using the data from Figure 7.32, we obtain
L1 = L2 + H 2 = 4.000 2 + (7.000 − 6.910) 2 = 4.001m

Based on experience, we choose a tentative value of L2 equal to 0.05 m. We will later check to
see if this value provides sufficient flexibility if the configuration is found to meet the electrical
clearance requirements.
Therefore, using the previous values, the required length is
L0 = L1 + e o + L 2 = 4 .001 + 0 .748 + 0 .05 = 4 .799 m

which we round up to 4.80 m.

7.6.4

Verification of Clearances, Flexibility, and Stability: Trial 1

We first check to see if the clearance requirements are satisfied. If the configuration meets these
requirements, we will then check the flexibility and the stability; otherwise, we will have to
choose another shape.

7.6.4.1 Clearances
At the 330 kV level, the required clearances for the utility concerned are given by
•

ninimum safety distance: 6.400 m

•

phase-to ground clearance: 2.401 m

110

To check if the configuration can satisfy these clearances, we establish the equilibrium position
using the FEAP software as in example 1, using the properties for the 4000 kcmil conductor
determined in Section 7.3.7.3. To check the clearances, we first compute the equilibrium position
of the conductor under its own weight, using the procedure illustrated in Figure 7.12. The final
position is calculated in three main steps:
1. application of the weight in 100 increments on a straight horizontal line configuration
equal to the total conductor length of 4.80 m
2. application of the horizontal displacement of −0.800 m in 4000 increments to the right
end support (left end is fixed) to get the desired span of 4.000 m
3. application of the vertical displacement of −0.090 m in 500 increments to the right end
support to achieve the specified vertical offset between supports
The program input is given in Appendix B and the computational parameters are summarized in
Table 7.9.
Table 7.9 Computational parameters for example 2 using FEAP software, trial 1
Parameter
Starting position
Number of elements
Number of increments to apply weight of conductor
Number of increments to apply horizontal displacement
Number of increments to apply vertical displacement
Method used to reestablish equilibrium at each step
Solution tolerance

Value or description
Straight line of length 4.800 m
64
100
4000
500
Newton-Raphson (tang in FEAP)
-8
10

Note that in the simulation, the weight of the conductor was not input directly but
replaced by an equivalent downward force at each node equivalent to the total weight of the
conductor (5.470 kg/m x 9.81 m/s2 x 4.80 m = 257.6 N) divided by the number of elements:
257.6 N / 64 = 4.025 N. This force was applied gradually in the first step discussed above.
Once the calculation is done, we check the clearances graphically by plotting the obtained
equilibrium position against the phase to ground radius from the base of each equipment item
and the minimum safety clearance. Here, the base position of the phase to ground radius has been
assumed to be 30 cm away in the horizontal direction from the attachment point for the rigid bus
and 45 cm away for the circuit breaker. Vertically, the base position for the origin of the phase to
ground radius is the bottom position of the porcelain part of each insulator (top of steel support).
This is illustrated in Figure 7.33 where the (0,0) reference position is taken to be the attachment
111

point of the rigid bus. It is observed that both clearances are violated, so the configuration is not
adequate from this standpoint; we therefore need to select a new shape to meet the clearances.

Fig. 7.33 Verification of clearances for example 2, trial 1
7.6.5

Preliminary Shape: Trial 2

As a second trial, we choose the triple-curvature configuration 4 from Figure 7.1, where both
ends are attached at 45o. This configuration will move the conductor away from the phase to
ground radius from the base of the rigid bus insulator, and will also diminish the sag so that it
may satisfy the minimum safety clearance as well.

7.6.6

Required Conductor Length: Trial 2

The required length is given by Equation (7.1):
L0 = L1 + eo + L2

Based on experience with the triple-curvature shape, we choose a tentative value of L2 equal to
0.15 m; we will later check if this value provides sufficient flexibility.
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Using the previous values, the required length is therefore:
L0 = L1 + e o + L 2 = 4 .001 + 0 .748 + 0 .15 = 4 .899 m

which we round up to 4.90 m.

7.6.7

Verification of Clearances, Flexibility, and Stability: Trial 2

As before, we will first check the clearance requirements; if they are met, we will then check the
flexibility and the stability of the configuration; otherwise we will have to choose another..

7.6.7.1 Clearances
We begin again by first computing the equilibrium position of the conductor under its own
weight, using the procedure illustrated in Figure 7.12. The final position is now calculated in four
main steps:
1. application of weight in 100 increments on a straight-line configuration equal to the total
conductor length of 4.90 m
2. application of the horizontal displacement of −0.900 m in 4000 increments to the right
end support (left end is fixed) to get the desired span of 4.000 m
3. application of the vertical displacement of −0.090 m in 500 increments to the right end
support to get the vertical offset between the supports
4. application of the 45o rotations in 4000 increments to the right and left supports
The program input is given in Appendix B and the computational parameters are summarized in
Table 7.10. Note here that a finer tolerance of 1·10-12 was required for the problem to converge
under the application of the rotations; a tolerance of 1·10-8 used first did not lead to convergence.
Table 7.10 Computational parameters for example 2 using FEAP software, trial 2
Parameter
Starting position
Number of elements
Number of increments to apply weight of conductor
Number of increments to apply horizontal displacement
Number of increments to apply vertical displacement
Number of increments to apply rotations
Method used to reestablish equilibrium at each step
Solution tolerance

Value or description
Straight line of length 4.900 m
64
100
4000
500
4000
Newton-Raphson (tang in FEAP)
-12
10
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As before, the weight of the conductor was not input directly but replaced by an
equivalent downward force at each node equivalent to the total weight of the conductor (5.470
kg/m x 9.81 m/s2 x 4.90 m = 262.9 N) divided by the number of elements: 262.9 N / 64 = 4.108
N. This force was applied gradually in the first step discussed above.
As previously, we check the clearances graphically by plotting the equilibrium position,
as illustrated in Figure 7.34. It is observed that the phase to ground clearance is now easily met,
but the minimum safety distance is still violated, so the configuration is not adequate and we
need to choose another shape.

7.6.8

Preliminary Shape: Trial 3

The only remaining choice is the inverse parabola shape, configuration 1 in Figure 7.1, where
both ends are attached at 90o.

7.6.9

Required Conductor Length: Trial 3

The required length for the inverse parabola shape is given by Equation (7.2):
L0 _ parabola =

π ⋅H
2

+V

Using the values here for H and V, the required length is
L0 _ parabola =

π ⋅H
2

+V =

π ⋅ 4 .000

which we round up to 6.37 m.
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2

+ 0 .090 = 6 .373

Fig. 7.34 Verification of clearances for example 2, trial 2
7.6.10 Verification of Clearances, Flexibility, and Stability: Trial 3
The inverse parabola will automatically meet all clearances as long as it is stable under its own
weight. We will calculate the equilibrium position to illustrate it from the standpoint of
clearances.

7.6.10.1 Clearances
As before, we first compute the equilibrium position of the conductor under its own weight,
using the procedure illustrated in Figure 7.12. The final position is now calculated in three main
steps:
1. application of 2.5% of final rotations (2.0o) in 100 increments
2. simultaneous application of the horizontal displacement of 2.37 m, vertical displacement
of -0.90 m, and the remaining rotations (98% = 88o) in 3900 increments
3. application of the weight in 1000 increments
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The first step consisting of applying a small portion of the rotations alone is to condition the
conductor in moving as an inverse parabola before applying a horizontal displacement; indeed,
the small rotations induce a moment that will move the conductor upward when we next apply
the horizontal displacement along with the remaining rotations and the vertical displacement. If
this step is omitted, then numerical convergence problems occur, probably because the conductor
is stiff in the longitudinal direction. The upward conditioning here using the small rotations at
both ends is similar to first applying the weight for the catenary shape before moving one end
horizontally: the weight conditions the conductor to move downwards. Other paths also might
have worked here. Note that this procedure corresponds physically to first forming the
configuration in a flat plane parallel to the ground and then turning it in a vertical plane to install
it; the weight is then applied after the configuration is first placed into shape.
The program input is given in Appendix B and the computational parameters are
summarized in Table 7.11. Note here again that a finer tolerance of 1·10-12 was required for the
problem to converge under the application of the rotations.
Table 7.11 Computational parameters for example 2 using FEAP software, trial 3
Parameter
Starting position
Number of elements
Number of increments to apply initially 5% of rotations
Number of increments to apply horizontal displacement, vertical
displacement and remaining of rotations
Number of increments to apply weight of conductor
Method used to reestablish equilibrium at each step
Solution tolerance

Value or description
Straight line of length 6.370 m
64
100
3900
100
Newton-Raphson (tang in FEAP)
-12
10

As before, the weight of the conductor was not input directly but replaced by an
equivalent downward force at each node, equivalent to the total weight of the conductor divided
by the number of elements.
The equilibrium position is illustrated in Figure 7.35. It is observed that all clearances are
met as expected, and that the configuration is stable under its own weight.

7.6.10.2 Flexibility
To check the flexibility, we use the same finite element model, applying a cyclic displacement
from the equilibrium position in a quasi-static fashion (without dynamic effects), equal to the
elongation demand identified earlier to be 0.748 m. To do so, one end of the conductor is kept
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fixed while the other end is moved back and forth by an amplitude equal to the elongation
demand, similar to a push-pull test. The program input is given in Appendix B.
The force-elongation curve is presented in Figure 7.36. It is observed that the curve is
close to being linear, without abrupt change of stiffness, so the configuration is adequate from
the standpoint of flexibility. This was expected, as the inverse parabola is very flexible, and since
we use only a small value of the available slack (low value of β=0.748/(6.37−4.00)=0.32). The
negative sign of the force here indicates that the configuration is in compression on the
elongation range considered; this is normal and due to the bending stiffness of the conductor.
Therefore, the configuration here applies a pushing force at both terminal ends in its installed
position during the whole range of motion.

Fig. 7.35 Verification of clearances for example 2, trial 3
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Fig. 7.36 Force-elongation curve for example 2, trial 3, at equipment terminals
7.6.10.3 Stability
It is necessary to check that the configuration studied will not collapse due to the effect of the 90
km/hr wind, and that it will maintain its clearances under it. As in the previous example, this load
is considered as static (without dynamic effects). The effect of wind on the conductor is to
generate a uniform lateral load.
Using Equation (7.17) and the values from Table 7.8 we obtain
FW = C V 2 Do C f K Z G f I = 0.613 ⋅ 25.0 2 ⋅ 0.05863 ⋅ 1.0 ⋅ 0.94 ⋅ 0.95 ⋅ 1= 20.06 N / m

The lateral displacement and deformed position is again obtained from finite element simulation,
starting from the initial position calculated without ice. The wind force by unit length is replaced
at each node by an equivalent point load, equal to the total force applied on the conductor
divided by the number of elements. In the case here, the total force is given by 20.06 N/m · 6.37
m = 127.8 N and, therefore, the nodal load is 127.8 / 64 = 1.997 N. This load is applied using
100 increments. The program input is given in Appendix B.
The obtained maximum lateral displacement is 1.02 m; the final equilibrium position
under the wind is illustrated in Figure 7.37. It is observed that the configuration remains stable
under the effect of wind. It is also observed that even though the lateral displacement is
significant, it should not compromise the phase-to-phase clearance, as the other phases will
experience the same displacement under the same wind at the same time.
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7.6.10.4 Conclusion on Example 2
It was observed here that due to the tight clearances and relatively large slack required, it took
three trials before obtaining a suitable configuration. The inverse parabola retained has the
advantage of easily meeting the necessary clearances while providing significant slack. It is
observed that it remains stable under the action of wind loads without collapsing even if it is
displaced significantly. It also meets the flexibility criterion and is therefore adequate.

Fig. 7.37 Equilibrium position for example 2, trial 3, with 90 km/hr wind
7.7

FLEXIBLE CONNECTION DESIGN: EXAMPLE 3

A 245 kV capacitor bank—equipment 1, and a post insulator—equipment 2, need to be
connected by a 4000 kcmil flexible conductor. The general description of the equipment and
main dimensions are illustrated in Figure 7.38. Two attachment geometries are considered for
equipment 1: horizontal or vertical. The configuration must also withstand the effects of ice and
wind. The example basic data are given in Table 7.12. Detailed data will be given as needed. The
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seismic input is defined according to the IEEE 693 high-performance level (1 g), corresponding
to twice the spectra illustrated in Figure 4.4.
The capacitor bank and the post insulator are enclosed in a fenced area and therefore,
only the phase to ground clearance for the station post insulator need to be met here.
We will follow the flowchart illustrated in Figure 3.3, along with certain steps considered
for simplicity. The seismic input and basic connection geometry have already been described, so

4699 (vertical attachment)

6529

the next step is the determination of the elongation demand.

Fig. 7.38 Example 3 general description and main dimensions (mm)
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Table 7.12 Example 3: basic data
Data
h1
Basic connection
geometry according to
Figure 5.1

h2
L
H

Seismic input

V
Do
-

Description
Height of attachment point 1
With horizontal attachment:
o
With vertical attachment (90 )
Height of attachment point 2
Horizontal distance between attachment points
Vertical distance between attachment points:
With horizontal attachment at equipment 1:
With vertical attachment at equipment 1:
Required response spectrum
Extreme wind speed (30 mph)
Conductor diameter for wind force calculation
Surface Roughness according to IEEE-605
Height above ground for wind calculation

Extreme wind

Kz
Gf
Cf
I

Ice thickness

7.7.1

rI

Exposure factor according to IEEE-605 for
surface roughness C and Height of 7.6 m
Gust response factor according to IEEE-605 for
wire and surface exposure C
Force coefficient for cable (drag coefficient)
Importance factor of structure for 2% annual
probability of return and 50 year mean return
period.
radial ice thickness (.25 ")

Value
4.470 m
4.699 m
6.529 m
2.792 m
2.059 m
1.830 m
IEEE 693 1 g
performance level
48 km/h (13.33 m/s)
5.863 cm (2.308 in)
C
approximated to 7.6 m
(25 ft) to use given
values in IEEE-605
0.94
0.95
1.0
1.0
6.35 mm

Determination of Elongation Demand

To determine the elongation demand, we use the stand-alone displacements of both equipment
items from their seismic qualification reports for the IEEE 693 high-performance level spectrum:
•

capacitor bank: f1 = 3.20 Hz, xmax,1 = 10.21 cm

•

post insulator: f2 = 2.08 Hz; xmax,2 = 30.12 cm

where a critical damping ratio of 2% was assumed for both equipment items.
We will establish the elongation demand eo using the maximum longitudinal
displacement DL between the equipment [Eq. (6.3)]:
eo ≈ DL

The maximum differential displacement will be determined with the 1.25 factor recommended in
Equation (6.16), using the SRSS rule, since the two fundamental frequencies are spaced by more
than 20%:
DL = 1.25 ⋅ x 2 max_1 + x 2 max_ 2

Hence, the elongation demand is given by
eo ≈ 1.25 ⋅ x 2 max_1 + x 2 max_ 2 =1.25 ⋅ 0.102 2 + 0.3012 = 0.397 m
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7.7.2

Preliminary Shape: Trial 1

As preliminary shape, we will choose the flexible catenary configuration 3 from Figure 7.1
where both ends are attached at 0o.

