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THE MECHANICAL EFFECTS OF SHORT-CIRCUIT CURRENTS
IN OPEN AIR SUBSTATIONS

An updated revision of the CIGRE brochure of 1987

PREFACE

This revision of the earlier CIGRE brochure,
published in 1987 by Study Committee 23,
Working Group 23-02, has been written by task
force ESCC (Effects of Short-Circuit Currents) of
the present CIGRE Working Group 23-11.

Although the text is based on the former
brochure, some parts of which explicitly remain
unchanged, other sections have been fully
modified, and others canceled because they are
no longer relevant.

Up-to-date knowledge on short-circuit mechani-
cal effects in open-air substations has logically
increased in the last ten years, so that new
simplified and advanced methods can now be
used with a larger range of applications and
better efficiency.

This knowledge will be published in CIGRE in
several steps :

* this first step is a full revision of the former
brochure, with an updated simplified
method. This document supports under-
standing of the present IEC (TC 73) 865-1.
Also new recommendations have been
detailed for uprating, refurbishment and new
design of open-air substations.

* together with this document, another CIGRE
brochure is being published, detailing more
than 40 experimental tests, including data
and oscillogramms of measured results. This
document is an aid for designer to develop
an understanding of the physical phenomena,
to apply corresponding data in simple
methods developed by IEC, and lastly to
apply the data for advanced computation
methods to validate these methods.

* another CIGRE brochure is under progress
inside the ESCC task force to make a new
step forward in the determination of actual
design loads on structures by taking into
account structural dynamics aspects [134,
137, 138, 140], to investigate loads on ap-
paratus connected to the main bus by short

flexible connections, to detail comparisons
between tests and experiments by advanced
methods, to detail recent short-circuit tests on
flexible structures, to prepare new design
recommendations and to give proposals for
safety factor policy. The new brochure will
also include DC auxiliary installations.

The short-circuit current levels in HV and EHV
networks have been increasing considerably in
recent decades and further increases may be
expected in some countries in the future. High
levels of short-circuit current in substations result
in high mechanical stresses and in the case of
flexible conductors, displacements on bus sys-
tems, connections to apparatus, substation equip-
ment and bus supports.

The subject of this brochure is the mechanical
effects of short-circuit currents in HV and EHV
open air, conventional substations. The aim of
this document is to give design engineers
practical  information  about  short-circuit
phenomena and calculation methods and to give
guidelines for design. The brochure shall serve as
a guide for the design engineer, spedalized in the
problems of substation short-circuit design. It
contains little theoretical information. The
information included in the brochure is as
complete as possible.

In this document, the term “RIGID” busbar is in
fact typical aluminium tube on supporting
insulators. Of course, this kind of bus has some
stiffness (which is taken into account) and is not
supposed to be infinitely stiff or rigid.

What is termed “FLEXIBLE” busbar is in fact
typical stranded cable (single or bundled) which
is fixed to supporting structures by tension and
supporting insulators. Generally the bending
stiffness can be neglected, except for small span
lengths (typical short connection between two
apparatuses).

This brochure deals only with open-air
substations. GIS substations could also be



subjected to short-circuit mechanical effects, but
in that case the interaction with the envelope is
not negligible and such applications are outside
the scope of this document.

The revision of the brochure has been written by
the members of ESCC task force "Effects of High
Currents". This task force was composed of both
electrical and mechanical specialists, representing
theory, research and design.

An alphabetical list of the authors of this

brochure follows:

G. Declercq

O. Deter

M. El Adnani

G. Ford

J.L. Lilien (Convener)
W. Meyer

A.M. Miri
R. Nordin
A. Polevoy

N. Stein (Secretary)
D. Tsanakas

EDF, France

VEW, Germany

Univ. Semialia, Morocco
Ontario Hydro, Canada
Univ. of Liége, Belgium
Univ. Erlangen-
Niirnberg, Germany
Univ. Karlsruhe,
Germany

Vattenfall Utveckling AB,
Sweden

The Israél Electric Corp.
Ltd, Israél

FGH, Germany
University Patras, Greece

ESCC task force wishes to acknowledge the large amount of work prepared by Wolfgang Meyer from
University of Erlangen-Niirnberg, who described the simplified method developed in his department in

coordination with [EC TC 73.

We have reproduced here after, the preface of the former CIGRE brochure published in 1987, to recognize
the tremendous amount of work performed by the members of the old CIGRE WG 23-02 and especially
the good coordination obtained by Dr. Z. Nartowski from Energoprojekt {(Poland) who chaired the former

23-02 WG,




ABSTRACT The mechanical effects of short-circuit currents in open air conventional HV and EHV
substations are the subjects of this brochure. In particular, the electromagnetic forces and the resulting

stresses appearing in bus systems of both types of conductors, rigid (tubular) and flexible (stranded), are
considered.

General descriptions of the phenomena are presented first. Simplified calculation methods are described
in order to explain the present IEC (TC73) 865-1 document. Finally, guidelines for design are given which
take into consideration both mechanical stresses and conductor displacements caused by short-circuit
current.

KEYWORDS Short-circuit, Mechanical effect, Substation, Bus system, Calculation, Design, uprating,
refurbishment.
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1. INDRODUCTION
1.1 Short-Circuit Currents

The calculation of short-circuit currents in AC.
systems with nominal voltages up to 245 kV is
described in detail in IEC Publication 909 [40],
"Short-Circuit calculation in three-phase AC sys-
tems.

As shown in Figs. 1.1a and b, short-circuit cur-
rents consist of an aperiodic decaying component
and a periodic oscillating component. If their
amplitudes remain constant during the short-
circuit, as in Fig. 1.1a, this is generally known as a
far-from-generator short-circuit. If their amplitude
decays as in Fig. 1.1b, this is known as a near-to
generator short-circuit.

current _top envelope
decaying (aperiodic) component ine

™

LB

bottorn envelope

current__ top envelope
T f /decaying (apericdic) component ipe
2421, i[

<81

ik ot S S A :Jz'n;” ANEETAR
T -

bottom enveiope

Fig 1.1 Short-Circuit current, schematic diagram
[49]

a) far-from-generator

b} near-to-generator

I_ k initial symmetrical short-circuit current
1, peak short-circuit current

icc  DC (aperiodic) component of short-circuit
Inc initial value of the aperiodic component ipc

A short-circuit current having no AC component
decay is defined by

ith= ﬁ];{[sin(mt +Hpy~Y,) +sinfy, —cpu)e"’”] (1.1
where ¢ is the voltage phase angle related to the
instant at which the fault appears and ¥y, is the

impedance angle. I"k can be calculated as de-
scribed in [40, section 1].

A short-circuit current having an AC component
decay is defined by

ity = Jf[]k (sin(at +@,—y, )+ I{ sin(y , —.pu)e““']

1.2)
where I, (t) is the time-variable symmetrical short-
circuit current (root mean square). It is calculated
according to [40, Fig. 16] with decrement factors u
for t = 0.02; 0.05; 0.10 and 0.25 s, based on the
usual generator data.

The decrement factor depends on the location of
the short-circuit relative to the generator con-
cerned. Therefore, in IEC Publication 865-1, the
mechanical loading by short-circuit currents is
calculal';ed without decrement factors, i.e. with
I(t) =1, constant.

Fig. 1.2 provides an overview of the main types of
short-circuit. A diagram of their quantities is
given in [40, Fig. 11]. The equation

3

fa =1 (1.3)

always applies to the initial symmetrical short-
circuit current in the case of a balanced three-
phase short-circuit and a line-to-line short-circuit
without an earth connection.

ETER-

' ln r
k3 k2

g d)

I."

£

o L L

-~ - -

~+— short-circuit
current

Ty
—— branch short-circuit
currents in conductors
and earth

Fig. 1.2: Characterization of short-circuits and
their currents [40]. The direction of current arrows
has been chosen arbitrarily.

a) balanced three-phase short-circuit

b) line-to-line short-circuit without earth con-
nection

c) line-to-line short-circuit with earth connection
d) line-to earth short-circuit



The peak value i, of the short-circuit current is

reached in the worst case after about one half
cycle from the occurrence of the short-circuit at
zero voltage. If the short-circuit current flows
through a series drcuit R+X consisting of
resistance R and reactance X = @ L, then

ip = x2I{ (1.4)
and
x =1,02 + 0,98 e 3R/X {(1.5)

The peak value ip in radial and meshed networks

can be evaluated according to [40] with sufficient
accuracy.

Maximum  initial symmetrical  short-circuit
currents ', can be expected:
voltage level I"k (rms)
123 ...170kV 40 kA
245 ... 300 kV 40 kA
362 ...525kV 80 kA

1.2 Short-Circuit Current Forces

Short-Circuit currents induce forces in, and
deflections of, the current carrying elements
(section 1.3). In Fig. 1.3, a conductor carrying
current i;(t) in a magnetic field created by another
conductor carrying current iy(t) undergoes an
electromagnetic force defined by the differential

& Fy = 20 iy S 85 1 )
4n a3y

Note that we do not have the reciprocity assod-

ated with considering only conductor elements,

and that ferromagnetic areas must be represented

by their equivalent boundary currents.

(1.6)

i;(t)

d°F

conductor 1

conductor

Fig. 1.3: Elementary force dF created on con-
ductor 1 by conductor 2.

If, for example, n conductors lie parallel in one
plane, the force per unit length is given by the
simple algebraic equation

Ko . in(t}
F= ﬁ"“)gf (1.7)

a, : effective distance,

and where 2 parallel conductors are located a
distance ‘a' apart

R =224 0in00)~ (1.8)
¥/ a

Where ! = the current carrying length.

In other cases, equation (1.6) has to be applied, e.g.
for the calculation of edge forces on flexible
conductors.

Currents flowing in the same direction produce
attractive forces, while opposing currents produce
repelling forces.

Equations (1.6 to 1.8) contain the products of time-
variable currents. If each current consists only of a
DC component and an AC component of fre-
quency f, harmonics of order 0, f and 2 f can be
expected in the force spectrum. A more detailed
example can be seen in Fig. 3.2.

In the case of installations with rigid conductors,
the distances a,, can be considered to be constant;
with flexible conductors a,(t} changes significantly
with time. For configurations with three rigid
conductors lying parallel in one horizontal plane,
Fig. 1.4 a,b shows the force characteristic on the
outer conductors and the center conductor during
a three-phase short-circuit. Fig. 1.4c shows the
force characteristic during a line-to-line short-
circuit. The angle of short-circuit initiation selec-
ted for @ is that which leads to the highest in-

stantaneous force value.

During a symmetrical three-phase short-circuit as
illustrated in Fig. 1.4a & b, it is clear that:

o the highest force peak occurs on the center
conductor, the steady-state mean is zero

o the peak values are slightly lower on the outer
conductors than on the center conductor, the
steady-state mean force can have a significant
value.




o the force characteristics during a line-to-line
short-circuit, illustrated in Fig. 1.4c, are similar
to those occurring on the outer conductor
during a three-phase short-circuit illustrated in
Fig. 1.4b.

Rigid conductors in installations with voltages of
123 kV and higher have natural frequencies which
are considerably lower than 50 Hz. Therefore, the
mechanical stress follows the force peaks with a
delay. The three-phase short-circuit leads to the
highest peak forces and sets the pattern for such
installations.

For flexible conductors, the line-to-line short-
circuit between center and outer conductor is
decisive because it results in the smallest air
clearances.

Ll a L2 a 13
Q. .. &

Y-
v

D VAV

L1 a L2 2 3
.___». ]

Asionay
g ————, 073
AV

t/T —

Fig. 1.4 Relative force e,(¢f) per unit length (see

also Chapter 3.2), worst case, for different phases
and short-circuits, when R/X=0.07 [5].

F(t) = —2%.(5133)2.ex(:)

a)} balanced three-phase short-circuit, center
conductor L2

b) balanced three-phase short-circuit, outer
conductor L1 or L3

¢) line to line short-circuit

complete time functions
"7 7 envelop of the time functions
according to equation (1.10)

Single phase line-to-earth short-circuit currents
cause, in many cases, minor stresses due to the
large distances to the return path and therefore
may be disregarded, except for bundled conduc-
tor configurations and special arrangements of
busbars with mixed phases.

1.3 Mechanical Short-Circuit Effects

1.3.1  General Phenomena

These effects are the manifestations of the re-
sponse of the bus system to the exciting short-
circuit current forces described in section 1.2.
When rating substations in HV systems, the
following mechanical quantities and procedures
are decisive for short-circuils.

In installations with rigid conductors:

o Bending stresses in the conductors can produce
undesirable deformations.

o Forces acting on the connections of the
conductors with the insulators impose stress
on the fittings and hardware.

o Bending moments are usually highest on the
bases of the insulators and substructures and
can lead to breakage.

In installations with flexible conductors:

o Tensile forces in the conductors, including their
terminations and associated hardware, can
lead to damage.

o Forces in the insulators and their substructures
can cause yielding or insulator breakage.

o Swing-out of elastically and thermally
expanded conductors during short-circuits can
be the cause of secondary short-circuits.

For rigid conductors, the systems of equations for
calculating the stresses are linear. The different
stress components may be superimposed; hence
mechanical resonance of conductors at higher
harmonic orders must also be considered. For
flexible conductors, the systems of equations
required to represent the mechanical response of
practical bus systems are obviously nonlinear;
superposition is not possible. Table 1.1 outlines
the most important short-circuit force phenomena.



Short-circuits cause rigid conductors to vibrate
and flexible conductor spans to swing or rotate.
The quotient:

fe _ lowest significant mechanical frequency of conductor

f electrical frequency of the system

is an important parameter for all types of motion.
Where f, / f >> 1, the stress is proportional to the
exciting force. Where f_ / f << 1, the stresses are
lower, except for harmonic resonances in the case
of rigid conductors, and can, in many cases, be
further reduced by rapid short-circuit current

interruption [32]. Short-Circuit duration Ty is also
given by switchgear and protection design and
must be considered together (see section 3.5) in
normal circumstances or after a tripping on
switchgear or protection devices.