7.7.3

Required Conductor Length: Trial 1

The required length is given by Equation (7.1):
L0 = L1 + eo + L2

L1 is the straight-line distance between both attachment points and is given by Equation (5.1):
L1 = L2 + H 2

Using the data from Figure 7.38 for the attachment point 1 in horizontal position, we obtain
L1 = L2 + H 2 = 2.792 2 + 2.059 2 = 3.469 m

Based on experience, we will choose a tentative value of L2 equal to 0.05 m; we will later check
if this value procures sufficient flexibility.
Using the previous values, the required length is therefore:
L0 = L1 + e o + L 2 = 3 .469 + 0 .397 + 0 .05 = 3 .916 m

which we will round up to 3.92 m.

7.7.4

Verification of Clearances, Flexibility, and Stability: Trial 1

We will first check the clearance requirements; if met, then we check the flexibility and the
stability; otherwise we must choose another configuration.

7.7.4.1 Clearances
As discussed earlier, only the phase to ground clearance for the station post insulator needs to be
met here, as illustrated in Figure 7.38, as 2.300 m for the 245 kV level.
To check whether this clearance is met, we establish the equilibrium position of the
configuration using the nonlinear finite element method with the FEAP software; the conductor
properties are the same as in the previous example (4000 kcmil conductor).
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To check the clearances, we first compute the equilibrium position of the conductor under
its own weight, using the procedure illustrated in Figure 7.12 and the FEAP software. The final
position is calculated in three main steps:
1. application of weight on a straight horizontal line configuration equal to the total
conductor length of 3.92 m
2. application of the horizontal displacement of right end support (left end fixed) of −1.128
m to get the desired span of 2.792 m
3. application of the vertical displacement of right end support of +2.059 m to get the
vertical offset between supports
The program input is given in Appendix B, and the computational parameters are summarized in
Table 7.13.
Table 7.13 Computational parameters for example 3, trial 1, using FEAP software
Parameter
Starting position
Number of elements
Number of increments to apply weight of conductor
Number of increments to apply horizontal displacement
Number of increments to apply vertical displacement
Method used to reestablish equilibrium at each step
Solution tolerance

Value or description
Straight line of length 3.92 m
64
100
2000
1000
Newton-Raphson (tang in FEAP)
-12
10

As before, the weight of the conductor was not input directly but replaced by an
equivalent downward force at each node equivalent to the total weight of the conductor (5.470
kg/m x 9.81 m/s2 x 3.92 m = 210.4 N) divided by the number of elements: 210.4 N / 64 = 3.287
N. This force was applied gradually in the first step discussed above.
Once the calculation is done, we check the clearances graphically by plotting the obtained
equilibrium position against the phase to ground radius from the base of equipment item 2. This
is illustrated in Figure 7.39 where the (0,0) reference position is assumed to be the attachment
point of the capacitor bank. It is observed that the required clearance is violated, so another
tentative shape must be sought.

7.7.5

Preliminary Shape: Trial 2

As a second tentative shape, we will try a modified catenary (configuration 1—Fig. 7.1), by
setting attachment point 1 at 90o and leaving point 2 at 0o. Since there is a large vertical offset
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between the two points, it appears intuitively that the configuration will appear somewhat like a
quarter circle.

Fig. 7.39 Verification of clearances for example 3, trial 1
7.7.6

Required Conductor Length: Trial 2

The required length is given by Equation (7.1):
L0 = L1 + eo + L2

L1 is the straight-line distance between both attachment points and is given by Equation (5.1):
L1 = L2 + H 2

Using the data from Figure 7.38 for the attachment point 1 in a vertical position, we obtain
L1 = L2 + H 2 = 2.792 2 + 1.830 2 = 3.338 m

Based on experience, we will choose a tentative value of L2 equal to 0.10 m, since one end is at
90o and would therefore lead to more stiffness when the conductor is stretched extensively, as
opposed to a configuration where the attachment point would be at 0o; we will later check if this
value procures sufficient flexibility.
Using the previous values, the required length is therefore
L0 = L1 + e o + L 2 = 3 .338 + 0 .397 + 0 .10 = 3 .835 m
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which we will round up to 3.84 m.

7.7.7

Verification of Clearances, Flexibility, and Stability: Trial 2

We will first check clearance requirements; if met, then we will check the flexibility and the
stability; otherwise we must choose another configuration shape.

7.7.7.1 Clearances
As before, we compute the equilibrium position of the conductor under its own weight. Since
this configuration is somehow like an inverse parabola, we will establish its equilibrium position
in the same way used in the previous example for the parabola:
1. application of 2.5% of final rotations (2.0o) in 100 increments
2. simultaneous application of the horizontal displacement of 1.048 m, vertical displacement
of 1.830 m, and the remaining rotation (98% = 88o) in 3900 increments
3. application of the weight in 1000 increments
As previously, the first step consisting of applying a small portion of the rotation alone is to
condition the conductor in moving as an inverse parabola before applying any horizontal
displacement; indeed, the small rotation induces a moment that will move the conductor upward
when we apply next the horizontal displacement along with the remaining rotations and the
vertical displacement.
The program input is given in Appendix B and the computational parameters are
summarized in Table 7.14. Note here again that a finer tolerance of 1·10-12 was required for the
problem to converge under the application of the rotations.
Table 7.14 Computational parameters for example 3 using FEAP software, trial 2
Parameter
Starting position
Number of elements
Number of increments to apply initially 5% of rotations
Number of increments to apply horizontal displacement, vertical
displacement and remaining of rotations
Number of increments to apply weight of conductor
Method used to reestablish equilibrium at each step
Solution tolerance
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Value or description
Straight line of length 3.840 m
64
100
3900
100
Newton-Raphson (tang in FEAP)
-12
10

As before, the weight of the conductor was not input directly but replaced by an
equivalent downward force at each node, equivalent to the total weight of the conductor (5.470
kg/m x 9.81 m/s2 x 3.84 m = 206.1 N) divided by the number of elements: 206.1 N / 64 = 3.220
N. This force was applied gradually in the first step discussed above.
Once the calculation is done, we check the clearances graphically by plotting the obtained
equilibrium position against the phase to ground radius from the base of equipment item 2. This
is illustrated in Figure 7.40. It is observed that the phase to ground clearance is now easily met.

7.7.7.2 Flexibility
As discussed, the required flexibility must be such that the force-elongation behavior of the
conductor under the elongation demand must remain approximately linear without abrupt change
of stiffness. To check that, we use the same finite element model as above, and starting from the
computed equilibrium position, we apply a cyclic displacement in a quasi-static fashion (without
dynamic effects), equal to the elongation demand of 0.397 m identified earlier. To do so, one end
of the conductor is kept fixed in the simulation while the other is moved back and forth with an
amplitude equal to the elongation demand, as in a push-pull test. The program input is given in
Appendix B.
The resulting force-elongation curve is given in Figure 7.41. It is observed that although
the curve is not linear over its entire range, no abrupt change of stiffness occurs with a force
variation from -90 N to 140 N, which is relatively small; so we consider this configuration
adequate from the standpoint of flexibility.
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Fig. 7.40 Verification of clearances for example 3, trial 2

Fig. 7.41 Force-elongation curve for example 3, trial 2, at equipment terminals
7.7.7.3 Stability
It is necessary to check that the configuration studied will not collapse due to the effects of ice
and wind, and that it will maintain its clearances under such effects. The climatic loads to
consider in this example are the concurrent effects of 6.25 mm of ice (.25 in.) around the
conductor and a wind of 48 km/h (30 mph).
Using Equation (7.15), the additional weight by unit length on the conductor is
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FI = π wI rI (Do + rI ) = π ⋅ 8820 ⋅ 0.00635 ⋅ (0.05863 + 0.00635) =11.43 N / m
Using Equation (7.18) and the values from Table 7.12, the effect of wind over a cross section
covered by ice is given by
FW = C VI (Do + 2 ⋅ rI )C f K Z G f I = 0.613 ⋅ 13.332 ⋅ (0.05863 + 2 ⋅ 0.00635) ⋅ 1.0 ⋅ 0.94 ⋅ 0.95 ⋅ 1= 6.942 N / m
2

To calculate the final shape of the conductor with the additional weight of ice and concurrent
effect of wind, we will follow the same exact procedure as the one used before to calculate the
equilibrium position, changing only the forces applied downward at all nodes to take account of
the additional ice weight and adding an horizontal force due to the effect of the wind. Since we
have 64 elements, the additional force applied at each node by the effect of ice will be equal to
the ice unit weight times the conductor length divided by the number of elements: 11.43 N/m x
3.84 m / 64 = 0.686 N. This force is added to the one simulating the weight of the conductor
alone, for a total of 3.906 N at each node, downwards. The wind force by unit length is replaced
at each node by an equivalent point load, equal to the total force applied on the conductor
divided by the number of elements. In the case here, the total force is given by 6.942 N/m x 3.84
m = 26.66 N, and therefore the nodal load by 26.66 / 64 = 0.417 N. Both loads are applied using
100 increments. The program input is given in Appendix B.
The result is illustrated in Figure 7.42 where the initial equilibrium position without ice
and wind is also plotted. It is observed that the configuration is only slightly deformed by the
additional ice weight and wind and that the clearance from the base of the insulator post is still
met as needed. The corresponding maximum lateral displacement is 0.191 m.
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Fig. 7.42 Equilibrium position for example 3 with 48 km/hr wind and 6.35 mm radial ice
7.7.7.4 Conclusion on Example 3
The tentative modified catenary shape with one end attached at 90o meets all requirements and is
therefore accepted as final design.

7.8

STANDARDIZED DESIGN OF FLEXIBLE BUSWORK

The previous examples of flexible buswork design have demonstrated that individualized design
on a case by case basis requires repeating several calculations each time: establishing the
displacement demands of the two interconnected equipment, establishing the required slack,
calculation of the equilibrium position to check clearances, verification of the flexibility of the
conductor, and calculations to check the stability under climatic loading. While these
calculations are relatively simple once the finite element methodology is mastered, they are
nonetheless lengthy, especially if all pairs of equipment in a substation must be designed in this
way. From a utility perspective, it is therefore preferable to use standardized (or universal)
designs that can apply to most cases to avoid repeating such calculations and to facilitate the
implementation of designs on a larger scale. Standardized designs may take the form of tables
specifying shapes and conductor lengths satisfying the basic requirements (clearances, stability
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to operation loads, etc.) for an array of distances between attachment points of a pair of
equipment items.
Since, in general, electrical clearances are the same for a given voltage level, it is best to
design such tables according to specific voltage levels (e.g., 245 kV, 330 kV, etc.). Also,
generally, equipment at a given voltage level have fundamental frequencies within a given range,
which in turn corresponds to a given range of expected differential displacements (for a given
design response spectrum), and therefore to a given range of demand (minimum required slack).
It is therefore recommended that such tables be based on a design response spectrum that covers
a wide area, such that a limited set of these tables have a wide range of application, thus
facilitating their implementation within a utility.
The main limitation of such tables is that since they aim at covering a wide range of
interconnection possibilities and provide bounding values to cover most expected differential
displacement values between possible pairs of equipment items, there is inherently a high level
of conservatism in the available slack in most cases. This sometimes may lead to a given
configuration that does not meet one or several criteria (such as the clearances) because the
required slack is too large, even though such a shape could be applied for specific cases with
lesser slack.
We present next the approach of designing standardized tables based on the voltage level
for a given design response spectrum (i.e., for a specific area where such spectrum applies),
followed by an example detailing the construction of a table.

7.8.1

How to Establish Standardized Design Tables

We present in the following subclauses the steps required to establish standardized design tables.

7.8.1.1 Determining Basic Dimensions to Check Clearances
The recommended approach to design tables for a given voltage level is based on the dimensions
of rigid bus bar structures if the latter are standardized within a given utility. Usually, rigid bus
bar structures have standardized foundations, pedestal heights, and insulator lengths that can be
used as a basis to verify the required electrical clearances; flexible configurations designed to
meet clearances from these dimensions could therefore be applied to any pairs of equipment
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items that have heights and dimensions equal or higher. Table 7.15 is an example of the
standardized dimensions of rigid bus bars for some voltage levels used within a given utility.
Also seen here is the maximum permitted sag from the total bus bar height, determined using the
minimum safety distance.
Table 7.15 Example of standardized rigid bus bar dimensions for a given utility
Voltage
level
(kV)
145
170
245
330

Foundation
height
from
ground
(mm)
(1)
300
300
300
300

Pedestal
length
(mm)

Insulator
length
(mm)

Total bus bar
height
(mm)

(2)
4000
4000
4000
4000

(3)
1200
1700
2300
2700

(4)=(1)+(2)+(3)
5500
6000
6600
7000

Minimum safety
distance
(mm)
(5)
4700
5200
5600
6400

Maximum
permitted
sag
(mm)

Phase to
ground
distance
(mm)

(5)-(4)
800
800
1000
600

(6)
1124
1533
1942
2401

7.8.1.2 Determining the Maximum Elongation Demand
The maximum elongation demand must be established to cover all possible pairs of
interconnected equipment items; a maximum bound value is therefore sought. To do so, the
following approach is recommended:
1. Perform a survey within your utility of the fundamental frequencies of equipment for the
desired voltage level and determine the lower-bound value of frequency (denoted fL) that
would cover most equipment items. This value will be used in the next step to establish a
bound value of the maximum stand-alone displacement expected at that voltage level. It
is therefore important to determine this value such that it is representative of most
equipment items, while not necessarily being the lowest value found, as the
corresponding stand-alone displacement will generally increase as the fundamental
frequency decreases (see for example Fig. 6.11).This will lead to an overly conservative
estimate of the demand, considering the added conservatism inherent in the next steps.
2. Using fL and the required design spectrum, establish a bound value of the maximum
stand-alone displacement, xL, using Equation (6.9):
x L =1.62 ⋅ S d ( f L , ζ )

A 2% value of damping ζ is recommended. Note that Equation (6.9) covers 95% of
equipment surveyed as discussed earlier. This value is considered adequate, as it already
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introduces a high level of conservatism. Note also that the value of the stand-alone
displacement to use as input could be determined directly from the survey done in step 1 if
the stand-alone displacement is available with the fundamental frequency of the equipment
surveyed. However, the advantage of using the 1.62 factor is that it would cover most new
equipment that would be installed in the future.
3. Determine the elongation demand using Equation (6.16) with xL for xmax_1 and xmax_2.
eo = D =1.25 ⋅ x 2 max_1 + x 2 max_ 2 =1.25 ⋅ 2 ⋅ x L2 =1.77 ⋅ x L

(7.19)

The use of xL for both xmax_1 and xmax_2_ introduces conservatism in the elongation demand, as it
is unlikely that both interconnected equipment items share this value. A less conservative value
could be obtained by examining all possible combinations of equipment if a representative
database is available, and by choosing the combination producing the maximum demand. In such
a case, it is recommended to calculate the maximum elongation demand among those pairs using
the CQC method given by Equation (6.14) and the 1.25 factor above, which should diminish the
amount of conservatism.

7.8.1.3 Checking a Shape over a Range of Spans between Equipment
Using the elongation demand, the next step in establishing a standardized table is to check the
possibility of using a chosen shape over a desired range of spans between equipment. Note that
we use here the term span, since we will check the possibility of installing a configuration
between equipment at the standardized bus bar height on both sides. However, once this is done
for a given span, the configuration is valid for the same distance between equipment attachment
points in the case when they are not at the same height, as long as both heights are equal or
greater to the standardized bus bar height. Indeed, when equipment is not the same height, the
elongation demand used will be conservative, as discussed in Section 6.1.
The steps to establish the validity of a shape over a range of spans are the following:
1. Establish the minimum and maximum attachment point horizontal distances required for
the given voltage level—range of spans to cover; for example between 2 and 6 m.
2. Subdivide this range into a given number of increments, e.g., every 0.5 m: 2.0, 2.5, … 6
m.
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3. Establish the additional required length L2 for the chosen shape, and using Equation (7.1),
establish the required length for all spans in the range [note use Eq. (7.2) for the inverse
parabola shape]:
L0 = L1 + eo + L2

4. Calculate the equilibrium position for all spans in the range and check for clearance
requirements graphically. If there is still a margin of slack for some, it is recommended to
increase the length for them to use the available margin and to match the required
clearances as closely as possible. This has the advantages of adding additional flexibility
and conservatism in the design provided stability problems do not result.
5. For all spans that meet the clearances, check the flexibility over the elongation and the
stability under the climatic loading (wind and ice) selected for the area of application of
the table. The spans for which the flexibility and the stability criteria are met are the ones
that will be included in the table for that particular shape. Linear interpolation is to be
used for values of spans between tabulated values.

7.8.2

Example of a Standardized Design Table for Flexible Configurations

This example addresses the design of a standardized table for the four different shapes presented
in Figure 7.1 for a voltage level of 145 kV and a ground acceleration of 0.5 g, using a single
4000 kcmil conductor. We now present the different steps outlined above for the determination
of this table.

7.8.2.1 Basic Dimensions
The basic dimensions used here are the values of the standardized bus bar dimensions for 145 kV
presented in Table 7.15, and reproduced under and illustrated in Figure 7.43. The values that will
be used to check clearances are the maximum permitted sag of 800 mm and the phase to ground
distance of 1124 mm.

Voltage
level
(kV)
145

Foundation
height
from
ground
(mm)
(1)
300

Pedestal
length
(mm)

Insulator
length
(mm)

Total bus bar
height
(mm)

Minimum safety
distance
(mm)

Maximum
permitted
sag
(mm)

Phase to
ground
distance
(mm)

(2)
4000

(3)
1200

(4)=(1)+(2)+(3)
5500

(5)
4700

(5)-(4)
800

(6)
1124
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Phase to
ground
distance

1200

800

Maximum
permitted sag

1124
Minimum safety
distance

5500
4000

4700

300

Fig. 7.43 Bus bar dimensions for 145 kV standardized table example
7.8.2.2 Maximum Elongation Demand
We suppose here that a survey of equipment for the 145 kV voltage level led to the identification
of the lowest representative fundamental frequency of equipment as 1.25 Hz with a damping
value of 2%.
The corresponding spectral displacement Sd(1.25, 2%) from the 0.5g response spectrum
used is 8.72 cm. Using Equation (6.9) we obtain the maximum stand-alone displacement as
x L =1.62 ⋅ S d ( f L , ζ ) = 1.62 ⋅ 8.72 =14.12 cm

The elongation demand is given using Equation (7.19) as
eo = D =1.77 ⋅ x L = 1.77 ⋅ 14.12 = 25 cm

7.8.2.3 Verification of Shapes over a Range of Spans
The range of spans retained for the 145 kV voltage level is from 1.5 to 6.0 m, with intervals of
0.5 m. We will check the application of the four basic shapes from Figure 7.1, as discussed. The
calculations are identical to those presented in the case by case design examples earlier and will
not be repeated here for sake of brevity. The wind and ice loads considered are 6.35 mm of ice
(1/4 in.) with a concurrent wind of 48 km/h (30 mph). We will present only the final results,
illustrating when necessary the respect of clearances for the different shapes, assuming that they
meet all the other criteria.
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Configuration 1: Inverse Parabola
The required length Lo for this configuration is given by Equation (7.2). It was calculated that
this configuration remains stable under the application of the ice and wind loads from 1.5 to 4.5
m only. The corresponding length to use and the corresponding availability is presented in Table
7.16; it is observed that the availability for all spans is much greater than the demand of 25 cm,
since this configuration, as discussed earlier, requires more slack, as both attachment ends are at
90o. Since this configuration automatically meets all clearances, we will not plot the results here.
Table 7.16 Length and availability for inverse parabola configuration
Span (m)
Lo (m)
availability (m)

1.5
2.36
0.86

2.0
3.14
1.14

2.5
3.93
1.43

3.0
4.71
1.71

3.5
5.5
2.0

4.0
6.28
2.28

4.5
7.07
2.57

Configuration 2: Double Curvature
The required length Lo for this configuration is given by Equation (7.1), where the additional
provision for the conductor shape under consideration, L2, is chosen as 5 cm. Therefore, the
minimum amount of slack to add to the span L1 is 25 + 5 = 30 cm. Due to the 45o angle of
attachment at one end, it was found that clearances could be met while adding an additional
amount of slack from 2 to 5 cm for the spans considered, in order to maximize flexibility as
discussed earlier. However, it was established that this configuration can be applied only for
spans 2.5 m and longer, as it is not flexible enough for shorter spans. The corresponding lengths
and availability are presented in Table 7.17. Figure 7.44 presents the clearance requirements for
spans between 2.5 and 6.0 m.
Table 7.17 Length and availability for double-curvature configuration
Span (m)
Lo (m)
availability (m)

2.5
2.85
0.35

3.0
3.35
0.35

3.5
3.85
0.35

4.0
4.35
0.35
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4.5
4.85
0.35

5.0
5.35
0.35

5.5
5.85
0.35

6.0
6.32
0.32

Fig. 7.44 Double-curvature configurations for 145 kV standardized table example
Configuration 3: Triple Curvature
The required length Lo for this configuration is given by Equation (7.1), where the additional
provision for the conductor shape under consideration, L2, is chosen as 10 cm. Therefore, the
minimum amount of slack L1 is 25 + 5 = 35 cm. Due to the 45o angle of attachment at both ends,
it was found that clearances could be met while adding an additional amount of slack from 15 to
35 cm for the spans considered, in order to maximize flexibility as discussed earlier. It was found
that the greatest amount of added slack (35 cm) could be added to the shortest span (3.5 m) and
then decreased onwards. However, it was established that this configuration can only be applied
for spans 3.5 m or longer, as it is not sufficiently flexible for shorter spans. The corresponding
lengths and availability are presented in Table 7.18. Figure 7.45 presents the clearance
requirements between 3.5 and 6.0 m spans.
Table 7.18 Length and availability for triple-curvature configuration
Span (m)
Lo (m)
availability (m)

3.5
4.20
0.70

4.0
4.68
0.68

4.5
5.15
0.65

5.0
5.60
0.60

5.5
6.05
0.55

6.0
6.50
0.50

Fig. 7.45 Triple-curvature configurations for 145 kV standardized table example
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Configuration 4: Catenary
The required length Lo for this configuration is given by Equation (7.1), where the additional
provision for such shape, L2, is chosen here as 5 cm. Therefore, the minimum amount of slack L1
is 30 cm. It was found that in order to meet clearances, this configuration could be applied only
between 2.5 and 5.0 m spans. At 2.5 m, a slight violation in the phase to ground distance is
observed. Nevertheless, this span is retained because usually the attachment point is not directly
under the phase to ground origin, since the connection hardware length takes the conductor away
from this point. The corresponding lengths and availability are presented in Table 7.19. Figure
7.46 presents the clearances required for spans between 2.5 to 5.0 m.
Table 7.19 Length and availability for catenary configuration
Span (m)
Lo (m)
availability (m)

2.5
2.80
0.30

3.0
3.30
0.30

3.5
3.80
0.30

4.0
4.30
0.30

4.5
4.80
0.30

5.0
5.30
0.30

Fig. 7.46 Catenary configurations for 145 kV standardized table example
7.8.2.4 Final Standardized Table
The final standardized table made from all the possible configurations between spans from 1.5 to
6.0 is shown in Table 7.20. This table gives, for the straight-line distance L1 between attachment
points at 0.5 m intervals, the conductor length Lo to use according to the different shapes. For
intermediate values of L1 between tabulated values, a linear interpolation is recommended to get
the required value of Lo. The specified notes under the table are recommended to make sure such
a table is used according to the assumptions from which it was built.
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Table 7.20 Standardized table for 145 kV example
L1 (m)
Lo (m)—inverse parabola
Lo (m)—double curvature
Lo (m)—triple curvature
Lo (m)—catenary

1.5
2.36
n/a
n/a
n/a

2.0
3.14
n/a
n/a
n/a

2.5
3.93
2.85
n/a
2.80

3.0
4.71
3.35
n/a
3.30

3.5
5.50
3.85
4.20
3.80

4.0
6.28
4.35
4.68
4.30

4.5
7.07
4.85
5.15
4.80

5.0
n/a
53.5
5.60
5.30

5.5
n/a
5.85
6.05
n/a

6.0
n/a
6.32
6.50
n/a

Notes:
1. Before using this table, make sure that
a. all equipment fundamental frequencies are greater than or equal to 1.25 Hz,
b. all equipment attachment points from the ground are higher than or equal to 5.500 m,
c. all equipment insulator (vertical) lengths are greater than or equal to 1.200 m.
2. For the inverse parabola, if a vertical difference H exists between attachment points, add
this value to the length specified in the table [see Eq. (7.2)].

7.9

INSTALLATION OF FLEXIBLE BUSWORK

We provide here general guidance regarding the installation of flexible buswork. Typically, each
utility has its own procedure. The general steps to install a flexible buswork are
1. Calculate and cut the required length of the conductor, LC, consisting of the required
length between the attachment points as specified in this guide (free conductor length Lo)
plus an additional length for the sections inside the connection hardware used (Lc1 and
Lc2) as illustrated in Figure 7.47:
(7.20)

LC = Lo + Lc1 + Lc 2

Lc1

Lc2

L1
H

L

Lo

Fig. 7.47 Geometry to determine length to cut for flexible connections
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2. It is recommended to attach hose clamps at the boundaries of the free conductor length so
that the installation in the connection hardware will be done correctly. It is also
recommended to use hose clamps on the extremities of the required length before cutting
the cable from the conductor roll to prevent “bird caging” at or near the extremities.
Proper care must be exercised to minimize manipulation on the conductor that may cause
permanent deformation (e.g., kinks).
3. It is recommended to attach the conductor to the connection hardware on the ground
before lifting the configuration to install between the equipment. It is also recommended
to form the conductor according to the assumed shape sideways on the ground before
attaching it to the hardware (e.g., forming an inverse parabola shape). If more than one
conductor will be used with spacer(s), it is also recommended to attach the conductors
together while resting sideways on the ground. The attachment of the conductor in the
hardware should be done according to the hardware manufacturer’s specifications (e.g.,
required bolted torque).
4. The next step is to lift the configuration from the ground and bolt the attachment
hardware to the equipment terminals. The support of a crane is recommended to hold the
configuration while bolting the hardware to the terminals.
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8

Seismic Design of Rigid Buswork

As an alternative to flexible buses, rigid buses may be used to interconnect substation equipment.
This section discusses their seismic design in order to minimize the adverse interaction effect
between the interconnected equipment.