In the case of rigid conductors, if the bending
moment is measured along the insulator, a slightly
curved characteristic is obtained because of inertia
[20]. Experience shows that serious damage to
busbars, dimensioned in this way, can be avoided.

Table 1.1
Short-Circuit Force Phenomena in HV Installations
with Parallel Conductors Arranged in One Plane

Effect Installations with
rigid conductors | flexible conductors
______ fe<<fappliesfor ___ \ ~___ highvoltage ____ _____allvoltages _____J
Stressing of supports and | by bending moments | by tensile conductor forces
conductors ! [
T eflection ______ 4T 77T Temall _TTTTT T Tlerge
[ Conductor bending deformation | ~~ - small " 4________mome ___ |
Critical short-circuit I three-phase 1 line to line;
: | three phase short-circuit causes
____________________ e gimilarforce
Conductor subjected T outer conductor H -
______ tohigheststress _ __ t ____ (highvolage) ____+ ___________________|
Voltage phase angle _1,_ center conductor T
¢, after voltage zero ! L2 ¢, =+75° :
in the ocbserved conductor, : outer conductor !
leading to highest peak forces | L1: ¢, =+165° : at zero voltage
: outer conductor :
| L3: g, = +75° i
____________________ S IR sl £SO S
Effect of N I
tlfxz:e-ilhase : significant ! swing amplification
| Hapirecosur - S D e e ]
Physical model for T bending beam M pendulum [68,104]
| _simplified calculation Method | __ [B) section34.1_ ____ e sectiond3.2 ___
| fundamental components T swing-out period
fc of conductor refers to ! of bending oscillations ! of pendulum

g



1.3.2  Installations with Rigid Conductors

In outdoor switchgear installations the conductors
are usually arranged in one plane [11]. In the case
of HV and EHV installations with rigid conduc-
tors, the heaviest stresses associated with three-
phase short-circuits can be expected on the outer
conductors (Eq. 3.1). These stresses occur at ap-
proximately the moment of maximum conductor
deflection.

The lowest significant mechanical frequency f. of
rigid conductors is typically 2 to 10 Hz in HV
installations and is calculated as defined in [39, eq.
16]. In order to deal with installations of all vol-
tage ratings, the force calculations related to rigid
conductors, listed in section 3 according to [39],
are based on peak short-circuit current i, for a
three-phase short-circuit. Factors exist which
describe the dynamic properties of the system
excited by the short-circuit current forces under
worst case conditions. For mechanical resonances,
the harmonic components f and 2f of the exciting
force spectrum must also be considered.

1.3.3  Installations with Flexible Conductors

The equivalent frequency f_ of installations with
flexible conductors during short-circuit can be ap-
proximated by comparison with a mathematical
pendulum

_ 1 f Resultant force/unit length cause by gravity and current

fc _EV

mass of conductor/unit length x conductor sag

The equivalent swing-out frequency is lower be-
fore than after the short-circuit. The magnitude (in

Hz) may be estimated by f. =0.56/ ,/sag in meters .

In installations with flexible conductors, f, / f <<1
is also valid for small spans, and therefore, the
stress calculations are based on the root mean
square value of the current I__ . In the case of brief
short-circujt durations in particular, this value
may be significantly higher than the value of the
injtial symmetrical short-circuit current I"k

Ims =1+ miy (1.9)

Factor m is shown in Fig. 4.4 according to [39, Fig.
12a] and represents the influence of the DC

component on the rms value of the short-circuit
current.

When using advanced methods for stress
calculations, the nonlinearities require step-by-
step methods. The step size may be extended
without significant loss of accuracy by omitting
the periodic components of the exciting force
spectrum. By means of the monotonous de-
creasing exciting current

Tmon2(£) = Iia\az +5,¢72Y"  (1.10a)
Inmon3(t) = Tzyas + b3 207 (1.10b)

an equivalent current force acting on the outer
conductors may be defined. In the case of line-to-
line short-circuits, a, = 1, b, = 2; in the case of
three-phase short-circuits, az = 1.5, by = 3.232 with
conductor distance 2a according to [5]. These
latter factors are valid for outer phase only. For
the central bus force, a3 = 0 and b3 = 3.464 (also
with conductor distance 2a). The ratio

current force per unit length

mass per unit length - g,

is another important parameter for flexible con-
ductors [78].

In installations with flexible conductors, the
stresses occurring in line-to-line short-circuits and
balanced three-phase short-circuits are ap-
proximately equal. However, for line-to-line short-
circuits, conductor swing-out typically results in
limiting minimum clearances, (i.e. when adjacent
conductors carrying short-circuit current move
towards one another after the short-circuit). In the
case of a balanced three-phase short-circuit, the
center conductor moves only slightly because its
inertia and the alternating bi-directional forces
which act on it.

Tensile force maxima that are shown in Fig. 1.5
for bundled conductors is F, soon after short-
circuit inception [12], is F, during the short-circuit
after about f-t = 0.25 and is F; after the short-
circuit when the conductor returns near to its
initial position. Times t v bt and t; in Fig. 1.5
usually lie so far apart that they allow the
associated maximum stresses to be calculated
separately. This makes it possible to apply
simplified methods; the unlikely case that bundled
conductors would be in the positions of t, or t; at

precisely the instant of three-phase automatic
reclosing can be disregarded.
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Fpi Pinch force

F Short-circuit
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Twin bundled slack conductors

Fig. 1.5a Measured tensile force of a flexible
conductor bundle during and after a line to line
short-circuit

0,3s short cincuit
duration

b}

Fig. 1.5b Movement of a flexible conductor during
and after a line-to-line short-circuit (schematic)

14 Substation Characteristics

The flow of short-circuit current within sub-
stations, is particularly important for bus system
design. In general, there are two possible locations
of faults which influence the distribution of short-
circuit current flow in substations: inside the sub-
station and outside the substation.

A fault inside a substation, on a busbar, results in
the highest short-circuit current. The fault current
level on many of the bus sections will frequently
be lower than the total fault current; however in
some specific fault situations (for example, at the
ends of the busbars) the full addition of all fault
currents supplying the fault from connected lines,
transformers, etc. will occur.

In the case of a fault outside the substation (for
example, in the line or bay connecting a current

source) the short-circuit current flowing through
any substation part {excepting the faulted bay) is
reduced. This is the most common case as a result
of the frequency of faults in overhead lines.

Usually the design engineer considers the short-
circuit current value on the busbars and assumes
the nearest higher standard level value as the base
for the short-circuit withstand design of the
substation. In substations uprating the exact
calculated short-circuit current value, and the
results of the short-circuit current path analysis,
may be taken into consideration.

The mechanical effects of short-circuit currents
may cause substation failure (in particular in-
sulator breakage). Such failures appear very rarely
but are very dangerous for the stability and
reliability of the power system. Therefore, de-
signers must ensure substation security against
short-circuit effects. To do so, they must have a
good understanding of the phenomena and have
available calculation methods which make it
possible to design the short-circuit capability of
substations.

In this brochure, conventional open-air substations
are taken into consideration. This type of sub-
station accounts for the majority of existing sub-
stations, and will continue to be the design of
choice for a considerable number of new sub-
stations.

To analyze the mechanical effects of short-crcuit
currents in substations, we must consider in
particular the following components.

o conductors with their accessories
o insulators
0 supporting structures.

The other components of substations, such as ap-
paratus, are not considered here because utilities
specify a short-circuit withstand and the inherent
resistance of the apparatus is guaranteed by the
manufacturer.

Short-Circuit mechanical effects within substations
depend, in particular, on the types of conductors
used for the busbars of the substation and the
connections in the bays, namely: rigid conductors
{tubes) or flexible ones (cables). The mechanical
effects of short-circuit currents in such bus sys-
tems, already presented in section 1.3, are quite
different in both cases.




As is usual for the analysis of complex pheno-
mena, some typical elementary representative
arrangements must be chosen. They do not
represent all possible substation configurations;
but usually suffice for practical design purposes.
The typical elementary arrangement used in sub-
stations with rigid conductors is presented in Fig.
1.6. It is part of a three phase busbar.

A substation is usually designed with similar
modules. The number of spans varies, and some-
times spans of uneven lengths are used. In some
cases it is also necessary to calculate the forces at
bus corners, A-frames and right-angle bends.
Problems dealing with rigid conductors are
discussed in Chapters 3 and 5.

The design of substations with flexible
conductors, as shown for example in Fig. 1.7, is
much more complicated. The most common
arrangements, three-phases in flat and parallel
configuration, are presented in Fig. 1.8 [139]. We
distinguish here two arrangement cases, which
are discussed in this brochure.

o Case A: horizontal strain bus connected by
insulator chains to steel structures (usually
portals). Assumed to have no connections with
apparatus or structures.

o Case C: horizontal connection between com-
ponents

Other cases like :

o Case B: vertical dropper between strained bus
and apparatus

o Case D: jumpers connecting two strained
conductor sections.

o Case A+B : horizontal strain bus with dropper
connections to apparatuses.

o Case E : end-span droppers (classical or spring
loaded)

o Case F: first span to overhead line

will be documented in the next brochure which is
under preparation by the task force. Nevertheless
some experimental results are detailed in this
brochure for reference cases available at the
present time,

Fig.1.6: Typical arrangement used in substations with rigid conductors
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Fig. 1.8 Flexible bus configurations for calculation and tests
o Case A: horizontal strain bus connected by insulator chains to steel structures
o Case B: vertical dropper between strained bus and apparatus
o Case C: horizontal connection between components
o Case D : jumper connecting two strained onductor sections
o Case E : end-span droppers (classical or spring loaded}
o Case F : first span to overhead line

Rated Voltage (kV)
123 [ 245 [ 420
___________ Substations with rigid conductors | ________|
Baywidth-(m) | ""7.30 "7, 1416 T _ 2.2 |
Distance between|  2.25 | 4.8 |  45.10
|_phases-a(m) )\ ________ . ]
Busbars  span!  7.20 | 5.2 1 8.22
length 1 (m) | i |

Substations with flexible conduct.

Distance between '"2‘55'"'!‘“'1‘""’T‘“'§%‘ﬁ)‘""

| phases-a(m) ! _ ________ e ]

Busbars span’  7.40 V1545 "1 20.85

length - 1 (m) I 1 I

| Bundled condact,

Number of sub-| 1.2 T 14 7 1.4

| conductorsng . ___ ' _ ]
= —— - fr——m————— + -

Distance between,  0.08.0.15 ."" 0.08..0.4 4[" 0.08..0.6

Distance between 2.5 I
spacers -1, (m} ! :

1
Table 1.2
Typical Dimensions of Open Air Outdoor Substations
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The transition span between the terminating
tower of an overhead line and the line entrance
portal of the substation is another specific case,
not analyzed in this brochure. The flexible con-
ductors used in the above listed cases may be
simple cable or bundles, composed of two or
more cables. Bundled conductor arrangements
are sometimes used to meet ampacity and radio
noise {caused by corona) requirements.

The mechanical effects of short-circuit current in
the above arrangements depend not only on
short-circuit current conditions, but also to a
great degree on the geometrical dimensions of the
substations and various mechanical parameters
which characterize the substation components.
These are briefly described in Table 1.2 and 1.3 in
reference to conductors (rigid and flexible),
insulators (post insulators and insulator chains)
and supporting structures.

Rigid conductors {tubes) are usually made from
aluminum alloy of great mechanical strength and
relatively low electrical resistivity. Rigid bus
conductors have typical outer diameters in the
range 50-300 mm with wall thickness of 4-12 mm.
The maximum tube length is typically 20 m. It is
possible to weld the tubes together to obtain very
long (some tens of meters) uniform conductors;
but such a solution is not usually practical for
substation maintenance. The tubes are fixed to
post insulators and apparatus by clamps, which
are of rigid, hinged or sliding types. Because of
their high stiffness and low mass, rigid bus
typically vibrates easily [6,55].

The bending mode frequency f. depends on span
length, tube dimensions and the type of fixation.

Steel reinforced, aluminum conductors {ACSR)
and aluminum alloy conductors (AAC) are
usually used for flexible conductors (cables).
Conductor cross-section A ranges from 200 to
1600 mm?2, diameter d from 16 to 52 mm, and
mass per unit length m' from 0.5 to 4 kg/m. The
span length |, for case A is usually from 10 to 60
m; however, Case C ranges to about 15 m. The
jumper length is typically from about 3.5 m for
123 kV substations to about 15 m for the 420 kV
substations. In case A, the full span length 1
between supports must be distinguished from the
conductor span length 1_ between the end points
of insulator chains. As well, the short-circuit
current carrying span length, l;, may be only a
part of the conductor length 1.
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Bundled conductors are composed of two to four
or more conductors placed with the distance
between subconductors a,, where 0.08 < a, < 0.60
m. This distance is maintained by spacers placed
at intervals along the bundle, and the distance
between spacers 1, ranges from 2 to 30 m.

Strained conductors (case A) are usually
designed with an initial static stress of relatively
low wvalue (in relation to overhead lines) in the
order of 10-20 N/mm?2. This is only a small
percentage (less than 10%) of the nominal rupture
conductor strength. The total sag b (the sum of
the cable sag b. and the insulator string sag
component b;) under this tension amounts to
about 3% of the span length. For the maximum
permissible temperature of conductors (for
example 80 °C), the sag is about 30% greater than
the initial sag. In some countries, springs in series
with the conductors are used to maintain
constant sag, independent from conductor
temperature.

Slack conductors, case C, have a still lower stress.
The sag in this case amounts to about 8% of the
span length. The rigid and flexible conductors in
case C are fixed on post insulators. The main
mechanical parameters of post insulators are
given in Table 1.3. Some parameters, such as
natural vibration frequencies and damping, are
rarely provided by manufacturers. However, the
most important parameter in the design is the
choice of insulator cantilever strength.