8.1

INTRODUCTION

8.1.1

General Description of Rigid Bus Connections

Rigid bus connections are usually made from a rigid conductor, as used in bus bar structures,
connected at one end by a flexible connector to accommodate thermal expansion effects. An
example is shown in Figure 8.1.

Fig. 8.1 Rigid bus with flexible connector (Filiatrault et al. 1999)
Different types of flexible connectors are commercially available. A common one is the
flexible strap connector made of an assemblage of thin flat layers of conducting material (Fig.
8.2); another is the slider connector, which consists of a plunger connected by cables to the

receiving end that connects to the rigid conductor (Fig. 8.3). Custom-made flexible connectors
can also be designed, such as the one made from three short cables, as shown in Figure 8.4.

(a)

Rigid Bus (4" dia. SPS, Aluminum)

(b)

(c)

Fig. 8.2 Flexible strap connectors (Song et al. 2006)

Fig. 8.3 Slider connectors (Song et al. 2006)
The main advantages of rigid bus conductors with a flexible connectors are
•

Not having a sag, they easily meet required electrical clearances, thus requiring no
verification on this aspect as opposed to flexible bus conductors.

•

They provide a relatively high resistance and are therefore stable against transverse loads
such as wind and short-circuit, as well as their own weight and ice in the downward
direction, as long as the flexible connector has sufficient rigidity.

•

The flexible connector may dissipate energy during a seismic event, depending on its
construction and the amplitude of motion, and thus may increase the effective damping of
the coupled interconnected equipment items.
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•

Depending on their dynamic properties, as well as those of the interconnected equipment
and the seismic input, rigid bus conductors with flexible connectors may effectively
uncouple the interconnected equipment.

Fig. 8.4 Custom-made BPA flexible connector (Courtesy of Leon Kempner, Bonneville
Power Administration)
The main disadvantages of rigid bus conductors are that
•

depending on their construction, they may have limited capacity for differential
displacement. Therefore, they generally are not well suited to accommodate large
differential displacements that may occur with low-frequency equipment and high
amplitude of ground motion.

•

they may abruptly stiffen or become blocked, as with the slider connector when the
plunger part ejects due to a displacement beyond its depth, or when all slack is used up in
a flexible strap connector.

•

under certain conditions they may significantly amplify the response of the higherfrequency equipment item as compared to its stand-alone response.

•

under certain conditions, they can significantly alter the frequencies of the coupled
equipment items as compared to their stand-alone frequencies.

•

under high-intensity ground motion, the flexible connector may deform permanently and
may need to be replaced afterwards.
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8.1.2

Design Principles of Rigid Bus Conductors

The seismic design of a rigid bus conductor is considerably different from that of a flexible bus
conductor. The latter essentially requires the provision of sufficient slack to accommodate the
expected differential displacement while meeting clearance and stability requirements under
operational loads. Under such conditions, the interaction effect between interconnected
components with flexible bus can be taken into account by specifying a design force applied at
the terminals, and the dynamics of the coupled system then need not be explicitly considered.
This simple approach, however, may lead to overly conservative designs in some cases.
Even though some of the same general principles apply to the design rigid bus (e.g.,
providing enough slack or flexibility), it has been shown that significant dynamic interaction can
take place between interconnected components, often resulting in amplified response of the
higher-frequency equipment in a pair, as compared to stand-alone response. Since clearance
requirements are often automatically met with rigid buses, and since stability to operational loads
is also not a critical issue due to the inherent high rigidity to lateral loads, the design of a rigid
bus essentially amounts to choosing the flexible connector properties such that the effect of
interaction between the interconnected components is acceptably small. It has been shown that to
adequately evaluate this effect, the dynamics of the coupled system must be considered. To do so,
the rigid bus–flexible connector properties must be determined beforehand, as they are critical in
the evaluation of the interaction effect.

8.1.3

Available Methods to Evaluate the Interaction Effect

The effect of interaction between equipment connected with rigid bus conductors may be
determined either experimentally or through analytical and/or numerical means.
Experimental evaluation consists of exciting a pair of interconnected equipment items (or
equivalent dummy items) with a given rigid bus connection on a shake table under a given
seismic motion, and assessing if the response of the components is within design specifications.
Such an approach is, however, costly and may lead to damaging the equipment items and/or the
flexible connector itself, or may require repeated testing using different types of flexible
connectors until a satisfactory performance is attained. Examples of such tests are given in
references (Filiatrault et al. 1999; Strakel et al. 1998; Stearns and Filiatrault 2005) that provide
representative examples of the possible behaviors of some of the different types of rigid bus
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conductors discussed earlier. These experiments also validated the predicted behavior obtained
through analytical/numerical methods as discussed below.
Analytical and/or numerical methods consist of modeling the coupled equipment-rigid
bus system behavior and assessing the interaction effect through simulations. Due to the
nonlinear behavior of most flexible connectors, the rigid bus–flexible connector assembly in
general has a nonlinear response under dynamic action. Therefore, to obtain reliable predictions
of the interaction effect, it is essential that an accurate model of the flexible connector is
developed. Such a model can be developed by fitting to hysteresis loops developed under cyclic
tests, or by finite element modeling. Der Kiureghian et al. (2000) and Hong (2003) include
comparisons of hysteresis loops for flexible strap connectors obtained by cyclic testing and by
finite elements, showing close agreement between the two methods. However, analytical
methods have the considerable advantage of permitting easy and economical studies of the
interaction effect, including parameter variations to explore the importance of various factors.
Song et al. (2006) present an in-depth description of the available analytical/numerical methods,
along with practical guidelines and examples. It is beyond the scope of this guide to describe in
detail such methods, since some of them are quite complex. However, for the sake of the
practicing engineer in an office setting, we present below an approximate and simplified method
accounting for the nonlinear behavior of the rigid bus conductor, which provides results
comparable to those obtained from the more complex methods mentioned above.

8.2

DETERMINATION OF RIGID BUS CONNECTION PROPERTIES

In order to assess the seismic performance of a system of equipment items interconnected by a
rigid bus/flexible connector, using the analytical method described below, the behavior of the
bus under cyclic loading must first be determined. This behavior may be determined either
experimentally or numerically through modeling and simulations.

8.2.1

Experimental Determination

Experimental determination of rigid bus/flexible connector properties consists of obtaining the
load-displacement curve of the connection under quasi-static cyclic tests. The ATC-24 loading
protocol (or an adaptation of it) is recommended to perform the quasi-static tests on rigid bus
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assemblies. This protocol consists of stepwise increase of displacement cycles, as illustrated in
Figure 8.5.

δ1 = δy
δo

Fig. 8.5 ATC-24 test protocol
The loading history is defined by the following parameters:
δ0

is an initial displacement amplitude below yielding;

δy

is the yield displacement across the connector ;

δj= δy+(j-1)Δ is the peak displacement across the connector in load step j (j≥1);
nj

is the number of cycles to be performed in load step j;

Δ

is the increment in peak displacement between two consecutive steps.
As seen in the figure, the applied displacements δj consist of multiples of the increment Δ,

which can be expressed in terms of the displacement ductility factor μ, defined as
μ=

δ
δy

(8.1)

The yield displacement, δy, is somewhat arbitrary for flexible connectors, as the transition from
the linear behavior to the plastic behavior of the connector can vary greatly depending on the
actual connector properties. The value of δy is therefore chosen to obtain a representative value
such that many load steps will be used in the elongation range of interest. In Filiatrault et al.
(1999), the yield displacement was obtained by assuming that the yield took place at an
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elongation of 0.2 %, while in Stearns and Filiatrault (2005), an arbitrary value of 1 in. was used.
Some connectors do exhibit a sharp bilinear behavior. One example is the slider connector,
which effectively “yields” once the friction force is overcome, and returns to elastic behavior
when the direction of cyclic displacement is reversed. An example of a load-displacement curve
obtained through such experiments is presented in Figure 8.6. It is observed that the behavior is
hysteretic, typical of the behavior of flexible connectors that dissipate energy due to plastic
deformation, geometric nonlinearities, contact, and friction. We will describe in Section 8.3 how
the properties required for the analysis method presented in this guide can be extracted from such
curves.
Load-displacement curves for rigid bus/flexible connectors that, to our knowledge, are
available at this time are listed in Table 8.1 with the corresponding references.

Fig. 8.6

Load displacement response of a spring connector at different ductility levels
(Filiatrault et al. 1999)

Table 8.1 Available load-displacement curves for rigid bus flexible connector
Connector
PG&E Part 30-2021
PG&E Part 30-2022
PG&E Part 30-2023
PG&E Part 30-4462
Custom S-FSC
Improved from PG&E Part 30-4462
SEFCOR WRLA290-1272-4B-60

Type
Flexible strap
Flexible strap
Flexible strap
Bus Slider
Flexible strap (S-shape)
Bus slider
Assembly of two 1272 kcmil rope lay
aluminum conductors formed in an
inverse parabola shape on a short
span
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Reference
Filiatrault et al. 1999; Stearns and
Filiatrault 2005.

Stearns and Filiatrault 2005.

8.2.2

Numerical Determination

The load-displacement curves for a flexible connector can also be determined through numerical
modeling. A nonlinear finite element model can be used, and it was found in Der Kiureghian et
al. (2000) that the finite element analysis provided accurate estimates of the hysteretic behavior,
as compared to experimental results, if material inelasticity and large deformation effects were
properly accounted for. Once the finite element model is verified for a particular type of
connector, it can be used to accurately predict the hysteretic behavior of similar connectors that
are moderately different in shape, size, or material properties, thus avoiding costly experiments.
Such models can be used in nonlinear finite element dynamic analysis of interconnected
equipment as well. A global modeling of the connector behavior can also be obtained by fitting
the results of tests or finite element analysis to analytical hysteresis models, such as the BoucWen and bilinear models. Such analytical models then permit investigation of the interaction
effect by nonlinear random vibration analysis; Figure 8.13 shows a comparison between a global
analytical model and the results from experiments. However, for the purpose of the method
described below, only the modeling of the hysteretic load-displacement curve is needed. Since it
is beyond the scope of this guide to describe how to model connectors, as the procedure requires
somewhat elaborate modeling techniques, the reader is referred to Der Kiureghian et al. (2000)
and Song et al. (2006, 2007) for details and examples of how to establish representative models.

8.3

EVALUATION OF INTERACTION BETWEEN EQUIPMENT CONNECTED BY
RIGID BUS USING SIMPLIFIED ANALYSIS METHODS

8.3.1

Basic Assumptions

The following basic assumptions are made regarding the analysis of equipment interconnected
by rigid bus:
•

The behavior of individual equipment items is linear and approximated by a unique
displacement shape, corresponding to their first cantilever bending mode (or an
approximation of it). As discussed in Section 6.2, this assumption is realistic for
cantilever-type equipment, and attention must be paid to other types in order to identify
the representative displacement shape. Song et al. (2007) also give further details on the
recommended displacement shape to use.
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•

The rigid connection transmits only a longitudinal force to the interconnected equipment.
In practice some connections may also transfer torsional or bending moments, such as
exemplified in the experiments presented in Filiatrault et al. (1999). These connections
also transmit lateral loads as well. However, the influence of these additional loads on the
interaction effect is insignificant.

•

We consider only seismic motion in the longitudinal direction of the rigid bus connection
and the effects of motions in the other orthogonal directions are neglected. Due to the
flexibility of the rigid bus/flexible connector in directions orthogonal to its axis, dynamic
interaction in these directions is not expected to be significant.

•

Since the material presented below and developed so far is only for a pair of
interconnected equipment items, we assume that the results obtained are valid for a series
of interconnected equipment items with rigid buses as long as the interaction in each pair
is within the acceptable design boundaries.

8.3.2

Seismic Interaction in Linearly Connected Equipment

To derive the basic understanding necessary for the analysis of the interaction effect, we first
consider the interaction between components connected by a linear rigid bus connection. By a
linear rigid bus connection we assume that
•

the force-elongation curve of the connection is linear for the entire range of motion;

•

the damping of the connection is described by a linear viscous model, i.e., the damping
force is proportional to the velocity.

We consider a system consisting of two equipment items connected by a rigid bus fitted with a
flexible connector (a RB–FC assembly) that is subjected to a given base motion (Fig. 8.7). The
RB–FC assembly is assumed to behave linearly and have negligible mass, constant stiffness k0 in
the axial direction, and viscous damping coefficient c0. The equipment items are idealized as
generalized SDOF systems (Section 6.2.2) with natural circular frequencies ω1=2πf1 and
ω2=2πf2; effective masses m1 and m2; viscous damping coefficients c1=2ζ1ω1m1 and c2=2ζ2ω2m2,
where ζ1 and ζ2 are the corresponding damping ratios; effective equipment stiffnesses k1= m1
(ω1)2 and k2= m2 (ω2)2, and participation factors (Section 6.2.4) α1 and α2. Without loss of
generality we assume that ω1 ≤ ω2, i.e., that the frequency of equipment 1 is lower than that of
equipment 2.
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(a) Two equipment items connected by a RB–FC assembly
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(b) Idealized model of the connected system

Fig. 8.7 Model of two equipment items connected by a linear RB–FC
Expressions for the modal properties of the 2-DOF interconnected equipment system in
terms of the above parameters have been derived in Der Kiureghian et al. (1999). The modal
frequencies of the interconnected system, F1 and F2, are obtained from their corresponding
circular frequencies Ω1 and Ω2:
Ω1 = 2πF1 =

a − a 2 − 4b
2

(8.2)

Ω 2 = 2πF2 =

a + a 2 − 4b
2

(8.3)

where

(

)


k0  2
k0  m1 2 m2 2 
 ω1 + ω22 +

a = 1 +
ω1 +
ω2 
k1 + k2  m2
m1
 k1 + k2 


k0
2k 0  2 2
ω1 ω2 +
b = 1 +

k1 + k 2
 k1 + k 2 

 m1 4 m2 4 
 ω1 +
ω2 
m
m1
 2


(8.4)
(8.5)

It can be verified that in general ω1 ≤ Ω1 ≤ ω2 ≤ Ω 2 i.e., the first modal frequency of the connected
system is bounded by the frequencies of the stand-alone equipment items, while the second
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modal frequency is always greater than both stand-alone equipment frequencies. This results
because by attaching the RB–FC, we have “stiffened” the system consisting of the two standalone equipment items. The mode shapes of the connected system (normalized to have a unit
value at the attachment point of equipment item 1) are given by
1 1 
Φ=

φ1 φ2 

(8.6)

where
φi =

Ωi2 − ω12 m1
,
ω22 − Ωi2 m2

(8.7)

i = 1, 2

The mode shapes associated with the interconnected system frequencies F1 and F2 are,
respectively, the first and second columns in Equation (8.6). The first line of each column gives
the displacement of equipment item 1, while the second line gives the displacement of equipment
item 2. As stated above, these mode shapes are normalized such that the displacement of
equipment item 1 is a unit value, so the values for equipment item 2 ( φ1 , φ2 ) are relative to this
unit displacement.
The connected system in general is nonclassically damped. However, it has been shown
in Der Kiureghian et al. (2001) that a good approximation is obtained by neglecting the offdiagonal elements of the modal damping matrix. The result is that effective modal damping
ratios of the interconnected equipment system, Z1 and Z2, are given by
Ζi =

c0 + c1 − 2c0φi + (c0 + c2 )φi2

(

2Ω i m1 + m2φi2

)

,

(8.8)

i = 1, 2

With the modal properties known, the response spectrum method can be used to determine the
responses of the equipment items in the connected system. Using the CQC combination rule, the
maximum displacement responses of the interconnected equipment items j = 1 (lower-frequency
equipment item) and j = 2 (higher-frequency equipment item) are given by
x max, j = A2j ,1S d2 ( F1 , Z1 ) + 2 ρA j ,1 A j ,2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A2j ,2 S d2 ( F2 , Z 2 ) ,

j = 1, 2

(8.9)

with ρ the modal correlation coefficient given by
ρ=

8 rΖ1Ζ 2 ( rΖ1 + Ζ 2 ) r
2 2

(1 − r ) + 4r ( rΖ1 + Ζ 2 )( rΖ 2 + Ζ1 )

where r = F1 / F2 is the ratio of the modal frequencies.
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(8.10)

In the above expressions, Sd(Fj, Zj) is the spectral displacement for frequency Fj and
damping ratio Zj of equipment items j. Aj,i are the effective modal participation factors of
equipment items j in the interconnected system and are given by
Equipment 1
A1,i =

α1m1 + α 2 m2φi
,
m1 + m2φi2

i = 1, 2

(8.11)

Equipment 2
 α m + α 2 m2φi
A2,i =  1 1
2
 m1 + m2φi


φi ,



i = 1, 2

(8.12)

To understand the effect of interaction between equipment items, we study the ratios of the
maximum equipment responses in the connected system to the corresponding equipment
responses in their stand-alone configurations. The latter, as derived in Section 6.2.2.2, are given
by
xmax,0 j = α j Sd ( f j , ζ j ),

j = 1, 2

(8.13)

Shown in Figure 8.8 are the ratios of the maximum responses of the equipment items in
the connected system to their corresponding stand-alone responses:
xmax, j / xmax,0 j ,

j = 1,2

(8.14)

These are plotted as a function of the ratio of equipment frequencies ω1/ω2 = f1/f2 for selected
values of the system parameters as noted in the caption of the figure. The IEEE 693 response
spectrum for the moderate level (Fig. 4.4) is used.
A value greater than one for the ratio of responses implies that the seismic demand on the
equipment item is amplified in account of the interaction effect; conversely, a value smaller than
one indicates that the interaction tends to reduce the seismic demand on the equipment.
The following important observations can be made from Figure 8.8:
•

On account of the dynamic interaction effect, the seismic demand on the lower-frequency
equipment (equipment 1) is reduced relative to the demand in its stand-alone
configuration, while the seismic demand on the higher-frequency equipment (equipment
2) is amplified compared to the demand in its stand-alone configuration. This is because
the higher-frequency equipment item tends to act as an “anchor” for the lower-frequency
equipment. The amplification in the seismic demand of the higher-frequency equipment
item increases with increasing separation between the two frequencies, i.e., decreasing
ω1/ω2, and with increasing stiffness of the RB–FC, i.e., increasing value of the ratio
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k 0 /(k1 + k 2 ) . The amplification in the seismic demand of the higher-frequency equipment

item can be as large as a factor of 4 or even higher.
•

For ω1=ω2, provided α1= α2, no interaction occurs. The condition α1= α2 implies that the
equipment items have similar mass distributions and attachment configurations. In that
case, when the equipment frequencies are identical, the two equipment items displace in
phase, the RB–FC is not deformed and, hence, no interaction occurs.

Fig. 8.8

Influence of dynamic interaction on seismic demand of low-frequency (left) and
high-frequency (right) equipment items. Parameter values are f 2 = ω2 / 2π = 10 Hz,
m1 / m2 = 2 , ζ 1 = ζ 2 = 0.02 , α1 = α 2 = 1 , and c0 = 0 .

Additional parametric studies reported in Der Kiureghian et al. (2001) show that the
interaction effect is not significantly influenced by the shape of the response spectrum (or the
locations of the equipment frequencies within the spectrum) and the damping ratios of the
individual equipment items. However, the interaction effect is significantly influenced by the
ratio of equipment masses, the damping of the RB–FC, and the relative magnitudes of the
participation factors α1 and α2 of the two equipment items. Figures 8.9–8.11 show the influences
of these parameters on the amplification of the seismic demand on the higher-frequency
equipment item.
It can be seen from these figures that the seismic demand on the higher-frequency
equipment item increases with
•

increasing mass of the lower-frequency equipment item (more mass to be “anchored” by
the higher-frequency equipment),

•

decreasing damping of the RB–FC (less energy dissipation), and
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•

decreasing α2 relative to α1 (attachment configuration less favorable to the highfrequency equipment).

It is evident from the above analysis that the dynamic interaction between interconnected
equipment adversely affects the high-frequency equipment item. While the benefit gained from
the interaction for the low-frequency equipment cannot be exploited (since the equipment can be
disconnected at the time of the earthquake event), the enhanced seismic demand on the highfrequency equipment must be addressed. This is done by increasing the required intensity of the
support motion for the qualification of the equipment. The present section permits determining
an approximation of the required amplification factor to be used in the qualification of the
higher-frequency equipment under the assumption that the equipment items are interconnected
by a linear rigid bus–flexible connector. The equations in this section can be used to derive
graphs for any set of properties not addressed by the presented graphs.

Fig. 8.9

Influence of ratio of equipment masses on the seismic demand of high-frequency
equipment. Parameter values are f 2 = ω2 / 2π = 10 Hz, k0 /( k1 + k 2 ) = 0.2 , ζ 1 = ζ 2 = 0.02 ,
α1 = α 2 = 1 , and c 0 = 0 .
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Fig. 8.10 Influence of damping of RB–FC on the seismic demand of high-frequency
equipment. Parameter values are f 2 = ω2 / 2π = 10 Hz, k0 /( k1 + k 2 ) = 0.2 , m1 / m2 = 2 ,
ζ 1 = ζ 2 = 0.02 , and α1 = α 2 = 1 .

Fig. 8.11 Influence of participation factors on the seismic demand of high-frequency
equipment. Parameter values are f 2 = ω2 / 2π = 10 Hz, k0 /( k1 + k 2 ) = 0.2 , m1 / m2 = 2 ,
ζ 1 = ζ 2 = 0.02 , and c0 = 0 .
8.3.3

Deformation of the Rigid Bus–Flexible Connector (RB–FC)

In addition to determining the amplification of the higher-frequency equipment as discussed
above, it is important in the design to assess the deformation of the rigid bus–flexible connector.
It is indeed necessary to check this deformation to determine if the adopted linear assumption is
realistic and, subsequently, to determine if the applied deformation would in practice be
permitted without stretching the connection beyond its limits, likely generating large impact
forces. Contrary to the flexible connection case when the ratio of demand to availability, β,
155

provided a good measure for design purposes, the elongation demand for a rigid bus–flexible
connector cannot generally be well approximated using only the stand-alone displacements of the
equipment items. This is because the frequencies of the two equipment items are substantially
modified due to the coupling from the rigid bus connection. This is illustrated in what follows.
When the two equipment items are not connected, the maximum differential
displacement (or elongation demand) can be determined in the manner described in Section 6.3,
using either the SRSS method [Eq. (6.13) or (6.16)] or the CQC method [Eq. (6.14) or (6.17)].
For the sake of simplicity in the discussion that follows, we will make use of only the CQC
method without the multiplication factor of 1.25 as used in Equation (6.17), so that we will be
working with the mean value of the maximum differential displacement. Therefore, when the
two equipment items are detached, the maximum differential displacement between them is
given by Equation (6.14), which we repeat here for the sake of convenience:
2
2
Δxmax,0 = xmax,
01 − 2 ⋅ ρ ⋅ xmax,01 ⋅ xmax,02 + xmax,02

where xmax,0j, j = 1,2 are the maximum equipment displacements in their stand-alone
configurations given by Equation (8.13) and ρ is the correlation coefficient between the two
responses given by Equation (6.15) using the stand-alone frequencies and damping ratios.
As an example, for two equipment items with frequencies f1=2 Hz and f2=5 Hz, with
damping ratios ζ1=ζ2=0.02 and with modal participation factors α1=α2=1, one obtains using the
IEEE 693 response spectrum for the moderate level (at the performance level): xmax,01=0.101 m,
xmax,02= 0.016 m and Δmax,0=0.102 m.
In the connected system, the elongation demand (or maximum deformation) experienced
by the RB–FC is obtained from the CQC modal combination rule as
Δxmax = A12 ⋅ Sd2 ( F1 , Z1 ) + 2 ⋅ ρ ⋅ A1 ⋅ A2 ⋅ Sd ( F1, Z1 ) ⋅ Sd ( F2 , Z 2 ) + A22 ⋅ Sd2 ( F2 , Z 2 )

(8.15)

where Ai are the effective modal participation factors for the differential displacement given by
 α m + α 2 m2φi
Ai =  1 1
2
 m1 + m2φi


 (φi − 1),



i = 1, 2

(8.16)

and ρ is the cross-modal correlation coefficient given by Equation (8.10) using the
interconnected system modal frequencies F1, F2 with damping ratios Z1, Z2. As expected, Δxmax is
a fraction of the differential displacement between the stand-alone equipment items Δmax,0, as
discussed at the beginning of this section. The fraction depends on the stiffness of the RB–FC
and other parameters that influence the dynamic interaction between the two equipment items.
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As an example, if the two equipment items described earlier have the mass ratio m1/m2=2
and are connected with an RB–FC having the stiffness ratio k0 /(k1 + k2 ) = 0.2 , from Equation
(8.15) one obtains Δxmax=0.054m, so that Δxmax/Δxmax,0 = 0.528.
Figure 8.12 shows the ratio Δxmax/Δxmax,0 as a function of the ratio of equipment
frequencies for selected values of the ratio of stiffnesses k0 /(k1 + k2 ) . It is observed that as the
stiffness ratio k0 /( k1 + k2 ) increases (i.e., the RB–FSC becomes stiffer), the ratio Δxmax/Δxmax,0
decreases over the entire range of the ratio of frequencies.

Fig. 8.12 Deformation of the RB–FC relative to the differential displacement between
stand-alone equipment items. Parameter values are f 2 = ω2 / 2π = 10 Hz, m1 / m2 = 2 ,
ζ 1 = ζ 2 = 0.02 , α1 = α 2 = 1 and c0 = 0 .
8.3.4

Simplified Method to Analyze Interaction due to Nonlinear Rigid Bus Connections

Most flexible connectors used in practice with rigid buses exhibit inelastic behavior as they
deform under earthquake load. Figure 8.13 shows the hysteresis loops of two flexible connectors
under cyclic tests reported in Filiatrault et al. (1999) and Stearns and Filiatrault (2005). It is
noted that significant inelastic action can occur even with a few centimeters of displacement.
This inelastic deformation has two beneficial effects: (a) softening of the flexible connector,
thereby reducing the adverse interaction effect on the high-frequency equipment and (b)
dissipation of energy due to hysteretic effect, thereby reducing the overall response. These
beneficial effects tend to increase with increasing intensity of the ground motion; therefore,
neglecting these effects is conservative. On the other hand, inelastic action may permanently
deform the flexible connector and, hence, retooling of the connector after each earthquake may
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be necessary. Furthermore, the connector should be properly designed to allow the desired
inelastic deformation to take place; otherwise large impact forces could be generated.
To investigate the effect of inelastic behavior on the seismic demand of the highfrequency equipment, the methods of nonlinear random vibration can be used as detailed in Song
et al. (2006, 2007). In this reference, charts for the amplification factor xmax,2/xmax,02 (ratio of the
responses of the high-frequency equipment item in the connected and stand-alone
configurations) have been developed for different sets of equipment properties, which can be
used to estimate the required enhancement of the seismic demand on the equipment. Here, we
suggest a simpler method based on response spectrum analysis and the formulations described in
the preceding two clauses. The approach uses iterative calculations based on equivalent linear
properties of the flexible connector.

(a) Flexible Strap Connector

(b) Slider Connector

Fig. 8.13 Hysteretic behavior of two FCs under quasi-static tests (Song et al. 2006)
It is well known that the amount of energy dissipated in a linear viscous damper in one
harmonic cycle of amplitude Δx and frequency ω is
E D = π ⋅ c0 ⋅ ω ⋅ Δ x 2

(8.17)

where c0 is the damping coefficient (Chopra 2006).
For an inelastic RB–FC, we determine the equivalent viscous damping coefficient c0 by
equating the dissipated energy ED by the area enclosed by the force-deformation diagram of the
RB–FC for a hysteresis loop having the amplitude Δx. Two parameters need to be determined in
establishing this equivalence: the amplitude Δx, and the frequency ω. From the response
spectrum analysis, we have the mean maximum deformation of the RB–FC in the connected
system as Δxmax from Equation (8.15). This is the mean of the maximum value over the entire
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duration of the earthquake. Most cycles experienced by the RB–FC have amplitudes smaller than
this maximum value. If we assume that the deformation response is a narrow-band, zero-mean
Gaussian process, the local peak deformations have the Rayleigh distribution (Lutes and Sarkani
2004) with mean E[Δx ] = π / 2 σ x and mean square value E[Δx 2 ] = 2σ x2 , where σx is the standard
deviation of the process. The latter is related to the maximum response through
σ x = Δxmax / p where p is a peak factor that can be approximately set to 2 (Der Kiureghian 1980).