Strained flexible conductors {case A) are con-
nected to the steel supporting structures (usually
portals) with insulator strings or chains. These
consist of cap and pin porcelain or glass
insulators or long rod porcelain insulators.
Insulator chains may be single or doubled in
either parallel or V arrangements. The V
configuration effectively reduces the horizontal
deflection of the fixation point of the strained
conductors under short-circuit conditions. The
most important mechanical parameters of
insulator chains are given in Table 1.3, Note that
the rupture strengths of insulator chains are
similar to those of conductors.



Typical Data

Rated Voltage (kV)
123 | 245 | 420

Post insulators

___________ : R D __9__1 e

" Minim ‘llmd i H H T

- falingload: | % ____ e

cantilever strength | KN_ | 46 | 8.16_| 8.16 |

. Stiffness __; N/mm , 300..2500, 40..200 40.140_|
Firstnatural |, Hz | 20.60 | 7.14 | 4.12
_frequency ! __ ! _____ A SR
Damping - log r % T 2 T 2, 2

decr | I I I

1.1.7 ,21.25,3.15.45
..|.. prigdl

35..200 | 120.40 | 250..650

N S

Mass kg | 100.150 |120.18 T 200..300
| 10
| Rupture strength | kN | 70..120 |120.24 | 240..530
i | [
Supporting structures for flexible bus (gantries)
| ___height | m __, 56 | 8.0 | 12.15_
Stiffness | N/mm | 150..1300 | 500..80 | 600..350
| 0 0

l | |
“firstnatural | Hz 1 3.6 1 3.5 1 1.4
! 1 |

Table 1.3

Post Insulators, Insulator Chains and Supporting Insulator

Steel supporting structures are typically of two
types: portals for strained conductors and
columns supporting post insulators or apparatus.
These structures, usually made from latticed or
solid webbed steel, are described in section 5.3.2.
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The mechanical behaviour of such structures is
characterized by their spring constant and their

mechanical frequency.

Calculation methods for rigid conductors are
presented in Chapter 3 and for flexible con-
ductors in Chapter 4. Design guidelines for both
cases are given in Chapter 5.




2. TESTING AND MEASUREMENTS
21 INDRODUCTION

In recent years, it has been evident that more
approaches to calculation based assessment of
short-circuit effects are necessary and practical.
However, only two methods have essentially
remained: (1} the standardized rules of IEC 865,
that have been formed the European Standard
and (2) the Finite-Element Method (FEM). While
the majority of the individual methods in IEC 865
have been developed on the basis of a com-
bination of theoretical studies with extensive
experimental test programs, the practical proper
application of the FEM, by skilled and ex-
perienced engineers, also requires a framework of
testing results in the particular field of
application.

Testing in this context means full-scale short-
circuit tests on original size sections of sub-
stations.

For the pure test of short-circuit strength of a
particular design, the test result may ultimately
be restricted to the question of withstand of the
specific design under specific short-circuit con-
ditions. However, to obtain the test results
required for the validation of advanced
calculation models using FEM techniques, testing
must necessarily consist of a wide scale of
measurements describing, on the one hand the
effects of fully defining short-circuit tests
performed for a full range of parameters for the
configuration being studied. For the present
purposes the latter extensive testing techniques
are attributed 'Experimental Tests', and the less
extensive and complicated situation 'Proving
Tests'.

The collection of test data collected by CIGRE
23.11 ESCC-TF /../ issued at the same time as
this brochure is intended to serve as a guide for
the sophisticated testing needed for experimental

tests, as well as a reference for the application of
FEM.

It may be practical in some cases to enlarge the
scope - and thus get more detailed answers - of
simple proving tests by foreseeing measurements
of the kind described earlier. In this way
designers can, in supplement to calculation, not
only receive a verification of the required with-
stand capability, but also a contribution to
optimal design and a better estimate of reliability.
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This chapter reviews the various short-circuit
arrangements and in particular the appropriate
experimental and measuring techniques.

2.2 TESTS AND EXPERIMENTS

Contrary to rules for apparatus, design require-
ments regarding short-circuit strength typically
leave the choice of method, testing or calculation,
unspecified. In the case of testing it is important
to distinguish between the two general types of
tests, namely 'proving tests' and ‘experimental
tests', depending on the objective pursued.

2.2.1 Proving Tests

Proving tests are typically full scale tests on a
substation, or part thereof, usually performed in
a testing laboratory to demonstrate the ability of
the structure to withstand a specific set of loads.
No special measurements are required to achieve
this purpose.

2.2.2 Experimental Tests

Experimental tests usually involve full-scale tests
on a substation, or part thereof, generally per-
formed in a testing laboratory. Such tests are
required for the design development, proof of
validity and with regard to FEM, the proper
application of the calculation method. Experi-
mental tests are necessarily combined with
extensive measurements to achieve their
objective.

Open air substations, though common, are
usually of unique design. This type of substation
is therefore not sufficiently numerous that the
significant expenditures for generalized type or
proving tests, can be justified. If the decision
between calculation and tests was simply a
question of the costs of applying the method, full
scale tests (e.g. [25, 30, 31]) would not be needed.
However, the choice between calculation and/or
testing in each case is governed by overall
economic considerations, taki.ng into account:

- the costs of the tests and /or calculations,

- the number of identical and/or similar
installations,

- the significance of design errors relative
to the costs of the complete installation(s),
taking into account unjustified safety



margins due to uncertainties and the
immediate and long-term consequences
of failure(s).

The advantages of testing to develop, confirm,
validate calculation methods are obvious. The
objectives for testing are obviously fulfilled in full
scale tests. However, reduced scale testing is
sometimes carried out because of limitations on
test capability or other constraints. General un-
certainty remains with scale model tests deriving
from the unavoidable complexities and
deviations between the behaviour and responses
of the model and full scale configurations.

The obvious advantage of calculation as
compared with testing is that the influence of

parameter variation can be studied with
substantially less effort and cost.
The wultimate proving test or calculation

validation is, of course, on site testing - possibly
with reduced short-circuit para-meters. This is
difficult to achieve in practice, though at least one
example with full short-circuit values is given in
the literature [14].

223 Calculation and Experimental Tests

All calculation methods introduced for the short-
circuit design of bus systems, whether they are
so-called simple methods (IEC 865) or detailed
structural analysis methods (FEM) require the
results of:

(@) tests to assess the static and dynamic,
eventually the thermal characteristics and
also the withstand limits of the
components,

(b) and most important, full scale tests on

typical substation arrangements, com-
bined with extensive measurements

- to prove the validity and limits of
calculation methods through a variety of
single cases covering the field of
application,

- to solve problems which are peculiar to
the detailed calculation methods (FEM),
in that the correct development of such
modelling requires the experience of
calculations in comparison  with
measured data from full scale testing.

For these purposes, a really complete and
detailed set of data describing the geo-
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metrical/structure/ mechanical parameters of the
complete installation tested and of its individual
components is absolutely essential. Without such
data a test will represent the singular case, in fact
be an enlarged proving test, but will be worthless
for the original more general purpose.

2.3 TYPES OF SHORT-CIRCUIT TESTS

In general, the following short-circuit tests are
relevant and can be performed for a range of
current magnitudes and durations.

2.3.1
Circuit

Line-to-Line and Three-Phase Short-

All possible types of short-circuits can occur in
substations; but both line-to-line and three-phase
short-circuits are of most concem from a
structural design point of view. As indicated in
Fig. 1.4 (Chapter 1), equation (3.4) and (3.5), the
maximum magnetic forces on the outer phases
generated by three-phase short-circuit have the
same time pattern as those generated by line-to-
line short-circuit, but they have higher
amplitudes. Therefore, the effects of three-phase
short-circuit faults can be simulated by two-phase
short-circuit testing. The equivalent value of line-
to-line short-circuit current to achieve the same
force, the asymmetry factor remaining the same,
is

Iy, = 0.8082 ;=09 1,

2.3.2 Autoreclosure

Unsuccessful autoreclosure leads to a second
short-circuit current which may result in a more
severe test because the reclosure may occur
before the dynamics of the initial fault have
damped out.

The duration of the first and of the second short-
circuit as well as the pause between the two can
vary. The worst case (maximum stress) for a
given pause between the two short-circuits
occurs when the first short-circuit is terminated
at a moment where the mechanical oscillation is
at its maximum to the outward, and the second
short-circuit is initiated at a maximum of the
same oscillation in the opposite direction. Within
the practical range, the duration of the pause is of
less importance with rigid conductors, the
damping of the oscillation being usually low.




With stranded conductors the worst case can be
expected for an interval of a half period of the
mechanical oscillation.

233 Short-Circuit after initially successful
autoreclosure

It is a real possibility with flexible busses,
particularly with droppers and jumpers, that the
usually very large and consistent movements of
the conducters after fault clearing, may lead to
close approach or even contact between phase
conductors. If this occurs at or after theoretically
successful reclosure, the phases are then again
energized, this may produce a new short-circuit
condition.

2.3.4 Two-phase Followed by Three-phase
Short-Circuit

In some cases, three-phase short-circuits do not
occur spontaneously, but start as a two-phase
short-circuit which changes to a three-phase. This
case could result in a severe condition with
doubling effects similar to the case of the
unsuccessful autoreclosure, (2.3.2).

2.3.5 Short-Circuit Initiation and Duration

The initiation of individual short-circuit currents
- asymmetry -, their duration and effects are
discussed in sections 1.3 and 3.5. The worst case
for the moment of minimum clearance, is a
function more of the pause duration rather than
the original short-circuit duration itself, which for
the case of unsuccessful autoreclosure, is given
above.

24 TESTING ARRANGEMENTS

An open air substation is a complex electro-
mechanical system which includes bus systems
with flexible or rigid conductors, jumpers and
dropper connections between components and
between lower and upper bus systems, insulators
and structures including the apparatus such as
discon-nectors, circuit breakers, earthing switches
and instrument transformers (Fig. 1.8). To
determine the real dynamic behaviour and effects
of loads and stresses due to short-circuits full
scale testing with very good simulation of parts
of the particular sub-stations, including its
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apparatus, is - from the technical point of view
alone - the most practical and reliable method
which can be recommended [24, 25, 30, 31, 81,
83].

Mechanical, electrical, thermal and power arc
testing of components can be carried out within
such a test set-up. In addition, mechanical and
electrical testing of a particular piece of apparatus
according to IEC or other specifications is also
possible.

Testing, especially full scale tests of simulated
real parts of substations, has become attractive
with the development of laboratory facilities
having the capability to perform such realistic full
scale tests. Recent papers {24, 25, 30, 31, 81, 83)
review the results of full scale tests and compare
them with calculations of the short-circuit current
stresses on conductors, structures and apparatus.
The authors report on the extensive tests
performed on original parts of substations and
measurements of the dynamic stresses.

In addition to extensive tests, references [7, 25]
and [31] compare the results of various tests and
measurements with those from calculations
according to advanced methods. Their conclusion
is that most accurate calculations can be carried
out by advanced calculation methods (FEM).

Finally attention is «called to the very
comprehensive collection of test data newly
issued by CIGRE 23.11 ESCC-TF [The mechanical
effects of short-circuit currents in open air
substation-rigid or flexible bus-bar-, Data Base of
reference tests]

25 MEASUREMENTS

2.5.1 Methods and Equipment

The problems of measurement are mainly related
to the fact that, in order to effectively carry out
such measurements, the required multi-channel
measuring systems (consisting of transducers of
mechanical into electrical quantities - e.g. strain
gauges, load cells -, amplifiers*), recording equip-
ment and the required connections and wiring)
have to operate in an environment of very high
electromagnetic interference. This interference is
produced by the very high test currents, supply
voltages of some 10 kV and the well known inter-
ference generated by current making and



breaking operations required by the secondary
test equipment.

* Spedial strain-gauge amplifiers also supply
the voltage for the one diagonal of the
Wheatstone bridge beside the amplification
of the bridge output signal from the other
diagonal.

Practical experience [2, 30] shows that the
simplest and easiest method to avoid electro-
magnetic interference and establish a potential
separation between mechanical/electrical trans-
ducers and the follow-up units is to employ
modulated carrier-frequency systems. A carrier
frequency of 5 kHz allows measurements of
frequency components up to about 1 kHz, which
is usually quite sufficient.

Isolation of the measuring equipment from
transducers that have to operate at high-voltage,
is not the only advantage of transformer based
potential separation that the carrier-frequency
technique makes possible. Available amplifier
and recording equipment is generally not
designed to be used under the extreme
environmental conditions associated with short-
circuit testing. Usually in-line potential sepa-
ration and hence channel separation of single-
ended devices is required to avoid earth loops,
which form an important source of electro-
magnetic interference.

DC systems may also be used, but require a
much more complicated technology to achieve
the same effect. No significant experience exists
to date, of the use of DC or piezo systems in this
field of application.

General guidelines which should be observed to
minimize interference and/or to protect
personnel and the measuring equipment at the
same time are listed below. More detailed advice
can be found in the literature [2, 30, 103):

- Locate instrumentation as far as possible
from the source(s) of interference.

- Use full-bridge arrangements of strain
gauges to get symmetric wiring and
connections; not all gauges need be active.
Transducers are usually full bridge.

- Magnetic and electric shielding of
transducers, cable connections and
equipment is generally not too important
for carrier-frequency operated instru-
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mentation, as this type of equipment
suppresses service frequency phenomena.

Select suitable single earthing point(s) for
measuring  crcuit(s), shielding and
equipment. The selection generally
involves considering the circuitry of the
(multi-channel) equipment to avoid
multiple earthing points and earth loops.

The distances between amplifiers and
transducers are usually rather long. This
may lead to problems of voltage
differences between earthed parts at the
two ends during a short-circuit test, and
especially on occurrence of the necessary
switching operations.