Thus, the expected amplitude of a cycle is
E [ Δx ] = π / 8 ⋅ Δxmax

(8.18)

2
E [ Δx 2 ] = Δxmax
/2

(8.19)

and its mean square is

As for the second parameter, the frequency ω, we note that the deformation of the RB–FC in the
connected system is dominated by the first mode response. Hence, ω=Ω1 is used [Eq. (8.2)].
Thus, the expected value of the dissipated energy is
2
E D = π ⋅ c0 ⋅ Ω1 ⋅ Δxmax
/2

(8.20)

If AE[ Δx ] denotes the area enclosed by the hysteresis loop of amplitude E[Δx], the equivalent
viscous damping coefficient is computed by setting AE [ Δx ] = ED as
c0 =

2 ⋅ AE [ Δx ]
2
π ⋅ Ω1 ⋅ Δxmax

(8.21)

We also need to determine an equivalent stiffness k0 of the RB–FC. The hysteresis loops in
Figure 8.13 clearly show softening of the RB–FC as the deformation increases. As an equivalent
stiffness, we recommend using the “peak-to-peak” stiffness, as illustrated in Figure 8.14.

Fig. 8.14 Definition of equivalent stiffness of RB–FC
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From the results presented in the preceding section, it is clear that the parameters Ω1 and

Δxmax are functions of the system properties, including the equivalent stiffness k0 and the
damping coefficient c0. As shown above, for a nonlinear connector the equivalent values of the
latter parameters depend on the differential displacement Δxmax as well as the shape of the
hysteresis loop. Therefore, an iterative scheme must be used to compute these values, and the
following procedure is recommended:
1. For the selected design response spectrum, use Equation (8.13) to compute the maximum
displacements xmax,01 and xmax,02 of the stand-alone equipment items relative to the
ground, and Equation (6.14) to compute the maximum differential displacement Δxmax,0
between the stand-alone equipment items.
2. Make an estimate of the maximum deformation Δxmax of the RB–FC in the connected
system as a fraction of Δxmax,0. Figure 8.12 is useful for this purpose. As a rough estimate,

Δxmax=0.5·xmax,0 may be used.
3. Check the hysteresis loop (or the specifications of the flexible connector) to make sure
that the value Δxmax can be accommodated by the flexible connector without abrupt
stiffening. If this is not the case and the estimate of Δxmax is accurate, then a new flexible
connector needs to be chosen and this step needs to be repeated.
4. Estimate the expected local peak E[Δx] using Equation (8.18) and determine the
corresponding peak-to-peak equivalent stiffness k0 from the hysteresis loop, as
exemplified in Figure 8.14 from either the experimental cyclic curve of the flexible
connector or its numerical equivalent (see Song et al. 2006). Also compute the
corresponding area, AE[ Δx ] , of the hysteresis loop.
5. Use Equations (8.2)–(8.5), to compute the undamped modal frequencies Ω1 and Ω2 of the
equivalent linearly connected system. Also compute the mode shapes from Equation 8.7.
These calculations involve the estimated equivalent linear stiffness, k0.
6. Compute the equivalent viscous damping coefficient of the RB–FC c0 using Equation
(8.21). Using this value in Equation (8.8), compute the modal damping ratios of the
equivalent linearly connected system Zi, i =1,2.
7. With the modal properties of the equivalent system known, use Equation (8.15) to
compute a new estimate for the maximum deformation of the RB–FC, Δxmax. If this
estimate is significantly different than from the last estimate, return to step 3 for a new
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iteration cycle. Repeat these calculations until convergence in the computed value of

Δxmax is achieved.
8. With the converged value of Δxmax, use Equation (8.9) to compute the response xmax,2 of
the higher-frequency equipment in the connected system. The ratio xmax,2/xmax,02
represents the amplification in the seismic demand of the higher-frequency equipment
item due to the effect of interaction between the two equipment items, approximately
accounting for the nonlinear behavior of the connector. To safeguard against the adverse
effect of interaction, the higher-frequency equipment item must be qualified for the
design response spectrum amplified by this factor. If the amplification is too high,
another flexible connector should be chosen as an alternative with enhanced structural
properties that dissipate more energy and/or exhibit less stiffening; the procedure above
from step 3 then needs to be repeated to evaluate the new corresponding amplification
until a satisfactory design is attained.

8.4

RIGID BUS CONNECTION DESIGN: EXAMPLE 1

Consider two equipment items having frequencies f1 =1 Hz and f2 = 5 Hz, damping ratios

ζ1=ζ2=0.02, modal participation factors α1=α2=1, and masses m1=500 kg and m2=200 kg. The
corresponding stiffnesses of the equipment items are
k1 = ω12m1 = (2π ×1) 2 × 500 = 19,740 N/m

and
k2 = ω22m2 = (2π × 5)2 × 200 = 197,400 N/m.

The corresponding viscous damping coefficients are

c1=2ζ1ω1m1 = 2·0.02·2π·1·500=126 Ns/m
and

c2=2ζ2ω2m2 = 2·0.02·2π·5·200=251 Ns/m
Suppose the equipment items are connected by an RB fitted with a flexible strap
connector of the type shown in Figure 8.2b that has the hysteresis behavior shown in Figure
8.13a. The initial stiffness of this RB–FC is 35,600 N/m. We use the IEEE 693 response
spectrum (Fig. 4.4) with PGA=0.5g.
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8.4.1

Linear Analysis

Linear analysis6 (Section 8.3.2) with the initial stiffness and using c0=0 (i.e., no damping in the
RB–FC) results in the amplification factor xmax,2/xmax,02=2.07 for the higher-frequency equipment

item.

8.4.2

Nonlinear Analysis

In the following, we use the iterative scheme described above to obtain a more accurate
estimation of the amplification factor by accounting for the inelastic behavior of the RB–FC.
Step 1
We calculate the stand-alone displacement of the equipment items, followed by the maximum
differential displacement between them. From Equation (8.13) we calculate
xmax,01 = α1Sd ( f1, ζ 1 ) =1 ⋅ Sd (1 Hz,0.02) =1 ⋅ 0.368 = 0.368 m

and
xmax,02 = α 2 Sd ( f 2 , ζ 2 ) =1 ⋅ Sd (5 Hz,0.02) =1 ⋅ 0.0161 = 0.0161m

From Equation (6.14) we calculate
2
2
2
2
Δxmax,0 = xmax,
01 − 2 ⋅ ρ ⋅ xmax,01 ⋅ xmax,02 + xmax,02 = 0.368 − 2 ⋅ 0 ⋅ 0.368 ⋅ 0.0161 + 0.0161 ≅ 0.368 m

The correlation coefficient ρ, which when calculated precisely from Equation (8.10) is 3.725 x
10-4, is here estimated to zero, since the frequencies of the equipment items are spaced by more
than 20%. It is observed that the differential displacement is basically equal to the displacement
of the lower-frequency equipment, since it is about 20 times larger than the one from the higherfrequency item.
Step 2
As an initial estimate of the maximum deformation in the RB–FC, we use 60% of Δxmax,0:

Δxmax=0.6·xmax,0 = 0.6·0.368 = 0.221 m.
Step 3: Iteration 1
We calculate the expected local peak amplitude using Equation (8.18) as
6

We will present a more detailed linear analysis in the next example. However, the nonlinear analysis as exemplified in the following is basically
a series of linear analyses.
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E [ Δx ] = π / 8 ⋅ Δxmax = 0.626 ⋅ 0.221 = 0.138 m .

For this peak deformation, using the hysteresis loop in Figure 8.13a, the peak-to-peak equivalent
stiffness is estimated as
k 0 = 17,510 N/m

and the area of the corresponding loop is estimated as

AE[ Δx ] = 500 Nm.
Step 4
We calculate the modal frequencies of the equivalent linearly connected system. From Equations
(8.4) and (8.5) we first obtain the constants a and b using the stiffness ratio k0 /( k1 + k 2 ) =
17,510/(19,740+197,400) = 0.085:

(

)


k0  2
k0
 ω1 + ω22 +
a = 1 +

k
+
k
k
1 + k2
1
2 


 m1 2 m2 2 


 m ω1 + m ω2  =
1

 2
(1 + 0.081) ⋅ (2π ) 2 + (10π ) 2 + 0.081 ⋅  500 ⋅ (2π ) 2 + 200 ⋅ (10π ) 2  =1,149
500
 200


(

)


k0
2k 0  2 2
ω1 ω2 +
b = 1 +

k1 + k 2
 k1 + k 2 

 m1 4 m2 4 


 m ω1 + m ω2  =
1

 2
(1 + 2 ⋅ 0.081) ⋅ (2π ) 2 ⋅ (10π ) 2 + 0.081 ⋅  500 ⋅ (2π ) 4 + 200 ⋅ (10π ) 4  = 76,983
500
 200


(

)

We then obtain the circular natural frequencies using Equations (8.2) and (8.3):
Ω1 = 2πF1 =

1149 − 1149 2 − 4 ⋅ 76983
a − a 2 − 4b
=
= 8.452 rad/s
2
2

Ω2 = 2πF2 =

1149 + 1149 2 − 4 ⋅ 76983
a + a 2 − 4b
=
= 32.83 rad/s
2
2

and

from which we obtain the modal frequencies of the linearly connected system:
F1 =

Ω1 8.452
=
= 1.35 Hz
2π
2π

and
F2 =

Ω 2 32.83
=
= 5.22 Hz
2π
2π

Note that these frequencies are higher than the frequencies of the stand-alone equipment items.
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Step 5
We calculate the equivalent viscous damping ratio using Equation (8.21):
2 ⋅ AE[ Δx ]

c0 =

2
π ⋅ Ω1 ⋅ Δxmax

=

2 ⋅ 500

π ⋅ 8.452 ⋅ 0.2212

= 769 Ns/m .

To obtain the modal damping ratios of the connected system Zi, we first calculate the mode shape
factors φ1 and φ2 using Equation (8.7):
φ1 =

Ω12 − ω12 m1 8.452 2 − ( 2π ) 2 500
=
⋅
= 0.0873
ω22 − Ω12 m2 (10π )2 − 8.4522 200

φ2 =

Ω 22 − ω12 m1 32.832 − (2π ) 2 500
=
⋅
= − 28.6
ω22 − Ω 22 m2 (10π ) 2 − 32.832 200

The modal damping ratios of the connected system are obtained using Equation (8.8):
Ζ1 =

c0 + c1 − 2c0φ1 + (c0 + c2 )φ12 769 + 126 − 2 ⋅ 769 ⋅ 0.0873 + (769 + 251) ⋅ 0.08732
=
= 0.0906
2Ω1 m1 + m2φ12
2 ⋅ 8.452 ⋅ (500 + 200 ⋅ 0.08732 )

Ζ2 =

(

)

c0 + c1 − 2c0φ2 + (c0 + c2 )φ22 769 + 126 − 2 ⋅ 769 ⋅ −28.6 + (769 + 251) ⋅ 28.62
=
= 0.0816
2Ω 2 m1 + m2φ22
2 ⋅ 32.83 ⋅ (500 + 200 ⋅ 28.62 )

(

)

These damping ratios are much higher than the modal damping ratios of the stand-alone
equipment items due to the inelastic action in the RB–FC.
Step 6
We calculate now a new estimate of the maximum deformation in the RB–FC. To do so we first
calculate the spectral displacements of the connected system using the values of F1, F2, and Z1,

Z2 in the IEEE 693 response spectrum (see IEEE 2005 for calculation of the spectrum values
using any value of damping) for PGA=0.5g. We obtain
Sd (1.35 Hz,0.083) = 0.139 m

and
Sd (5.22 Hz,0.072) = 0.00959 m

Next we calculate the effective modal participation factors for the differential displacement using
Equation (8.16):
 α m + α 2m2φ1 
1 ⋅ 500 + 1 ⋅ 200 ⋅ 0.0873 
 (φ1 − 1) = 
A1 =  1 1
⋅ (0.0873 − 1) = − 0.942
2
2 

φ
m
+
m
 500 + 200 ⋅ 0.0873 
1
2 1



and
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 α m + α 2m2φ2 
1 ⋅ 500 + 1 ⋅ 200 ⋅ −28.6 
 (φ2 − 1) = 
A2 =  1 1
 ⋅ ( −28.6 − 1) = 0.942
2
2

 500 + 200 ⋅ 28.6

 m1 + m2φ2 

The new estimate for the maximum deformation is obtained using Equation (8.15):
Δxmax =

A12 ⋅ Sd2 ( F1, Z1 ) + 2 ⋅ ρ ⋅ A1 ⋅ A2 ⋅ Sd ( F1, Z1 ) ⋅ Sd ( F2 , Z 2 ) + A22 ⋅ Sd2 ( F2 , Z 2 )

= 0.942 2 ⋅ 0.1392 + 2 ⋅ 0.011 ⋅ −0.942 ⋅ 0.942 ⋅ 0.139 ⋅ 0.00959 + 0.9422 ⋅ 0.00959 2 = 0.131 m

The correlation coefficient ρ has been calculated equal to 0.011.
It is observed that the first iteration produced an estimate of the maximum deformation,
0.131 m, significantly different from the initial estimate of 0.221 m. We therefore need to repeat
the calculations from step 3 until convergence is attained, i.e., until the difference between the
two iterations is small. A summary of these calculations is presented in Table 8.2. It is also
observed that the converged deformation of the flexible connector, 0.0868 m, is easily within its
maximum capacity, which is over 0.4 m, as also seen in Figure 8.13.
Table 8.2 Summary of iterations for rigid bus design example 1
Quantity
E[⌬x] (m)
k0 (N/m)
AE[x] (Nm)
F1(Hz)
F2 (Hz)
c0 (Ns/m)
Z1
Z2
Sd(F1, Z1) (m)
Sd(F2, Z2) (m)
A1
A2
Δxmax (m)

Source
Equation (8.18)
Hysteresis loop
Hysteresis loop
Equation (8.2)
Equation (8.3)
Equation (8.21)
Equation (8.8)
Equation (8.8)
Response spectrum
Response spectrum
Equation (8.16)
Equation (8.16)
Equation (8.15)

Iteration 1
0.138
17510
499
1.35
5.22
769
0.0906
0.0816
0.139
0.00959
-0.942
0.942
0.131

Iteration 2
0.082
25590
271
1.46
5.33
1095
0.105
0.108
0.111
0.00822
-0.914
0.914
0.101

Iteration 3
0.064
31880
191
1.54
5.41
1220
0.105
0.118
0.100
0.00767
-0.892
0.892
0.0896

Iteration 4
0.056
34710
152
1.57
5.45
1216
0.0985
0.118
0.0893
0.00758
-0.882
0.882
0.0868

Next, using the modal properties of the converged linearized system, the responses of the
two equipment items are obtained. We first evaluate the correlation coefficient ρ using Equation
(8.10) with r=F1/F2=1.57/5.45=0.29:
ρ=

8 rΖ1Ζ 2 ( rΖ 2 + Ζ 2 ) r
2 2

(1 − r ) + 4r ( rΖ1 + Ζ 2 )( rΖ 2 + Ζ1 )

=

8 0.29 ⋅ 0.104 ⋅ 0.118 ⋅ (0.29 ⋅ 0.104 + 0.118)0.29
= 0.0227
(1 − 0.292 ) 2 + 4 ⋅ 0.29 ⋅ (0.29 ⋅ 0.104 + 0.118)(0.29 ⋅ 0.118 + 0.104)

The modal participation factors in the interconnected system are given by Equations
(8.11)–(8.12); we calculated beforehand the mode shape factors φ1 and φ2 using Equation (8.7)
as φ1=0.163 and φ2=−15.3.
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Equipment 1
α1m1 + α 2m2φi
,
i = 1, 2
m1 + m2φi2
α m + α 2m2φ1 1 ⋅ 500 + 1 ⋅ 200 ⋅ 0.163
=
= 1.05
A1,1 = 1 1
500 + 200 ⋅ 0.1632
m1 + m2φ12
α m + α 2m2φ2 1 ⋅ 500 + 1 ⋅ 200 ⋅ −15.3
=
= −0.0541
A1,2 = 1 1
500 + 200 ⋅ 15.32
m1 + m2φ22

A1,i =

Equipment 2
 α m + α 2m2φi 
φi ,
A2,i =  1 1
2

 m1 + m2φi 

i = 1, 2

 α m + α 2m2φ1 
1 ⋅ 500 + 1 ⋅ 200 ⋅ 0.163 
φ1 = 
⋅ 0.163 = 0.172
A2,1 =  1 1
2
2 

 500 + 200 ⋅ 0.163 
 m1 + m2φ1 
 α m + α 2m2φ2 
1 ⋅ 500 + 1 ⋅ 200 ⋅ −15.3 
φ2 = 
A2,2 =  1 1
 ⋅ −15.3 = 0.828
2
2

+
m
m
φ
 500 + 200 ⋅ 15.3

1
2 2



The required spectral displacements are extracted from the IEEE 693 response spectrum:
Sd (1.57 Hz,0.099) = 0.0983 m

and
Sd (5.45Hz,0.118) = 0.0758 m

Using the results above, we can now evaluate the maximum displacement of each equipment
item in its interconnected configuration, using Equation (8.9):
xmax, j = A2j ,1S d2 ( F1 , Z1 ) + 2ρA j ,1 Aj , 2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A2j , 2 S d2 ( F2 , Z 2 ) ,

j = 1, 2

xmax,1 = A12,1S d2 ( F1 , Z1 ) + 2ρA1,1 A1, 2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A12, 2 S d2 ( F2 , Z 2 )
= 1.052 ⋅ 0.09832 + 2 ⋅ 0.0227 ⋅ 1.05 ⋅ −0.0541 ⋅ 0.0983 ⋅ 0.00758 + 0.05412 ⋅ 0.007582 = 0.104 m
xmax,2 = A22,1S d2 ( F1 , Z1 ) + 2ρA2,1 A2, 2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A22, 2 S d2 ( F2 , Z 2 )
= 0.1722 ⋅ 0.09832 + 2 ⋅ 0.0227 ⋅ 0.172 ⋅ 0.828 ⋅ 0.0983 ⋅ 0.00758 + 0.8282 ⋅ 0.007582 = 0.0182 m

The response amplifications of the two equipment items in their interconnected configuration,
under the assumption that the connector has the equivalent linear properties, are therefore:
xmax,1 / xmax,01 = 0.104/ 0.368= 0.282
xmax,2 / xmax,02 = 0.0182/ 0.0161= 1.13

It is observed that the response of the lower-frequency item is strongly de-amplified, while the
response of the higher-frequency item is slightly amplified by the presence of the rigid
bus/flexible connector. Based on the above analysis, the higher-frequency equipment item needs
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to withstand a base motion that is 13% higher than the design ground motion used in stand-alone
qualification.
It is also noted that the amplification obtained of 1.13 with the nonlinear analysis above is
much lower than the value of 2.07 obtained under linear analysis, thus exemplifying the value of
nonlinear analysis when the flexible connector has a hysteretic behavior, such as the one used in
this example.
A detailed analysis as above may not always be necessary, e.g., when the interaction
effect is small, as in many situations, or when the higher-frequency equipment item has
significant reserve capacity. Charts in references Song et al. 2006, 2007) can be used to
determine if the interaction effect needs special consideration.

8.5

RIGID BUS CONNECTION DESIGN: EXAMPLE 2

We consider here the same equipment items as in the flexible connection design example 1,
Section 7.5, i.e., a 230 kV CVT (equipment item 1) interconnected with a 230 kV disconnect
switch (equipment item 2). Suppose the items are connected by an RB fitted with a slider bus
connector that has the hysteresis behavior shown in Figure 8.13b. In what follows, we use the
properties of the bilinear model for this connector established in Song et al. (2006). This slider
bus connector has a maximum stroke of +/− 12.7 cm (+/− 5 in.) and, preferably, its course should
remain within +/− 10.2 cm to (+/− 4 in.) to avoid departure from the bilinear model at higher
amplitudes (Stearns and Filiatrault 2005). We use the IEEE 693 response spectrum (Fig. 4.4)
with PGA=0.5g.
The two equipment items have frequencies f1=1.8 Hz and f2= 2.2 Hz, damping ratios

ζ1=ζ2=0.02, modal participation factors α1=α2=1.62 (estimated), and masses m1=1050 kg and
m2=932 kg. The corresponding stiffnesses are
k1 = ω12m1 = (2π ×1.8)2 ×1050 = 134,306 N / m

and
k2 = ω22m2 = (2π × 2.2)2 × 932=178,082 N / m .

The corresponding viscous damping coefficients are

c1=2ζ1ω1m1 = 2·0.02·2π·1.8·1050=475 Ns/m
and

c2=2ζ2ω2m2 = 2·0.02·2π·2.2·932=515 Ns/m.
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8.5.1

Linear Analysis

We first perform a linear analysis as per Section 8.3.2 using c0 = 0 (i.e., no damping in the RB–
FC) and assuming that the linearized stiffness of the slider bus connector is equal to its postyielding stiffness (i.e., after friction is overcome), equal to 7.71 kN/m (Song et al. 2006).
The stand-alone displacements of the equipment items have already been evaluated in
Section 7.5 and are equal to
xmax,01 = 0.201 m

and
xmax,02 = 0.135 m

To obtain the displacements in the interconnected system, we first calculate the frequencies of
the interconnected system as follows. From Equations (8.4) and (8.5) we first obtain the
constants a and b using the stiffness ratio:
k0 /( k1 + k 2 ) = 7710 /(134306 + 178082) = 0.025

(

)


k0  2
k0  m1 2 m2 2 

 ω1 + ω22 +
a = 1 +
ω1 +
ω2  =
k1 + k2  m2
m1

 k1 + k2 
1050
932

(1 + 0.025) ⋅ (2π ⋅ 1.8)2 + (2π ⋅ 2.2)2 + 0.025 ⋅ 
⋅ ( 2π ⋅ 1.8) 2 +
⋅ (2π ⋅ 2.2) 2  = 335
1050
 932


(

)


2 k0  2 2
k0  m1 4 m2 4 
 ω1 +
ω1 ω2 +
ω2  =
b = 1 +
k
+
k
k
m1 
1 + k 2  m2
1
2 

(1 + 2 ⋅ 0.025) ⋅ (2π ⋅ 1.8) 2 ⋅ (2π ⋅ 2.2)2 + 0.025 ⋅  1050 ⋅ (2π ⋅ 1.8)4 + 932 ⋅ (2π ⋅ 2.2)4  = 26,902
1050
 932


(

)

We then obtain the circular natural frequencies using Equations (8.2) and (8.3):
Ω1 = 2πF1 =

a − a 2 − 4b
335 − 3352 − 4 ⋅ 26933
=
= 11.59 rad/s
2
2

Ω 2 = 2πF2 =

a + a 2 − 4b
335 + 3352 − 4 ⋅ 26933
=
=14.15 rad/s
2
2

and

from which we obtain the modal frequencies of the linearly connected system:
F1 =

Ω1 11.58
=
= 1.84 Hz
2π
2π

and
F2 =

Ω 2 14.15
=
= 2.25 Hz
2π
2π
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It is observed that the frequencies of the interconnected system are only slightly higher than the
stand-alone frequencies, since the stiffness ratio k0 /(k1 + k2 ) =0.025 is relatively small here.
To evaluate the required effective modal damping ratios, we need to evaluate the mode
shape factors φ1 and φ2 using Equation (8.7):
φ1 =

Ω12 − ω12 m1 11.592 − ( 2π ⋅ 1.8) 2 1050
=
⋅
= 0.127
ω22 − Ω12 m2 ( 2π ⋅ 2.2) 2 − 11.592 932

φ2 =

Ω 22 − ω12 m1 14.152 − ( 2π ⋅ 1.8) 2 1050
=
⋅
= − 8.86
ω22 − Ω22 m2 (2π ⋅ 2.2) 2 − 14.152 932

The modal damping ratios of the connected system are obtained using Equation (8.8):
Ζ1 =

c0 + c1 − 2c0φ1 + (c0 + c2 )φ12 0 + 475 − 2 ⋅ 0 ⋅ 0.133 + (0 + 515) ⋅ 0.1272
=
= 0.0196
2Ω1 m1 + m2φ12
2 ⋅ 11.59 ⋅ (1050 + 932 ⋅ 0.1272 )

Ζ2 =

c0 + c1 − 2c0φ2 + (c0 + c2 )φ22 0 + 475 − 2 ⋅ 0 ⋅ −8.86 + (0 + 515) ⋅ 8.862
=
= 0.0195
2Ω 2 m1 + m2φ22
2 ⋅ 14.15 ⋅ (1050 + 932 ⋅ 8.862 )

(

)

(

)

The modal participation factors in the interconnected system are given by Equations (8.11)–
(8.12):

Equipment 1
α1m1 + α 2m2φi
i = 1, 2
,
m1 + m2φi2
α m + α 2m2φ1 1.62 ⋅ 1050 + 1.62 ⋅ 932 ⋅ 0.127
A1,1 = 1 1
=
= 1.78
m1 + m2φ12
1050 + 932 ⋅ 0.1272
α m + α 2 m2φ2 1.62 ⋅ 1050 + 1.62 ⋅ 932 ⋅ −8.86
A1,2 = 1 1
=
= −0.157
m1 + m2φ22
1050 + 932 ⋅ 8.862
A1,i =

Equipment 2
 α m + α 2m2φi 
φi ,
A2,i =  1 1
2

 m1 + m2φi 

i = 1, 2

 α m + α 2m2φ1 
1.62 ⋅ 1050 + 1.62 ⋅ 932 ⋅ 0.127 
φ1 = 
A2,1 =  1 1
 ⋅ 0.127 = 0.226
2

1050 + 932 ⋅ 0.127 2


 m1 + m2φ1 
 α m + α 2m2φ2 
1.62 ⋅ 1050 + 1.62 ⋅ 932 ⋅ −8.86 
φ2 = 
A2,2 =  1 1
 ⋅ −8.86 = 1.39
2

1050 + 932 ⋅ 8.862


 m1 + m2φ2 

The required modal correlation coefficient is given by Equation (8.10) with r=F1/F2 =
1.84/2.25=0.819:
ρ=

8 rΖ1Ζ 2 ( rΖ1 + Ζ 2 ) r 3 / 2
(1 − r 2 ) 2 + 4r ( rΖ1 + Ζ 2 )( rΖ 2 + Ζ1 )

=

8 0.819 ⋅ 0.0196 ⋅ 0.0195 ⋅ (0.819 ⋅ 0.0196 + 0.0195) ⋅ 0.8193 / 2
= 0.0365
(1 − 0.819 2 ) 2 + 4 ⋅ 0.819 ⋅ (0.819 ⋅ 0.0196 + 0.0195)(0.819 ⋅ 0.0195 + 0.0196)

The required spectral displacements are extracted from the IEEE 693 response spectrum:
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S d (1.84 Hz,0.0196) = 0.119 m

and
Sd ( 2.25Hz,0.0195) = 0.0798 m

Using the results above and Equation (8.9), we can now evaluate the maximum displacement of
each equipment item in its interconnected configuration:
xmax, j =