Note in particular that transducers have
only weak insulation between active parts
and the metallic body. It is therefore of
advantage, if no potential separation by
other means is possible, to provide
transducers at electrically remote earthed
positions (e.g. steel structures) with some
insulation between the body and this
remote-earth potential.

Select suitable wiring and cabling with
respect to conductor and screen arrange-
ment, in terms of cross-section and
arrangement of the individual conductors
in the cable (twisting, weaving, &c), e.g.
the symmetric starfour type cable for
connecting the re-commended four-branch
full Wheatstone bridge - 1 symmetric pair
of conductors for feeding, the other for
measurement.

Establish a suitable arrangement of
measuring cables, e.g. direction, elimi-
nation of excessive lengths, and so on.

If the measuring system contains more
than one element with single ended in- or
output, those elements must be arranged
very close to each other and with very
short connections in order to avoid earth
loops.

Potential separation for measurements on
high-voltage potential has been established
with isolation transformers for the carrier
frequency for voltages up to some 10 to 20
kV. One transformer is used for feeding the
required full bridge, a second for the
bridge output signal.




Figure 2.1 gives a practical example of such a
device that, is oil insulated and has been tested
up to 12 kV.

re————
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Fig. 2.1 Isolation transformer

- Potential separation between HV and units
at ground polential using other means,
e.g. fibre optics, require the main part of
the measuring chain - the amplifier -
battery operated on high potential. Only
sensors at practically identical potentials
may then be used with the usual multi-
channel amplifiers.

Fibre optics may be wused for the
connection amplifier to recording units.
Galvanic separation (with the choice of
multiple earthing points) and avoiding
interference on this, possibly long, signal
path can be of advantage.

- Last, but not least, the following should be
considered: During a short-circuit test the
maximum voltage above earth of an
earthed test set-up is only the rather low
voltage drop along that part of the whole
circuit as Iong as no separation of the
current path occurs. In that case, which in
short-circuit testing can, of course, not be
excluded, the full driving wvoltage may
appear at the energized parts and at the
measuring equipment installed there.
Reliable potential separation must be
guaranteed for this case.

The quantities to be measured on a rigid bus
system are generally bending stresses on post
insulators, steel supports, tubular conductors and
are measured by directly applied strain-gauges.
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The calibration of post-insulator and support
constraints is preferably done in terms of a
bending force instead of strain values.

In the case of flexible conductor arrange-ments,
the tension(s) in (sub)conductors and suspension
insulators, as well as the skress propagation
within steel structures such as portals a various
points down to their foundation are the most
interesting and important measuring quantities.
Forces can be measured by means of force
transducers or with strain gauges applied onto
an appropriate connecting part. Material stresses
must be measured with directly applied strain
gauges.

The measurement of displacements, particularly
in the case of flexible conductors, is also an
important issue. For smaller displacements,
electro-optical displacement transducers,
ultrasonic  position sensors, or electrical
displacement transducers can be used with the
device itself grounded.

Accelerometers have to be mounted on the
movable element, e.g. a conductor. The possible
length of their electrical connections may limit
the size of the displacement that can be
measured; a rigid conductor would pose no
problem, but a flexible conductor could. If used
immediately on a part carrying the short-circuit
carrent, a nearby and fully rated connection to
earth should be provided to protect personnel
and the rest of the measuring equipment.

High-speed film cameras and high-speed
videography may be used, for small and larger
distances from the object. Potential separation is
inherent. A recording speed of over 1000
pictures per second, which is readily available
for both systems - though at quite different price
levels -, is the maximum required. In many
cases, e.g. when observing the overall
movement of stranded conductors, a lower
recording speed of a few hundred pictures per
second will be sufficient.

25.2  Data Registration and Processing

Conventional registration techniques such as
galvanometer-type oscillographs and/or tape
recorders may, of course, still be wused. Yet,
transient recorders operated via computers and a
final registration/storage on magnetic/ magnetic-
optical media allows much better and easier
evaluation and processing of the measured data.



253  Measuring Points and Calibration

Measuring transducers and strain gauge bridges
should be placed on conductors and components
where maximum stresses are to be expected
and/or particularly on sensitive locations where
stresses cannot be easily predicted.

Industrially manufactured transducers normally
need not be calibrated by the user. Means to
reproduce the original calibration of the
manufacturer are available from the same
manufacturer or that of the amplifiers. The same
means are to be used for self-installed strain
gauge applications that are intended to measure
material strain. Self-installed sensing devices, that

Y : F

Displacement —’—I —=

are intended to measure forces, e.g. tension, or
material constraints in terms of forces, e.g.
bending force, have to be calibrated by ap-
plication of the respective quantity. Linearity and
re-peatability should be checked by applying a
cycle of different values over the required range.
Strain gauge bridges on post insulators and steel
supports, for instance, can be calibrated as
illustrated in Figure 2.2.

This kind of measurement on post insulators,
both separate and together with the steel
supporting structure is necessary to obtain the
static and dynamic characteristics such as
stiffness and eigenfrequencies. Accurate values
for these data are necessary as prerequisite for
calculation of dynamic stresses and strength.

' p— H Bending Force

a4
Figure 2.2 5

—— £1 Strain €
Clez2 Transducer Transient
: Amplifier Recorder
A |

-Strain gauge measurement of insulator and support constraints: € =f(F)
-Measurement of stiffness: Y= f (F)

-Measurement of first eigenfrequency and damping

at sudden release of bending force: Y (t)and/orE =f(t)

As the post insulators are particularly sensitive
components of rigid bus systems and of shorter
connections of stranded conductors, the
determination of their strength and dynamic
behaviour is very important. Some results of
investigations on post insulators and their
strength are given in [26,141,142]. From the static
F,, according to Fig. 2.2 and displacement Y, the

static stiffness of post insulators can be deter-
mined. Measurement of the dynamic response
force Fy, for which the frequency may vary, can

serve to determine the natural mechanical

frequency of the system
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If dynamic calibration is not possible, then the
mechanical frequencies of insulators can be
determined from the static calibration as follows.
From static measurements according to Fig. 2.2
we obtain.

c,__FLt

Y, (2.1}

The static deflection of a beam according to Fig.
2.3 can be calculated according to

- Fsl l13 ;1_

TS P (2.2)




From equations (2.1} and (2.2), we obtain

C

J13

E
Jo=—=3

< |

(2.3)

The mechanical harmonic frequencies of a beam

according to Fig. 2.3 can generally be calculated
according to

f = i ’51_9_
211‘.-1i2 m;

n (2.4)
where
T
Jo =E&"d4ma" (2.5)
w M; 3
mizp'Z'dxzrlax=_ii—1'v2+v+1 {2.6)

Substituting equations (2.3) and (2.6) in (2.4)
gives

Y3 1
[ =1, (v+1+— 2.7
" 2n Mi( v) 27)
where:

=Eigenvalues according to fig. 2.3¢

= spring constant according to Eqn.(2.1)

=total mass of insulator column in kg

- min/ dmax

a)

—{d min

bi

P

1 —T1— 0.8

\ ~t- 0.6

— 0.4

— 0.2

2.6 MECHANICAL TESTS ON
INSULATORS

In open air substations, insulators are the most
fragile components in terms of short-circuit
stresses. this is, of course, a result of the lack of a
plastic phase (yield) prior to destructive material

elongation (strain) or fracture in the case of
ceramics or glass.

Strain insulators, as typically employed in
substations, do not experience problems in this
respect since their loadings are usually much less
than their ratings. (Strain insulators with ratings
in the same order as the breaking strength of the
conductors are readily and economically
available.) This cannot be said of post insulators
subjected to bending loads in the ck&hf short-
circuit. These are typically used in substations for

rigid bus supports; but also for disconnectors,

breakers, arrestors, measuring transformers,

transformer bushings and GIS bushings.

The cross-sections required to withstand a given
bending load increase rapidly with the voltage
level as the bending moment is proportional to
post height or length of the cantilever arm.

Narrower margins of safety have to be tolerated
in this case because of the high cost and limited
strength capabilities of post insulators. This puts
an increased importance on the need for accurate
calculation techniques and detailed knowledge of
the material properties and mechanical

characteristics of post insulators and their
support structures.

o max re—




) dyin/ dmax n 1 1 3 4 5
1.000 1.87510 469409 7.85476 10.99554 14.13717
950 1.83681 4.62351 7.74892 10.85177 1395464
300 1.79751 4.55114 7.64037 10.70424 13.76731
850 1.75710 447681 7.52886 10.55265 13.57477
.800 1.71548 4.40037 741413 10.39662 1337656
750 1.67255 432159 7.29588 10.23573 13.17213
700 1.62814 4.24026 7.17375 10.06549 12.96086
650 1.5821¢ 415608 7.04732 9.89731 12.74199

Fig. 2.3:Eigenvalues of a beam with clamped and free ends (yn) with diameters at the ends

dpax and dp, iy respectively

a) Beam (clamped-free)

b) Some modes of oscillation

¢) Eigenvalues yp, (n = mode number)

2.6.1 Structure-mechanical Properties and
Characteristics

There is no need to describe details of the
assessment of the properties, listed below, of the
individual structural parts and their materials.
These data are obviously indispensable for
modelling insulators:

- geometrical form ) > mass distribution
- mass density )

- masses

- Young's moduli

The static and the dynamic performance of
insulator models can be checked against
measurements of stiffness and eigenfrequency
characteristics as discussed in section 2.5. Only
in the case of the actual loading, i.e. bedding,
need be considered. Measurements of stiffness
and eigenfrequency can, and should, be done in
the same test set-up (Fig. 2.2). These may relate
to just one value of displacement corresponding
to one value of static bending force applied. The
value of this force and of the corresponding dis-
placement shall be approximately equal to those
applied in routine testing. (The so-called
hammer method to determine -eigenforms
usually delivers somewhat too high frequency
values for the first eigenform because the
exciting force applied is not in that range, i.e. too
low.) These measurements can be done together
by releasing the insulator in the deflected
position (first eigenform) to oscillate into zero
position (first eigenfrequency).
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Similar measurements and tests on other
components and combinations of components
subjected to dynamic bending forces, for
example steel columns, towers, portals, cross
arms, etc., are possible and are increasingly
useful the more complex the structure con-
sidered.

2.6.2 Withstand Limits

When one has obtained, by some method,
estimates of the short-circuit loads and/or stress
values, they must be compared with estimates of
the permissible loads and stresses. Testing is of
particular importance in establishing the
strength of insulators, and the dynamic, as
opposed to the static, nature of the short-circuit
loading must be considered. For most practical
cases, the assumption of quasi-static insulator
behaviour may be adequate to allow operation
within permissible bending loads.

Beyond the quasi-static case, actual material
stresses must be compared with permissible
values. Tests are indispensable in assisting the
development and proof of methods to assess
material stresses for the short-circuit range of the
general dynamic case. In addition, both material
strength properties and the overall strengths of
insulators can be expected to display consider-
able statistical variability. Therefore, the number
of tests needed to establish withstand values
must consider statistical significance require-
ments.




Based on the above, three types of tests can be
identified:

a) Type and acceptance tests on insulators
b) Special tests on insulators

<) Material tests on specimens.

2.6.3  Type and Acceptance Tests on

Insulators

The only strength data that the manufacturer
supplies is the ,Minimum Breaking Load”
{MBL) of an insulator. This can be considered as
a guaranteed value for static loading which is
generally derived from statistical test results
[33]. The statistical basis for the MBL is not
defined by standards, varies considerably, and is
usually not provided by the manufacturer. The
higher the voltage level, ie. the cost of an
insulator, the oftener this value is checked in
acceptance tests on individual lots of insulators.
These full-load acceptance tests give a good
indication of the quality control consistency
achieved and the maximum achievable level of
safety.

264 Special Tests on Insulators

Mechanical tests as described in [26, 27, 33]
involving extensive strain-gauge and dis-
placement measurements and comparison of
static and representative short-circuit insulator
loadings, can contribute considerably to the
assessment of insulator response to different
loadings and the parameters that influence it.
Such studies on real insulators, can support or
confirm the applicability of material specimen
measurements. These tests have brought forth
important results that must have influence on
the further studies in stress assessment and the
practical solution of the problem of strength
assessment.

Due to stress concentrations (usually at the
points of highest global stress), it is necessary to
apply stress-concentration factors (>1), which
are particular to the insulator type and location
in the insulator, to derive discrete stress values
from the bending moment and the core
diameter. Further static and dynamic tests, to
define  stress-concentration factors more
precisely are highly recommended.
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2.6.5 Material Tests on Specimens

The costs of tests on full-size insulators, as
described above, whether destructive or not, are
so high that it is evident that only the minimum
required data will be obtained. As with the
application of other materials, e.g. metals,
designers have to rely to an extent on strength
values derived from tests on material specimens
199, 101}.

2.7 CONCLUSIONS

Laboratory tests, especially full-scale tests on
sections of a real substation set-up, are justified
in some cases. The values of the short-circuit
loading and design strength can be varied and
an optimal and reliable design obtained. In
addition, the electrical, mechanical and thermal
testing of the particular components and
apparatus can provide beofained combined to
reduce the total cost of the testing.

Measurement data obtained during such tests
provide supplementary technical information,
which is usefu] in confirming and extending the
capabilities of calculation methods.

Yet, the greatest importance of full-scale tests
lies in their indispensibility for the validation
and application of detailed computing methods
(FEM) and the validation of the simple methods,
that usually have to be developed under the
application of the more detailed methods
together with the tests.



3 RIGID BUS SYSTEMS

31 Introduction

An arrangement of rigid busbars in one plane is
commonly used in modern HV and EHV open air
substations. The structure must be strong enough
to withstand the significant mechanical stresses
created by short-circuit current flow. These stres-
ses appear in the tubular conductors and in the
supporting structures typically composed of
porcelain insulators and steel substructures.

The verification of calculation methods used for
design, and recommendations for proper design
procedures were the tasks of CIGRE the now de-
funct Working Group 23.02. This Working Group
published its first report describing measurement
methods and a preliminary comparison of test
results in 1973 [2]. At the 1976 CIGRE Session, a
second report on comparison of calculated and
measured values was presented [3]. Lastly, the
results of a full comparison between calculated
and measured values was presented in [4]. This
comparison showed satisfactory comsistency of
results thereby confirming the accuracy of several
calculation methods. Parametric studies and
conclusions regarding simplified calculation
methods were published in [5] and computer
aided approaches in [8]. The results of CIGRE WG
23.02 investigations have been incorporated in JEC
865 (1986) [39] and were taken over to [EC 865-1
(1993) [107] with some modifications. [108] gives
examples for calculation with the simplified
method.

3.2 Electromagnetic Short-Circuit Forces
Figure 3.1 shows the conductors L1, L2, L3 and
the reference directions of the electromagnetic
short-circuit forces. The worst case time functions
of the forces per unit length acting on conductors
L1 or L3 during a three-phase short-circuit
Fy(f) = F{3() are given by (3.1a), on the conduc-

tor L2 K 5(5) by (3.1b)
Ll

& i
-— - —_—

i(® 120D 130

fe———f———!
(4] a

Figure 3.1: Conductor arrangement and reference
directions
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o oo 3B 1
Fa(0)= F3®)=C' -3 -3

+ e"'/’[cos(cot -2y}~ -Jag-cos mt}

e/t ‘—/-3——100527
4 2

= -eu(t) =C e 3 (t)
ﬁ[_
2

Ra.h=C- cos( 2wt - 2)

+2¢7"* cos(wt - 2y)-e 7" cos 27] (3.1b)
=Crea(®)
and for a line-to-line short circuit F(f) by (3.1c):
BO=C -%[-;———;—005(2mt—27)
+2¢”"'" sin(ws — y)siny+e 2" sin? y] (3.10)
=C". ez (f)
where,
r— Po » 2
C'=—-|v2I
2na (J_ ks)
the reference force per unit length,
y =arctan X/R the impedance angle
X/R

6.2)

reactance to resistance ratio

T=—= X the time constant {3.3)
@R

ot

The above functions (3.1) are obtained if the short-
circuit is initiated at the following angles after
zero of the voltage in phase L1 withv=20,1, 2,...:

— Three-phase short circuit

L1: -1-1—-15-1\/11:
12

L2 SE4yE
12 2

L3: S—R:i:vn
12

Thus worse case time function (3.1a) do not
occur simultaneously for phase L1 and L3
— Line-to-line short circuit between L2 and L3

% tvn
(means zero voltage on both phase L2 and L3)

Figure 1.4 shows the electromagnetic forces ac-
cording to (3.1). The peak forces are proportional
to the square of the factor x for the peak short-
circuit current, see {1.4):




- Three-phase short-circuit, conductor L1 or L3

34243,

5 xZ2 =0,808-C'x2(3.4)

F 1'_1p = FI:3p =
— Three-phase short-circuit, conductor L2

Fl:.zp = g-C'Kz = 0,866'C'K2 (3.5}

— Line-to-line short-circuit
F2p =0,750-C'x? (3.6)

The functions (3.1a) to (3.1c) can be broken down
into partial functions with different mechanical
effects

e(t) = eg + ey, () +eg () +e, (1) (3.7

S— ——
steady state decaying

where

ep a constant term (arithmetic mean of &(t) in the
steady state)

€3¢ undamped oscillation at double the electrical
frequency

eg exponential term, decaying with a time con-
stant t/2

€, oscillation with electrical frequency, decaying
with a time constant t
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Figure 3.2: Force e11(t) = e2(t) according to (3.1a)
related to reference force C'for con-
ductors L1 and L2 and the component
according to (3.7). R/ X = 0,07 [5]

a) g = constant term

b) e, = undamped oscillation at double the
electrical frequency

c) eg = exponential term, decaying with time
constant t/2

d) e, = oscillation with electrical frequency,

decaying with time constant ©
e} er1(t) =epat) = ep+ex(f) + eg + e(t)

Figure 3.2 shows the components of the electro-
magnetic force according to (3.1a) and (3.7} for the
outer conductors L1 and L3.

Table 3.1 gives the maxima of the related electro-
magnetic forces in (3.1) as well as their com-
ponents in (3.7).

Table 3.1: Maxima of the related electromagnetic
forces and their components

Maxima (momentary values)

Function | Ratio | Three-phase Line-to-line
R/X |short circuit short
circuit
L2 L1, L3
0 3464 | 3,232 3
€ 007 | 2825 | 2636 2,447
ey any 0 0,375 0,375
220 any 0,866 0,433 0,375
0 1,723 | 1,616 1,500
€o 0,07 | 1,715 1,608 1,493
0 0,866 | 0,808 0,750
‘g 0,07 | 0858 | 0804 0,746

The time pattern of the forces in Figure 1.4 and
investigations of the partial functions in Table 3.1
enable the following comparisons [5]:

a) Comparison of line-to-line short-circuit force,
Figure 14c, with three-phase short-circuit
forces on conductors L1 and L3, Figure 1.4b:

— The constant terms eg are of equal magnitude.

- The maxima of all other partial functions are
somewhat smaller in the case of the line-to-line
short- circuit.

~ However, the time patterns of the resultant
short-circuit forces are very similar. In the case




of a line-to-line short-circuit, the maxima are
7% smaller than three-phase short-circuit
values for all R/X, both for the transient as
well as the steady state.

b) Comparison of the force on conductor 12,

Figure 1.4a, with forces on conductors L1 and

L3, Fi 1.4b, during a three-phase short-

circuit:

— The constant term ep is of considerable
magnitude for conductors L1 and L3 but zero
for con ductor L2.

— The maximum of the steady-state double fre-
quent term ey, for conductor L2 is twice that
for conductors L1 and L3. The maxima of the
frequency term ¢, and the exponential term e,
are somewhat larger for L2 than for L1 and L3.

~ The time patterns for the resultant forces vary
markedly; however, the conductor L2 maximal
are only 7% greater for all R/X than the
conductors L1 and L3 maxima, both for the
transient and the steady state.

It follows from a) that the line-to-line short-circuit
stress is somewhat smaller than the three-phase
short-circuit stress of the conductors and sub-
structures of the outer phases L1 and L3. The line-

to-line short drcuit needs no further
investigations.
Measurement of phase-to-phase short-circuit

stresses is more convenient than for three-phase
short-circuit stresses; however, the information
given by measured data from phase-to-phase tests
can be applied to phases L1 and L3 for the three-
phase short-circuit condition, but not to phase L2
(see also Chapter 2).

It follows from b) that although the momentary
maxima of the forces on L2 are larger than those
on L1 and L3, it cannot be determined which
phase is stressed the most on the basis of the ex-
citing forces alone. For this purpose, account must
also be taken of the mechanical frequencies of the
arrangements.

33 Dynamic Response of the System

The dynamic effects of the electromagnetic force
can be described with the aid of factors:

Vs (t)

E(}] _ Stress in dynamic case
Stress in static case

where
vp(f) factor for insulator stress
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U5(f) factor for conductor stress

For static reference values, the electromagnetic
force is assumed to be constant and equal to its
maximum momentary value. The maximum
momentary values of vp(t) and v,(f) are charac-
terized in the following paragraphs by Vf and V.
The dynamic behaviours of structures during
short-circuit, for a range of structural frequencies,
are illustrated in Figures 3.3 and 3.4 due to the
forces of Figure 1.4.
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2-
Fy(t)
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Figure 3.3: Electromagnetic force per unit length
for line-to-line short circuit Fj(t) re-
lated to the peak value F, (figure a}

and coefficient vp(f) for different
mechanical fundamental frequencies f;
(figures bto g). R/X =007, A=02[1,
Appendix IV]

If the frequency of the mechanical fundamental
oscillation or of a mechanical harmonic oscillation




is equal to the simple or the double electrical
frequency, resonance enhancements of the stress
will occur. Figure 3.3 shows the factor vg(t) for
line-to-line short-circuits for the mechanical fun-
damental eigenfrequendcies f. = 1,7 Hz, 10 Hz, 25
Hz, 50 Hz, 100 Hz and 150 Hz. A comparison of
Figure 3.2a with Figures 3.2b to 3.2g shows that
the time function of the dynamic insulator stress is
similar to that of the acting force for only the
higher mechanical fundamental frequendies f. >
150 Hz. For mechanical frequencies f, 2 250 Hz,
there is a practical coincidence of the two time
functions and the maximum value of factors Vg
and Vg are approximately equal (Vg = Vg >> 1).
For low mechanical frequencies and frequencies
out of the resonance ranges, Vg <1 and V4 < 1.
This comparison also shows that even if the
maximum instantaneous value of the electro-
magnetic force occurs approximately 10 ms after
the appearance of the fault, the maximum value of
the dynamic stress occurs for f. < 150 Hz much
later and depends on the mechanical fundamental
frequency.

In Figure 3.3, f. / f=10/50 = 02. For f. / f =
0.185, there is a resonance of the third harmonic
oscillation with the 50 Hz term of the electro-
magnetic force. But the 50 Hz harmonic oscillation
is also excited for the value f- / f= 0.2, which is
close to the resonance value. Figure 3.3e shows the
50 Hz resonance of the mechanical fundamental
frequency. Because the term ey(t) of the electro-
magnetic force is decaying, the corresponding
factor vp(t) also decays after it reaches its maxi-
mum value.

Figure 3.3f shows that for the 100 Hz resonance,
where the magnitude of the term e;,(f) is constant,
the maximum instantaneous values of the factor
vp(t) are limjted to a maximum value which
depends on the value of the mechanical damping
decrement A. Without damping these values
would increase linearly with time.

The dynamic effects of the electromagnetic force
terms of Figure 1.4 are very different and do not
result from the maximum instantaneous values of
these terms.

Figure 3.4 shows the factors V,, for conductors
with both ends fixed, as a function of the ratio f./ f
during a three-phase short-circuit, for phases L1
or L3. In order to compare the different curves,
factors Voo, Voow Vog Viow and Vgpe, are related
to the same static value as the factor V;. From
comparison of Figures 3.4 and 3.3, it is clear that,
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especially in the low mechanical frequency range
(typically for HV and EHV structures 0.02 < f. / f
< 0.2), the dynamic effect of short-circuit forces
cannot be estimated from the maximum
instantaneous values. For example, f. / f = 0.1
corresponds to Vgo/ Ve = 27.8 even though the
maximum instantaneous value of e3,max IS greater
than eg, 20/ €20max = 0.866.
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Figure 3.4: Factors V; for dynamic stress of the
conductors for different ime functions
of electromagnetic forces of Figure 3.3
(74]

a) Vgo when only g is acting,
Va2 when only e3,(1) is acting.
b) Vgg when only (1) is acting,
Voo when only e,(#) is acting.
¢) Voo+g when only g + €5(t) is acting,
Vow when e[{t) = eg + e2,(t) + eg(t) + ey(t) is
acting.



Factors V40 and Vg, are independent of the ratio
R/X. The term e;,(f) causes enhancements in the
100 Hz resonance ranges. The effect of this term
outside the resonance ranges and for low
mechanical frequencies is very small. Figure 3.4b
shows the effect of the terms eg{t) and ¢,(t) on the
factor Vgg and Vg, for R/X = 0.07. These factors

depend on the ratio R/X. Figure 3.4c illustrates
that in the range of the usual HV and EHV
structures and outside the resonance ranges,
almost all of the dynamic stress is due to the terms
eg + eg(t). These results are also valid for the
corresponding factors V.
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Figure 3.5: Three-phase rigid bus system with two spans, continuous tubes

a) Physical arrangement
b)
moment of inertia

Model for numerical calculation methods; mj mass element, E Young's modulus, |

c) Model considering the insulators and the supports as rigid

d)

34 Calculation Methods

Bus structures with rigid conductors consist of
parallel conductors, supported by insulators and
their substructures (that is, beams within the
terms of mechanics), as illustrated in Figure 3.5.
Time variant electromagnetic forces act on the
conductors during short-circuits; and the whole
structure performs forced oscillations for the
short-circuit duration and free oscillations after
clearing of faults. Different dynamic deflections
and stresses (usually bending stresses} appear at
every point of the structure. The maximum
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Forces and moments at the conductor supporting points

bending stress in the conductors and in the
insulators is of particular interest.

Currently, two classes of methods are in general

use:

- simplified methods based on simplified models
(e.g. modified static) which yield fast estimates
of real results suitable for everyday design pur-
poses.

— advanced methods based on relatively realistic
models, which are more cumbersome to use
but which can be used to give accurate results
for complex configurations



Methods of the first group are especially useful for
hand calculation; but should be programmed for
design purposes. They are relatively easy and
presently are the most commonly used design
methods. Application of the advanced methods is
computer aided. They are especially useful in
cases where more precise knowledge of the
busbars or supporting structure responses to
short-circuit current forces is required.

3.41 Simplified Metliods

Description

These methods are modified static methods [1, 5,
39, 45, 49, 56]. A simplified calculation can be per-
formed in the following two steps:

1. Static Calculation - for rigid supports, stress
values and deflections can be easily deter-
mined by well-known static analysis methods.
The electromagnetic force per unit length is
assumed to be constant and equal to its
absolute maximum according to (3.5) in the
case of three-phase short-circuits and (3.6) in
the case of line-to-line short-circuits.

2. Dynamic Calculation - the dynamic stress
values are obtained by multiplication of the
static stress values with factors Vg for the
insulator stress and Vs for the conductor
stress; the deflection can be calculated in the
same way, if desired, using the factor Vj for
approximation (Vf and Vs were defined in

section 3.3.).