A2j ,1Sd2 ( F1, Z1 ) + 2 ρA j ,1 A j ,2 Sd ( F1 , Z1 ) Sd ( F2 , Z 2 ) + A2j ,2 Sd2 ( F2 , Z 2 ) ,

xmax,1 =

A12,1Sd2 ( F1, Z1 ) + 2 ρA1,1 A1,2 Sd ( F1, Z1 ) Sd ( F2 , Z 2 ) + A12,2 Sd2 ( F2 , Z 2 )

j = 1, 2

= 1.782 ⋅ 0.1192 + 2 ⋅ 0.0365 ⋅ 1.78 ⋅ −0.157 ⋅ 0.119 ⋅ 0.0798 + 0.1572 ⋅ 0.07982 = 0.211m
xmax,2 = A22,1Sd2 ( F1, Z1 ) + 2 ρA2,1 A2,2 Sd ( F1, Z1 ) Sd ( F2 , Z 2 ) + A22,2 Sd2 ( F2 , Z 2 )
= 0.2262 ⋅ 0.119 2 + 2 ⋅ 0.0365 ⋅ 0.226 ⋅ 1.39 ⋅ 0.119 ⋅ 0.0798 + 1.392 ⋅ 0.07982 = 0.115 m

The amplification factors of the two equipment items in their interconnected configuration, under
the assumption that the connector is linear without damping, are therefore
xmax,1 / xmax,01 = 0.211/ 0.201=1.05
xmax,2 / xmax,02 = 0.115/ 0.135= 0.857

We observe here that the low-frequency equipment is slightly amplified, while the higherfrequency equipment is de-amplified. (There is a slight error in these results due to the neglect of
non-classical damping effects. This is the reason for the slight amplification of the lowerfrequency equipment item response and de-amplification of the higher-frequency equipment item
response. This effect, however, is insignificant from a practical standpoint.)
We now obtain the deformation of the connector in the connected system under the linear
assumption, without damping. We calculate first the effective modal participation factors for the
differential displacement using Equation (8.16):
 α m + α 2m2φ1 
1.62 ⋅ 1050 + 1.62 ⋅ 932 ⋅ 0.127 
 (φ1 − 1) = 
A1 =  1 1
 ⋅ (0.127 − 1) = − 1.55
2

1050 + 932 ⋅ 0.1272


 m1 + m2φ1 

and
 α m + α 2m2φ2 
1.62 ⋅ 1050 + 1.62 ⋅ 932 ⋅ −8.86 
 (φ2 − 1) = 
A2 =  1 1
 ⋅ ( −8.86 − 1) =1.55
2

m
+
m
1050 + 932 ⋅ 8.862
φ


1
2 2



The estimate for the maximum deformation is obtained using Equation (8.15):
Δxmax = A12 ⋅ Sd2 ( F1, Z1 ) + 2 ⋅ ρ ⋅ A1 ⋅ A2 ⋅ Sd ( F1, Z1 ) ⋅ Sd ( F2 , Z 2 ) + A22 ⋅ Sd2 ( F2 , Z 2 )
= 1.552 ⋅ 0.119 2 + 2 ⋅ 0.0365 ⋅ −1.55 ⋅ 1.55 ⋅ 0.119 ⋅ 0.0198 + 1.552 ⋅ 0.07982 = 0.218 m
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8.5.2

Nonlinear Analysis

In the following, we use the iterative scheme described earlier to obtain a more accurate
estimation of the amplification factor by accounting for the inelastic behavior of the rigid
bus/slider connector. We use for ko the peak-to-peak stiffness as defined in Figure 8.14, based on
the maximum deformation in the rigid bus/slider connector. As an initial estimate of this
quantity, we use 60% of the value of the deformation in the connected system under the linear
assumption without damping obtained above: Δxmax=0.60· Δxmax = 0.6·0.218 = 0.131 m.
Since most of the calculations are similar to the ones presented in the linear analysis (as
well as in the preceding example), only a summary of the results is presented in Table 8.3. The
values of ko and AE[x] are estimated from the hysteresis loop in Figure 8.13b.
Table 8.3 Summary of iterations for rigid bus design example 2
Quantity
E[⌬x] (m)
k0 (N/m)
AE[x] (Nm)
F1(Hz)
F2 (Hz)
c0 (Ns/m)
Z1
Z2
Sd(F1, Z1) (m)
Sd(F2, Z2) (m)
A1
A2
Δxmax (m)

Source
Equation (8.18)
constant
Hysteresis loop
Equation (8.2)
Equation (8.3)
Equation (8.21)
Equation (8.8)
Equation (8.8)
Response spectrum
Response spectrum
Equation (8.16)
Equation (8.16)
Equation (8.15)

Iteration 1
0.0821
11.5e3
65.5
1.86
2.28
207.7
0.0249
0.0294
0.110
0.0699
-1.49
1.49
0.188

Iteration 2
0.118
10.4e3
94.0
1.86
2.27
145.1
0.0235
0.0263
0.112
0.0726
-1.51
1.51
0.196

Iteration 3
0.123
10.3e3
98.0
1.86
2.27
139.2
0.0233
0.0260
0.112
0.0728
-1.51
1.51
0.197

It is observed that the initial estimate was of Δxmax=0.131 m was too low, as we
converged afterwards to the value of 0.197 for the maximum deformation in the connector. This
is lower than the value assumed without damping (0.218 m). This is understandable because the
actual damping of the slider bus connector (which arises only from friction) is small if we
compare the value of co here with the values obtained in the previous example with the flexible
connector undergoing inelastic deformation. This can also be seen by comparing the areas in the
hysteresis loops in Figure 8.13(a)–(b). For this reason the values of the damping ratios in the
connected system, Z1=0.0233 and Z2=0.0260, are only slightly higher than those of the standalone equipment items (ζ1,2 = 0.02). We also observe that the maximum deformation of 0.197 m
is within the acceptable range permitted for this connector.
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Next, using the modal properties of the converged linearized system, the responses of the
two equipment items are obtained. We first evaluate the correlation coefficient ρ using Equation
(8.10) with r=F1/F2=1.86/2.27=0.819 and Z1=0.0233 and Z2=0.0260:
ρ=
=

8 rΖ1 Ζ 2 (rΖ1 + Ζ 2 )r
2 2

(1 − r ) + 4r (rΖ1 + Ζ 2 )(rΖ 2 + Ζ1 )
8 0.819 ⋅ 0.0233 ⋅ 0.0260 ⋅ (0.819 ⋅ 0.0.0233 + 0.0.02260)0.819
2 2

(1 − 0.819 ) + 4 ⋅ 0.819 ⋅ (0.819 ⋅ 0.0.0233 + 0.0.0260)(0.819 ⋅ 0.0.0260 + 0.0.0233)

= 0.0562

The modal participation factors in the interconnected system are different than those obtained
during the linear analysis, as we note that the value of k0 was changed in the nonlinear analysis.
The required spectral displacements are extracted from the IEEE 693 response spectrum:
S d (1.86 Hz,0.0233) = 0.112 m

and
S d (2.27 Hz,0.0260) = 0.0728 m

Using the results above, we can now evaluate the maximum displacement of each equipment
item in its interconnected configuration, using Equation (8.9):
x max, j = A 2j ,1 S d2 ( F1 , Z1 ) + 2 ρA j ,1 A j , 2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A 2j , 2 S d2 ( F2 , Z 2 ) ,

j = 1, 2

x max,1 = A12,1 S d2 ( F1 , Z1 ) + 2 ρA1,1 A1, 2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A12, 2 S d2 ( F2 , Z 2 )
= 1.82 2 ⋅ 0.112 2 + 2 ⋅ 0.0562 ⋅ 1.82 ⋅ −0.195 ⋅ 0.112 ⋅ 0.0728 + 0.195 2 ⋅ 0.0728 2 = 0.203 m
x max,2 = A22,1 S d2 ( F1 , Z1 ) + 2 ρA2,1 A2, 2 S d ( F1 , Z1 ) S d ( F2 , Z 2 ) + A22, 2 S d2 ( F2 , Z 2 )
= 0.302 2 ⋅ 0.112 2 + 2 ⋅ 0.0562 ⋅ 0.302 ⋅ 1.32 ⋅ 0.112 ⋅ 0.0728 + 1.32 2 ⋅ 0.0728 2 = 0.104 m

The amplification of both equipment items in their interconnected configuration with damping is
therefore:
xmax,1 / xmax,01 = 0.203/ 0.201= 1.01
xmax,2 / xmax,02 = 0.104/ 0.135= 0.770

As with the linear analysis above, we observe that the low-frequency equipment is slightly
amplified, while the higher-frequency equipment is de-amplified. Therefore, we can conclude
that the rigid bus/slider connector has little influence on the responses of the two equipment
items. This example also shows that the interaction effect does not always result in the
amplification of the higher-frequency item.
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9

Other Considerations

9.1

CONSIDERATIONS OF INTEREST IN OTHER STANDARDS

IEEE Std 1527 (IEEE 2006) discusses the following other considerations that might be of
interest to the users of this guide:
•

type of material to use: copper versus aluminum

•

corona losses

•

current-carrying capacity

•

fault conditions

•

connection hardware

IEEE Std 605 (IEEE 2008) discusses the following that may also be of interest:
•

field bending of rigid conductors

•

bolted connections

•

loads on bus structure including short-circuit force calculations for rigid and flexible
connections

•

maximum allowable spans for rigid buses

•

induced vibrations and vibration attenuation

IEEE Std 693 (IEEE 2005) discusses the following that may also be of interest:
•

analysis and testing methods for seismic qualification

•

seismic performance criteria for electrical substation equipment

ASCE Manual No. 113 (ASCE 2008) discusses the following that may also be of interest:
•

design of substation structures

•

terminal connection loads for electrical equipment

•

wind and ice loads

•

deflection criteria

9.2

BIRD CAGING OF FLEXIBLE CONDUCTORS

Bird caging, or basketing, of flexible conductors is the unraveling or untwisting of outer and
inner strands. It can be caused by the following:
•

minimum bending radius violated

•

ends being twisted opposite to direction of lay angle

•

overloading of conductors due to exceptional ice or wind loads

Although not desirable, bird caging has not been found to be a cause of concern for substation
operation, except at the 500 kV voltage level and up, where it can cause corona discharges. Bird
caging is often present to some degree in most installations, as it may be induced during
installation or over time from wind and other operational loads. It may be prevented by
reinforcing the ends of the conductor near the attachment points using clamps and/or stiffeners,
as shown in Figure 9.1.

Fig. 9.1 Clamps used to prevent bird caging
9.3

PREVENTION OF CLEARANCE VIOLATION WITH FLEXIBLE BUS USING
RIGID BUS EXTENSIONS

As discussed in Section 3.1.2, a flexible bus must meet clearance requirements. As seen, the
required slack may sometimes lead to phase to ground violation when terminal loads are
horizontal. One way shown in this guide to prevent this is to use other configurations with


terminal ends at 45 or 90 upward. Whenever possible, an alternative method is to extend the

rigid bus past the center line of the support in the case of connections to rigid bus sections. In the
case of equipment, a hybrid connection made of a short section of a rigid bus connected on one
end to the terminal and on the other to a flexible bus spanning the remaining distance to the next
equipment item may be a valid design as well. However, extension by rigid bus reduces the
flexible bus length, since the span is shorter, and may thus reduce the available slack in the
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conductor. Also, this may transfer additional bending moment to the base of the insulator, as
compared to a flexible bus attached directly at the terminal pad.
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Appendix A: General Design Tree for Flexible
Connection from IEEE Std 15272006

Start Design Process

For a pair of interconnected equipment: determine individual stand-alone equipment displacement (Equations (1) to (6)
or from seismic qualification reports) and calculate minimum required slack (Equation (7)) as per Clause 4.

Determine Voltage class and current rating of the buswork

Is the current rating of the
buswork > 3000 A ?

Yes

See Clause 6
No

Determine conductor size, number of conductors and material required. See Clause 7 and Tables B.3 & B.4 for
guidance if your organization does not have a standard regarding conductors to use as per current rating. See Clause
9 if bundled conductors required.

Check the other considerations which must be taken into account (Clause 10)

Do these additional
considerations change the size
and/or numbers of the
conductors required?

Yes

No
Determine electrical clearances requirement

Determine a preliminary conductor configuration (see Clauses 5 & 11 and Figure C.7) to meet clearances and other requirements and
to accommodate minimum required slack determined above. Estimate final conductor length required (Equation (8)).

Determine mechanical properties of conductors (Clause 8), determine configuration geometry
as would be installed (Clause 11) and evaluate flexibility (Clause 11).

No

Are you able to meet
clearances with enough
flexibility?

Yes
Design process complete!

Note: Not shown in this Figure from IEEE-1527 is the need to check terminal pad connection capacities in regards to the estimated
terminal loads.

A-2

Appendix B: FEAP Input Files for Flexible
Configuration Examples

Example of stability of inverse parabola of 6 m — Newton-Raphson equilibrium method

B-2

Example of stability of inverse parabola of 6 m — Arc length equilibrium method

B-3

B-4

Example 1: Calculation of equilibrium position

B-5

Example 1: Calculation of elongation curve under cyclic displacement of +/- 0.297 m

B-6

Example 1: Calculation of equilibrium position under 45 mm radial ice

B-7

Example 1: Calculation of equilibrium position under a 160 km/hr wind

B-8

Example 2, trial 1: Calculation of equilibrium position

B-9

Example 2, trial 2: Calculation of equilibrium position

B - 10

Example 2, trial 3: Calculation of equilibrium position

B - 11

Example 2, trial 3: Calculation of elongation curve under cyclic displacement of +/- 0.748 m

B - 12

Example 2, trial 3: Calculation of equilibrium position under a 90 km/hr wind

B - 13

Example 3, trial 1: Calculation of equilibrium position

B - 14

Example 3, trial 2: Calculation of equilibrium position

B - 15

Example 3, trial 2: Calculation of elongation curve under cyclic displacement of +/- 0.397 m

B - 16

Example 3, trial 2: Calculation of equilibrium position under a 48 km/hr wind and 6.35
mm radial ice

B - 17
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