T
==

29 3240 63 8% 120 160
50 100 150

1 /:
I
] |:
1
0 M 'r
]

2 mm 250

Figure 3.6: Fundamental eigenfrequencies f. of
stiff aluminum tubular busbars, fixed
at both ends, ! = 20 m, as a function of
outer diameter D [53]. (3.8) is used to
calculate f

1 - smallest standardized wall thickness
2 - largest standardized wall thickness

Note: As the frequency is inversely proportional
to the square of the length [, the values for
other lengths can be obtained from Figure
3.6 by simple conversion with [2. The fun-
damental frequencies for different boun-
dary conditions can also be obtained
simply: If the conductor is supported at one
end and fixed on the other, the frequencies
are to be multiplied by factor 0,689, and by
factor 0,441 if both ends are simply sup-
ported, see also Table 3.2

The parametric studies carried out in [5] show
that the most important parameter for the
calculation of the dynamic short-circuit stress is
the mechanical fundamental frequency. In the case
of rigid supports, the mechanical fundamental
frequency f; can be easily determined from (3.8) or
Figure 3.6; whereas for elastic supports, special
computer programs are used. In publications {75,
84] a method is developed to calculate the
fundamental mechanical frequency, in the case of
elastic supports, without computer programs,
using curves [84]. As discussed in [5] conventional
high-voltage substations can be assumed to have
rigid supports.

The mechanical relevant natural frequency f. for
bending can be calculated with

. /ﬂ
e 22 ¥ m'
where

E  Young's modulus

second moment of the area

mass per unit length

maximum distance between two adjacent
supports

(3.8)

]
ml
!

y is a factor dependent on the type and number of
supports and given in Table 3.2.

For the type the supports, it is necessary to
distinguish between simple and fixed supports. A
simple support permits an angular movement at
the point of support whereas a fixed support does
not permit angular movement. If for n 2 2 the
conductor is not continuous but cut in the clamps,
the 7 spans shall be handled as n mechanically
single decoupled spans.



Table 3.2: Factors o, p and y

M
T b d ¢ Factor lm;x,el Mmax,pl | Factor | Factor
ype of beam and suppor o elastic plastic | B y
locus
Si.ngle Span A and B: . M Fl
beam . = A: 05 ry H
simple supports I\ g B: 0.5 ] _8____ 2 1 1,57
1/2
A: fixed support $———pn A: 0.625 H 0 |8
B: simple support Ky Y 8 —=f—= | — 2,45
t ! B: 0.375 - 1 Ps |1
. §—§ Fl
A and B: A:05 | FL_Fl |38
fixed supports } 4 B: 0.5 12 E=B? - 3,56
A B ’ E 16
Continuous | two spans FI
beam with F ’?’ % % A: 0.375 ) ﬂ___Bﬂ i 2,45
equidistant A B A B:125 | _____ 118 |1
simple B
supports El
e S L HpH |8 3,56
! f P81 11 8 |11 ’
spans A B B A BT
Three-phase automatic reclosing at the worst time
with respect to the mechanical vibration of high-
voltage test bus, increases the stress significantly al 1z
as compared to the case without automatic ’
reclosing [1, 18, 19]. Such increases range up to ‘
95%. The results of parametric studies covering Py
the whole range of relevant natural frequencies A
are given in [63]. The maximum stress increases ot V. ///’
can be determined with the aid of the factor Vy: ' A
26
V= dynamic stress with automatic reclosing - /;’(a .
'~ dynamic stress without automatic reclosing v, o - g
. =T 1112 L3
Figures 3.7a and 3.7b show the factors VE, V5 and 02 5 0 04
Vr. which are proposed in [5] and which form the
basis of the simplified method IEC 865-1 [109)]. 0 L 1]
The development of this simplified calculation 002  OD¢ 006 0OB W c2 0t 05
method is based on extensive parametric studies f/f —

using several numerical and analytical methods
[5] and measurements [3, 4].
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Figure 3.7: Factors Vg, V; and Vr for calculating of
dynamic stress [4]
a) Factors Vr and Vg; 0,035 s R/X 20,17 i. e.
k 2 1,6. Factors for R/X > 0,17 are given in
[74]
b) Factor V,, ¢, is the dead time.

The stress can be effectively reduced if the short-
circuit duration is considerably less than half the
period of the mechanical fundamental frequency.
Curves for V§ and V, for practical use are devel-
oped in {77, 82] and given in [32, 82].

The short-circuit forces on the supports are given
by

Ey = VeV,ak, (3.9)

where F,, =F5,/ according to (3.5) for a three-
m p 8

phase system or according to (3.6) for a single-
phase system. The factor o is dependent on the
type and number of supports. a follows from the
rules of statics and is different for inner and outer
supports and given in Table 3.2.

The axial forces in the conductors are disregarded
and therefore only bending forces exist which lead
to the stress in the conductor:
E i
Om = Ve Vi (3.10)
Z is the section modulus of the conductor. Factor
B has a value 1 for a single span beam with simple
supports where the highest moment is in the
middle of the span, and is the reference
arrangement, Table 3.2. In the other cases, it is
reached in the ends at A and/or B. Table 3.2 gives
the maximum acting moments My, in the
conductor when the conductor material is in the
elastic range. The force can be increased as long as
the stress in the fixed ends or in the inner supports
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is, in the whole cross section, equal to the yield
point of, Then the cross section is full plastic. We
get a plastic hinge in the clamps, the corre-
sponding acting moment is Mmax,p) in Table 3.2
[109], and is the ratio related to the reference
arrangement.

Further increasing the force leads to plasticity also
in a cross section within the span when the yield
point of is reached there. This highest possible
load is called realistic ultimate load. The cor-
responding acting moment Mp, is equal to the
reacting inner moment:

M, =4Zc (3.11)

with the factor of plasticity 4. g differs for the var-
ious profiles. For rectangular profile g4 = 1.5, for
circular profile and g = 1.7 for tubes

3
=17 wﬂ_@? (3.12)
1-(1-2s/ D)
With these assumptions, the conductor is assumed
to withstand the short-circuit force when

Om < qu0,2 (3‘13)

with the stress corresponding to the yield point
Rp0,2-

3.42 Advanced Methods

General remarks

The application of advanced methods requires the
use of computers. The relevant computer pro-
grams are typically developed by spedalists in
numerical analysis, rather than by HV and EHV
substations design engineers. Therefore substation
design engineers require general information
regarding which computer methods may be ap-
plied and the corresponding results to be ex-
pected; and computer specialists require brief
information about the substation bus problems
and recommendations concerning the proper
choice of the method and programs.

In [6] mechanical and mathematical models of
busbar structures are presented, as well as a
general classification of possible solution methods.
Since the problem can be treated as a linear
problem of transient structural dynamics, a
variety of methods may be applied. The following
is a summary of [8] and [4].



Mechanical and mathematical models

Real bus structures can be reasonably modeled by
a frame consisting of bars, uniform (conductors,
steel pillars) or non-uniform (support insulators),
with distributed or concentrated masses. Mechan-
ical and electrical data required in calculations
and to characterize these bars (stiffness, mass,
eigenfrequencies) are established from their geo-
metry and material properties, if known, and if
not from experimental measurements.

If any data are missing, one may use as a first
approximation, relations between traction, torsion
and bending properties corresponding to circular
cross-sections. Note that by neglecting some
spedial effects (for example, local loss of stability
in tubular rigid conductors), the mechanical
effects caused by short-circuit currents in HV and
EHV substations may be described with sufficient
accuracy for engineering purposes, by the simple
linear theory of dynamic structures. In addition,
the study of earthquake effects may be considered
by a similar approach.

Due to physical assumptions, real structures are
represented by a space frame consisting of a
certain number of similar bars subjected to
bending, tension and torsion. In engineering
practice, a whole space frame is sometimes
simplified to one beam [52]. In such a case, the
analytical approach is very effective. Further, sub-
sequent simplifications may be introduced; for
example, one concentrated mass (ordinary dif-
ferential equation) or massless beam (static
solution only). The models form a theoretical base
for the simplified methods which may be used to
find a rough approximation of real results.

Solution approaches

Two basic problems of dynamic nature are usually
considered:

1. Free vibrations where eigenfrequencies and
eigenforms are required.

2. Transient problems, which are the main point
of interest in this chapter.

An attempt at a general classification of solution
approaches is presented in Figure 3.10 {8].

Finite element methods with step-by-step time
integration are presently in most common use
because of their numerous advantages, viz.

generality, commercially available software, etc.
Because of the linearity of the problem, some
general purpose computer programs for dynamic
analysis of structures may be successfully applied
for calculations of mechanical effects in HV and
EHV substation bus systems. Cost savings for
analysis may be achieved in practical design cases
where configurations and structural data are
standardized and relatively simplified, medium
accuracy and spedally oriented programs may be
applied.

Acceptable results can be obtained with four
element representations of insulators and eight
element models for conductors, (although the
influence of discretization is perceivable). More
elements are needed when the lowest frequency is
less than 3 Hz or when the possibility of resonance
exists.

3.5 Parametric Studies

Parametric studies have been carried out by ana-
lytical and numerical methods [5, 32, 74]. The
influence of electrical and mechanical parameters
on the dynamic short-circuit stress throughout the
range of relevant natural frequencies was deter-
mined, namely:

- time functions of the electromagnetic forces
- short-circuit duration
- unsuccessful automatic reclosing

- mechanical resonances
- mechanical damping
- boundary conditions for the conductor

- elasticity of the support structures
- unequal distances between supports
- number of spans

351 Electrical Parameters

The worst case time functions of the electro-
magnetic forces of conductor L2 are very different
from conductors L1 or L3, (see Figure 3.2). From
the electromagnetic forces and investigation of
their dynamic effects, it follows that [5]:

- In the range . / f> 1 (typical of medium and
low-voltage busbars structures), the conductor
and insulator stress is greater for phase L2 than
for phases L1 and L3.

- Inthe range f. / f<1 (ranges of resonance with
2f being ignored), the stress for L2 is con-
siderably smaller than that for L1 or L3. In HV




and EHV substation range, it is up to about
50% smaller, although the momentary maxima
of the electromagnetic force are even greater
for L2 than for L1 or L3.

- When the short-circuit duration Ty £ 0.1 s,
phase L2 stress in the HV and EHV busbars
range f. / f < 0.2 is always lower than phases
L1 and L3 stress.

- The line-to-line short-circuit stress is somewhat
smaller than the three-phase short-circuit stress
in the conductors and insulators of the outer
phases L1 and L3. Measurement of line-to-line
short-circuit stresses is more convenient than
for three-phase short-circuit stresses; however,
the information, given by measured data from
lineto-line tests, can be applied to phases L1
and L3 for the three-phase short-circuit con-
dition, but not to phase L2 (see also Chapter 2).

The time functions of the electromagnetic forces

also depend on the ratio R/ X (1a), (1b), (3). The Vf

and Vg curves for R/X = 0.035 (x =1.90), and R/ X

= 0.150 (x = 1.64) cover the usual HV and EHV

structure range. Significant differences only arise
in the resonance ranges and only slight deviations

occur outside these ranges [5].

Resonance enhancements are reduced if the short-
circuit duration is restricted. The stress outside
the resonance ranges can effectively be reduced
only if the short-circuit duration is considerably
less than half the period of the mechanical
relevant natural frequency. Curves for Vg and Vg
for practical use are developed in [77, 82] and
given in [32, 82].

In three-phase automatic reclosing on HV and
EHYV test stations, considerable increases in stress,
compared with the case without automatic
reclosing, have been measured (1, 18, 19]. Such in-
creases range to 95%. The results of parametric
studies covering the whole range of relevant
mechanical natural frequencies are given in [63].
Maximum stress increases can be determined
according to [107] with the aid of the factor V;
which is also given in subsection 3.4.1.

3.5.2 Mechanical Parameters

Resonance damping and boundary conditions

The influence of mechanical resonance’s,
mechanical damping and boundary conditions at
the ends of buses can be summarized as follows

(5):

32

- Apart from the fundamental oscillation reso-
nance’s, harmonic oscillation resonance’s also
affect the dynamic stress. These cannot be
taken into account with a model of a one or
two mass oscillator. Resonance enhancements
are generally lower for conductor stress than
for insulator stress.

- Mechanical damping is only of major signi-
ficance in the resonance ranges; outside these
ranges it is very slight, even with the compara-
tively high logarithmic damping decrement A
= 0.2. For tubular busbars the value A = 0.05 is
appropriate [55]. Mechanical damping can be
ignored apart from the case of three-phase
automatic reclesing. In numerical calculation
methods, stability considerations may well
make it worthwhile to take damping into
account; however in this case, the calculation
should be performed with a small damping
value so that any resonance present can be
discerned.

- Different boundary conditions for the con-
ductor ends cause shifts in the resonance
ranges. Outside these ranges the stresses alter
only slightly.

Supports, number of spans and unequal distances

Investigations performed on typical high-voltage
arrangements with different mechanical pro-
perties of the supports and different boundary
con ditions [5, 61] show:

- Elastic supports cause a shift in the harmonic
oscillation resonance’s [75] and a reduction of
the resonance enhancements as compared to
the rigid support arrangements. The stress out-
side these resonance ranges, above all in the
mechanical relevant natural frequency range f;
/ f < 0.1, is not significantly influenced by the
elasticity of the supports.

- The maximum dynamic bending moment in
the supports increases approximately linearly
with distance k [20]. For Figure 3.5 the maxi-
mum bending moment at the base of the
insulators is Amayx 71 Or Bmax #1 and at the base
of the  substructures  correspondingly

Amax(ft1+h2) or Brau(h + h2).

- Investigation shows that the influence of the
number of spans n is not large if n > 3; there-
fore multispan arrangements can be suitably
represented by three spans.



- Arrangements with unequal distances between
supports can generally be treated with suf-
ficient accuracy if all spans are assumed to
have the largest occurring distance between
supports. Thereby, at most, the end insulators
are stressed as severely as the inner insulators.
Very short distances between supports, meas-
uring less than 20% of adjacent distances bet-
ween supports, are best avoided. If this is not
possible, the conductors can be decoupled by
means of flexible joints.

3.6 Conclusions

The simplified calculation method as presented
and according to [107] is feasible and expedient
for design purposes in most cases. This method is
based on extensive parametric studies using
numerical and analytical methods and was veri-
fied by measurements in HV and EHV substations
carried out by WG 23.02. The application of the
IEC 865-1 method is easy and the accuracy for
most practical structures is adequate.

Advanced methods are needed mainly for:

- parametric and sensitivity studies

- optimum design of standard structures

- computations for unusual structures

- computations for uprating existing substations
for higher short-circuit currents

Advanced methods offer the primary advantage
that complex structures may be analyzed in detail
including both the busbars and the support struc-
ture. When structural data are accurately known,
high and controlled calculation accuracy may be
achieved. However, in practical situations, data
for foundations, insulators and joints are not well
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known and additional measurements may be
needed to ensure accurate final results. General
purpose programs for structural dynamics may be
adapted for bus system design, and as well, var-
ious specific, less costly programs have been
developed which allow fast computations for
cases which are not too complex.

Assumed boundary conditions for the bus system
and other structural data are inevitably imprecise
and that this can cause considerable deviations in
calculation results for mechanical frequencies and
stresses. In order to achieve reliable results, the
model data should be varied within the range of
possible inaccuracies. In practice, typical sub-
stations have a large number of bus arrangements;
therefore, such sensitivity studies must be
performed. Simplified methods such as IEC 865-1
calculation method has the advantage to give
access “instantaneously” to these boundary con-

ditions effects. In fact, it is quite obvious that the
maximum stress will occur near the clamped
fixation adjacent to two free supported (hinge)
support. So that both simplified and/or advanced
calculations will be performed on a three span
arrangement with the same distances between
supports (the largest one) with alternative free
rotation and a rigid one. The maximum will occur
as indicated earlier. In practice, a hinge is used to
reduce thermal expansion stresses. The presence
of supports (insulator, supporting structure)
generally decrease the stress, compared to fixed
point, except if resonance’s occur (which is only
possible in the voltage range up to 170 kV). In fact
the resonance with the high frequencies of the
electromagnetic loading is only possible for
insulators and these could have such high natural
frequencies (50/60 Hz) only for voltage level up to

170 kv. '



4 FLEXIBLE BUS SYSTEMS

4.1. Introduction

The analysis of flexible busbar systems is much
more complicated than that of rigid bus systems
because the structures experience significant
displacements in response to the short-circuit
forces. The short-circuit forces also depend on the
displacements of the conductors and this results in
a highly nonlinear behaviour. As well, the com-
plete conductor, insulator and support structure
system must be considered in the analysis. During
the 70's, the members and experts of WG 23.02
began development of methods, for example using
finite element methods to calculate the dynamic
response of flexible busbar systems to short-cir-
cuits. In addition to the use of advanced methods,
extensive efforts were expended to develop
simple solution methods which would give good
estimates of the results for parameter and
sensitivity analysis.

As a result, several methods for the calculation of
short-circuit effects in busbars with flexible con-
ductors have been developed which differ very
significantly in terms of the models used to
represent the bus systems, the numerical cal-
culation techniques, their capabilities and
complexity [119]. Most of the calculation methods
used computer programs, which presented
different options, capabilities and computer re-
quirements. The methods are divided into three
classes, mnamely, simplified, medium and
advanced. Due to the rapid development in
computer technology, medium methods were left
in the background. Powerful advanced methods
for example, finite element methods, are available
on workstations and PC’s and allow the
calculation of complete structures. Simple
methods are nevertheless useful and necessary in
design of substations for typical design cases and
parameter sensitivity investigations. They have
the advantage to be used very quickly (some few
seconds) compared to advanced method (some
minutes on up to date workstations).

The typical bus configurations to be analyzed have
been classified as described in Section 1.4 and
Figure 1.8

After the termination of WG 23.02, investigations
in this area of technology continued inde-
pendantly and since 1992 they have been included

in WG 23.11. This chapter provides an update on
the present status of the various classes of cal-
culation methods for flexible bus systems.

4.1.1 Sitmplified Method

This class of calculation methods uses simplified
analytic representations of bus short-circuit effects
which can be accommodated with hand cal-
culation and/or pocket calculators. For economic
substation design, personal computers are used
with programs including all the equations, dia-
grams and tables of the methods. They include
also the calculation of the normal load and allow
parameter investigations in a very short time to
find the optimum in design.

Simplified methods typically give maximum
values and no information about the time history
or evolution of the phenomena. These methods
require only general data, for example span
length, static tension, distance between phases,
structure stiffness, cable data, short-circuit current
and duration. The method as standardized in IEC
865-1 is derived in subsection 4.2.

Cases C, D, and pure case A without droppers can
be accommodated. The method provides the
tensile forces generated by the swing out and
falling down motions of the span, the horizontal
displacement of the span, the tensile force caused
by the pinch effect of bundled conductors and a
maximum tensile force to be considered for design
dimensioring.

4.1.2 Advanced Methods

Anocther approach is the accurate modelling of the
structure using finite element modelling for the
conductors and supporting structures. Using such
methods to compute the dynamic response of the
structures, including their nonlinear behaviour, it
is possible to obtain highly accurate results,
limited only by the degree of detail used in the
modelling and the availability of reliable basic
structural data. As with the rigid bus case, with
some adaptations, several general purpose finite
element programs can be used.

These methods can be applied to any structural
configuration and forcing function including, for
bus design, cases A to F as well as case A+B.
Space and time integrations can be performed to
any degree of accuracy, limited only by the com-
putational time available. However, analysis of
bundle conductor pinch effect is not available



from all programs and requires substantial
computer time, particularly if it is included with
swing effects in a global calculation. This subject is
discussed in greater detail in section 4.4.

The accuracy obtained by advanced methods is of
course related to the accuracy of the available
data. Some of these data are generally not known
with precision, which therefore leads to a need to
also use some parametrical approachs. For ex-
ample, the stiffness of the apparatus or the exact
lengths of droppers, elc, are sometimes difficult to
obtain. In addition, for the general design situ-
ation, the structures may exist only on paper at
the design stage when detailed structural data are
required, and the results tend to be sensitive to the
data in some cases. Conservative hypothesis can
be tested based f. e. using simple analysis meth-
ods. The typical data required includes, for
example, configuration data for the bus, droppers,
support structures, connections, material elast-
icity, mass, heat capacity, expansion coefficients,
time variation of short-circuit current and so on.
Nondestructive measurements on partly installed
structures can improve the situation, by giving
better knowledge of such parameters including
the stiffness and dynamic behaviour of the
components of the structure,

The time history of tension and displacement for
all components of the structure (cable, supports,
droppers, apparatus) are obtained from the results
of finite element analysis. Step-by-step compu-
tations provide sets of structural data for the
complete structural response as a function of time.
The views of the deformed structure during the
process facilitate the understanding of exactly
what happens to bus systems during and after
short circuits. Design loads, for example,
maximum bending moments can be easily ob-
tained by postprocessing analysis.

4.1.3 Bundled
Calculation

Conductor Pinch Effect

As with other aspects of bus analysis, a range of
methods is used to analyze bundled conductor
pinch effect, using simple, medium or advanced
methods [112, 119]. Because pinch effects occur
more rapidly than swing effects, following
initiation of a short-circuit, pinch effects are com-
monly analyzed separately from swing effects.
This phenomenon and the methods for its
analysis, are described more completely in section
4 4; however simple or medium methods require

only a few seconds on a typical desk top personal
computer. Pinch effect can also be calculated at
the same time as swing effects if an advanced
method is used. In this case the computer time
will be increased; but the whole problem will be
solved at the same time.

As with analysis of the other short-circuit bus
effects, the accuracy of calculation results depends
on the accuracy of the data. In the case of bundle
pinch, a particularly important factor is the equi-
valent dynamic spring rate of the hardware con-
nections, support insulators and apparatus. For
advanced methods, hardware is used in the
modelling, thus intrinsically taken into account.
But for simple method, empirical values can be
used. As with the previously described short-
circuit effect calculation methods, bundle pinch
calculations require similar data. But in addition,
stiffness and frequency of supporting structure,
number of subspans, bundle spacing, sub-con-
ductor diameter are particularly important para-
meters.

The primary results of bundle pinch effect
calculations are peak tension in the conductors
and the compression forces on spacers. The time
history is also available with advanced methods.

The following sections provide more detailed
descriptions of simple and advanced methods for
swing effect calculations. In addition, bundle
pinch effects are described.

4.2. Shont-circuit Tensile Force, Drop Force and
Horizontal Displacement —

Simplified Calculation Method

4.2.1 General Information

Stranded conductors used in substation bus
systems are assumed to have no flectural strenth
and are therefore normally under tensile force
only and in static equilibrum with the load
imposed by their own weight. As long as gravity
represents the only load, the conductors of the
span are on vertical planes on which their anchor
points are located. The smaller the sag, the larger
the tensile force. For the simplified method of
calculating mechanical short-circuit effects, this
premise also applies for short spans and large
conductor cross sections, but it gives good results
for longer spans and low cross sections, too. As




well, bundles with two or more sub-conductors
are assumed to behave approximately the same as
single conductors of equivalent cross section and
mass. These calculations are not affected by the
pinch effect of bundles. The simple method for
calculation of the tensile force due to the pinch is
described in section 4.4.2.

In the following paragraphs, methods for calcu-
lation of the tensile forces and conductor displace-
ment due to the short-circuit forces acting on the
main-conductors are derived. References to
clauses, equations and figures of IEC 865-1 [107]
are marked by an asterix (*).

The equations derived apply for span lengths up
to approximately 60 m and ratios of sag to span
length of approximately 8%. For longer spans, the
movement of the conductor can result in lower
stresses than calculated using the equations in this
chapter. They apply for horizontal spans in side-
by-side configuration. Other configurations can
result in lower tensile forces. However, because of
the complicated computation involved, use of the
given equations is recommended for calculating
these cases also as a first approximation.

The short-circuit duration Ty depends on the
system protection time, which is a variable de-
pending on system design requirements and
statistical effects that occur during the service life
of a substation. In practice, designers commonly
assume that short-circuits occur with variable
durations and estimate the "worst case” from ana-
lysis of historical operating records. If the short-
circuit duration Ty is not known, the simple
method produces the worst case result cor-
responding to the specified short-circuit current
level. The calculation of the short-circuit currents
should be based on IEC 909 [40].

Automatic reclosing is not considered in the
method; but tests show that higher forces can
occur during or after the second short-circuit
current [130]. Therefore additional investigations
may be required.

4.2.2 Conductor Movement and Tensile Forces

Figure 4.1 shows a simplified view of the con-
ductor movement caused by short-circuit forces.
In the case of a balanced three-phase short-circuit,
the outer phase conductors L1 and L3 swing out-
wardly from the steady state position and the
center conductor L2 moves only slightly because
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of its inertia and the alternating bidirectional
forces acting on it. In the case of a line-to-line
short-circuit, for example between the phases L1
and L2, both conductors swing initially outwards
then inwards in synchronism.

a) 11 12 L3
b) L1 L2 L3
< < |

Figure 4.1: Conductor movement due to short-
circuit currents

a} during and after a three-phase short-circuit

b) during and after a line-to-line short-circuit

The stresses occuring in line-to-line short-circuits
and balanced three-phase short-circuits are ap-
proximately equal. However, for line-to-line short-
circuits, conductor swing out typically results in
decreasing minimum clearances ag, when the
adjacent conductors carrying short-circuit current
move towards one ancther after the short circuit
current has cleared. Consequently the short-circuit
tensile force F, the drop force Ff and the
horizontal displacement by, are calculated for line-
to-line short circuits. In the case of short circuits

far from sources of generation, If, = +/3/2I{5 [40].

5,
a) Oscillation of the span at & < 70°



¢) Oscillation of the span af 180° <6

Figure 4.2 Short-circuit location curves in the
middle of the span for two adjacent phases in the
case of a line-to-line short drcuit in L1 and L2

left side: movement of the conductor
right side: surface area required
]

locus during current flow
locus after current flow

———

Figure 4.2 shows a more detailed view of the three

typical conductor movements when a line-to-line

fault occures between conductors L1 and L2. In
this case the maximum swing-out angle 3 is the
decisive parameter:

- §p < 70° The span is displaced until the first
reversal point is reached at 3, and then
returns to the steady-state position with
damped oscillations. During or at the end of
the short circuit, the short-circuit tensile force
F, is at its maximum and the sag b at d m-

_ 70° <3, < 180°: The span is displaced and
drops down from the position indicated by 8 m
in the direction of the suspension points. At the
end of the first fall at the time &, the drop force
Fyis at its maximum, as is the sag.

- 5y 2 180% The electromagnetic forces accel-
erate the span so much, that it rotates once OT
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ceveral times, until the stored energy is
exhausted. At the bottom of the curves, tensile-
force peaks of approximately the same order as
the maximum drop force Ff may occur at ap-
proximately equal intervals corresponding to
the natural frequency of the span. The sag
reaches its maximum at the time #.

tp; 15 the time, where the tensile force due to the

pinch occures.

Therefore it is necessary at first to estimate the

maximum swing-out angle S and the angle 5 at

the end of the short-circuit current flow.

4.2.3 Maximum Swing-Out Angle and Angle at
the End of the Short-Circuit Current Flow

In the following, the shape of the conductor span
js assumed to be a parabola and the shape remains
ing out motion, Figure
4.3a. The angle between this plane and the vertical
axis is the swing-out angle 5 (f). Longitudinal and
transversal conductor waves are excluded.
Fach main conductor consists of n sub-conductors
with the mass per unit length mj, cross section
A, and the actual Young's modulus E, (see

section 4.4.3). In the case of a single conductor, n =
1, mo=m, 4 =4 hold.

L2

Figure 4.3: Spans L1,L2 side-by-side during a line-
to-line short ciruit



For calculation of the maximum swing-out angle
& m the movement of the span is described by the
nonlinear physical pendulum Figure 4.3 b, which
obeys the differential equation

]5 + mg,ssind = M(#) 4.1)

where

mass

m=Idmznm;I

distance to center of

gravity

moment of inertia

M= IF "(X)y(x)cosddx exciting moment

The approximations apply to typical spans where
bc << for the static sag is a valid relationship. The
period of conductor oscillation for small angles &
and constant sag b, is given by

T=2‘1‘[J ] z21r\/0,8—b—c-
En

mg,s

The double integration of (4.1) can only be done
numerically. Because the period of osdllation of
the span is long compared with the period of the
short-circuit current, the time history of the
current can be substituted by the initial short-
circuit current, whereby the force becomes inde-
pendent of time. If the moment is calculated by a
substitute force on the center of gravity averaged
over the swing-out angle:

(*23)

M =F'(m+7)kglscoss, 4.2)

Now (4.1) can be integrated analytically twice. F”
is the constant force per unit length caused by the

initial short-circuit current Ii;:

o ()
2 a

After the breaking of the current at & = 8, the
moment M is zero. The factors m and n from
[107], here marked by a tilde to distinguish them
from other variables used, consider the a.c. and
d.c. components of the short-circuit current.
Figure 4.4 shows the factor m and for distribution
networks usually 7 =1 holds. The factor kq is the

averaged influence of the angle 8, see Figure 4.5
[104].

(4.3)
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component constribution to the short-circuit loads
on flexible conductors and to thermal effect [107].
xis the factor for calculating the peak short-
circuit current [40] and f the system frequency.

With these assumptions, (4.1) can be written:

4n? 2 .

. |==5V1-rsin(6-8;) for0<5<8,

8= 411'!2 (4.4)
—FsinS for 8 > 8,

where 7 is the ratio of electromagnetic force per
unit length to gravitational force per unit length
G =nmg,

b la=
! 0
. — 0,05
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0,2
08 AN \%\‘\ — Jo2s
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Figure 4.5: Factor ky describing the averaged
change of the moment in (4.2)
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r=

(4.5)

and
81 = arctan r (*21)

Integration of (4.4) with d52/d5 = 25 leads to:
— for 0< 3 £ 38 j with the initial values §=5=0

§= 8n” ind +coss —1 6
= —fi-(rsm +cos8 —1) (4.6)

— for 8> 5y with the initial values 5=58 and
s

5= 8% (coss - cos8y) + 82 1
= -]::_,—(cos —cosBy) + 8 4.7)

For the second integration of (4.6), the following
substitutions are inserted to calculate the angle 3
at the end of the short-circuit current:

8*=5~51, g:lsmi—, k=51n5_1
k 2 2

by which the span swings around the steady state
position 3;:

:  2m

E- -k )-4)

pend
with the amplitude dependent oscillation period
T
Toend = 7=
B 4 1+12

Separation of variables gives an elliptic integral of
the first kind; the result is the Jacobis elliptic sinus
amplitudinis function sn [122]. Taking the initial
value §*=-3,, one obtains after substituting
back:

&() =8, +2arcsin|iksn[21r T t -%,k}jl

pend

For the usual range 0 < r < 10, a simple ap-
proximation can be given, which is derived from
the linearization of equation (4.1) for smaill angles
and contains the amplitude-dependent periodicity
of the sn-function by approximation:

5(t) =6, [1 - cos [21: ﬁ] ]
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The period of the sinus amplitudinis function sn is
quadratically approximated which gives the re
sulting period during short-circuit current flow:

T
Tes = ZP@; 5= Tz - - (*24)
_n _1,) i _z__(_a_)
1 64(90" 1+r [1 =1 \90° J

Therefore, the angle at the end of the short-circuit
current flow is, with ¢ = Tj;:

8y =8(t=Ty) =3 [1 - 003(21: il-] ] (4.8)

é-]
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Figure 4.6: Swing-out angle 3, at the end of the
short-circuit current flow

— 8y for T/ Tres < 0,5.
==  3yfor Ti1/ Tres > 0,5.

locus of maxima for Tk1/ Tyes = 0,5.

Figure 4.6 shows 8k as a function of T/ T with
the parameter r. 8y reaches its maximum at
Ti1/ Tres =0,5 indicated by the dotted line and is
then decreasing. When Ty /Tres > 0,5, the maxi-
mum value of 3 for Tyxy/Tres = 0,5 shall be
inserted for design purposes, because the actual
short-circuit duration T can be lower than the
short-circuit duration Ty given by the protection
concept, and the worst case shall be considered.
Therefore (4.8) becomes:



The dashed lines in Figure 4.6 are valid for
Tia/ Tres > 0,5.

The maximum swing-out angle is obtained as
follows: At the reversal point of the movement

5=3 m, 8 =0 in (4.7). Inserting (4.6) with 5 =35

leads to the maximum swing-out angle, which is
only dependent on r and §:

8, =arccos(1 -rsind, ) =arccosy, ~ (4.9)

180
otk TN e /z,s
150° , [ f /L/Ik - ,ﬁ\
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| e -
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o !
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Tkl
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Figure 4.7: Maximum swing-out angle &5 ac-
cording to (4.9)

T ¥y
——  locus of 8, for &, =90°
- locus of &, for 8, = &

Figure 4.7 shows 3, as a function of Ty /T with
the parameter r. The dashed line indicates 3
when 8y = 90°, The dotted line shows 5y, when 5
is maximum, that means the short-circuit current
flow stops at the highest point of the conductor
movement: &,, = &, = 28;. Three cases can be seen:
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— 0<r <1: The maximum of &, is reached at the
maximum of &, i. e. 8, = &y = 28,.

— 1<r < 2: The maximum of 8, is reached at
8x=90°. Then the course of 3, decreases and
has its minimum at 3, = &}, = 25,.

— 1> 2: The course of 8, increases and 5., = 180°
is obtained if § = -1. §, < -1 results in rotating of
the conductor span. Greater short-circuit
durations can lead to ranges, where y > -1
holds and the conductor stops movement
before 180° the minima of these parts are
marked by the dotted line.

Because Ty < Ty can occur, the worst case

8y =90° shall be used in this case for design. So it

follows that:

1-rsindy fOI'OSSk £90°
x= [ (*30)

1-7 for 8y > 90°
A comparison with test results {104, 78] shows
that 8 ;, is too low when calculated by (4.9). This
is due to the simple model of a constant force per
unit length in (4.2) on the one hand, and the
pendulum movement superposed by longitudinal
oscillations of the conductor on the other hand.
Therefore, the following corrections are made in
{4.9). Small swing-out angles are adjusted by a
constant factor of 1.25 and large angles with the
addition of 10°, which gives continuation at
8 m=50° and 180°.
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Figure 4.8: maximum swing-out angle &, ac-
cording to (*31) for design purposes



Hence
1,25arccosy, for 0,766y <1
8 =410%+arccosy, for -0,985<y <0766 (*31)
180° for + <-0,985
which is shown in Figure 4.8 which is identical
with Figure *6. If the short-circuit duration Ty is

greater then 04T or Ty is unknown, then the
value 0.4T shall be used for Ty in (*29) and (*37).

The factor m can be taken from Figure 4.4 with

T;.es/4 for Tkl 2 T;,es/‘l
T= or Ty is unknown (4 10)

Tkl for Tkl < T[es/4

For short-circuit durations greater than 0.1 s the
influence of the d.c. component is low and m can
be disregarded. As 0.9 < kg < 1 applies for usual
spans, kq = 1 can be used which is on the safe side
as given in Figure 4.4. Accordingly, (4.5) becomes:

F_F
G nmg,

(*20)

4.2.4 Short-Circuit Tensile Force F;

Figure 4.9 shows the sectional view of a span. The
forces per unit length act on a conductor element:

b a + 2p(x) sind——
4 a &
’ ] {
‘ |
\ ) /
\ X /
N R{x) /
N Y
s :/__>
V\conductor my(x)d ‘C’?' my(x)e’

Figure 4.9: Swing-out of the conductor in midspan
and forces during current flow

radial R’ = F'sind + G’ cosd + m'yd>

tangential nm.yd = F'cos§—G'sind

R’ is the radial force per unit length, which
changes very slowly compared with the
eigenvalue of the conductor as a swinging cord.
The integration of the second equation with an

initial value 8(#=0)=0 and substitution into the
first equation leads to:

% =3rsind + 30088 -2 (4.11)

R’ reaches its maximum at
8, = arctanr (*21)

if 8y = 8y, i.e. Ty 2 Tres/4, otherwise at & = §y, if
T < Tres/4.

The change in conductor length by increasing the
radial force from R, =G to R{=G(l+¢)
becomes with the change-of-state equation for a
conductor:

I —ls = NI{F, - Ey) (4.12)
The spring constant of both supports § and the

Young's modulus E; are subsumed under the
flexibility norm

Ni=l+ !

*25
S nE.A, ()

The approximate lengths of the conductor

, 3 ()2
y=2hg [&1]3,%{_[&)
G' F 2 24\ F

R 3 (o \2
L= zgm(&_t_i) —.314.’_[5_93.)
G E 2 24\ E,

are inserted into (4.12)

2R} [R;,]z _
EZ[[?:J 5 =NI(F, -Fy) (413)

Hence the short-circuit tensile force F, is estimated
as:
E.(1+ey)  forn=1, single conductor
Pt =
11E,(1+¢y) forn 22, bundled conductor
(*34)

where the factor 1.1 in the case of bundled
conductors an increasing of F; due to the pinch
effect considers, see also chapter 4.4.2.1.
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¢ follows from (4.11)

o= Rinax | _ 3(\/1+r2 -1] for 8y 2 &,
G’ 3(rsindy +coséy 1) fordy <&y
(*32)
With the stress factor
(" ms".lgn)z
gzl (*28)
24N

(4.13) becomes

02y +o(2+ 0yl +(1+ 20w -C(2+0) =0 (*33)

with which y can be determined by 0<y <1 or
taken from Figure 4.10 which is identical with
Figure *7.
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Figure 4.10: Factor y for tensile forces

4.2.5 Drop Force F¢

At the highest point of the conductor movement
3 m according to Figure 4.11, the maximum
potential energy is stored:

Figure 4.11: Conductor movement in midspan for
calculating the tensile force F¢

Epot = (1 - cosﬁm)nm;lgns

During the fall, the energy is partially or
completely converted intc elongation energy
depending on height and movement of fall:

Eaa =5 NI(E? - E3)

From the height of fall one obtains the balance of
the complete energy conversion:

(cosB¢ — cosdy, ynmilg,s = %NI(I-}2 - Fszt)

and from this:

F= Fst\/l +4§(c058f —cosﬁm)

The upper limit follows with 3 ¢=0:

Ft = Fyuyf1+40(1- cosbpy) (4.14)

and with the approximation 1 - ¢os 8, = (2/7) &g

3
F=F |/1+ . 4.15
£=Fay1+8 0 (4.15)

In general the velocity and hence the potential
energy of the conductor are not zero and drop
forces are observed in tests which are greater than
those calculated with (4.13). This can be taken into
consideration by a factor of 1,2:

[ 8
F=12-F, (1+8—2 *35
f sty 1+86 20 (*35)

The drop force only needs to be calculated if
8 m270°, which occures if r > 0,6, see Figure 4.7.



In short spans the bending stiffness of the span
reduces the span drop, which means that the span
drop is calculated too large if the span length is
less than approximately 100 times the diameter of
the single conductor, i. e. I <100- ds.

42.6 Horizontal Span Displacement and
Minimum Air Clearance

Into the change-of-state equation in the case of
elastic and thermal elongation

2l (e
24 I_-t Fst ela th

the sags in the midspan
_g? . _RP
[ ’ [«
8F, 8F,

are inserted and solved for b:

2

by =ch1+%(bi] (Beta +5m) = Cpb, (4.16)
C

The factor Cp corresponds to (*38). The elastic

elongation is generated due to the change of the

tensile force from Fg to F;

€aa = N(F - Fyt) (*36)

and the thermal elongation due to the heating by
the short-circuit current

e 2 H 2
Sth =E.'-t—}—‘-(1£] T=Clh£1k_2J T
KCpANA, nA,
with the temperature coefficient oy, the specific
conductivity x, the specific thermal capacity c and

the specific mass p, which all give the material
constant cg,:

(*37)

Cih in m#/(A2s) | type of conductor

0,27-10-18 aluminium, aluminium alloy,
aluminium /steel conductors
with a cross section ratio of

Al/St>6

0,17.10-18 aluminium /steel conductors
with a cross section ratio of

Al/St<6

0,088-10-18 copper
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The maximum sag bg for Ty 2 Tyes/4 is reached at
the angle 81 and for Tyq < Tres/4 at the end of the
current flow at 8. Thus T is:

{1}5/4 for Ty 2 T,os /4
T=

(4.10)
for Tyq < Tras/4

T

Because the shape already differs from the para-
bola with low values of r and approaches a
triangle with high values of 7, the actual sag is
higher than that estimated with (4.14) [6-8, 16].
The correction is made using the form factor Cr
with linear interpolation in the range 0.8 <r < 1.8
[121, 124}:

1,05 forr<038
C,=4097+01r for 0,8<r<18 (*39)
1,15 forr=1,8

Cr is derived from tests, because it is only possible
numerically to get the form factor for each span.

The maximum horizontal displacement is the

projection of the sag onto the horizontal axis
CFCDb for & _, 29
- c m (*20)
CeCpb.sind,, ford, <90°

In the worst case, the minimum air clearance 2pin
according to Figure 4.1 is given by

Amin = 8- 2by (*42)

This minimum air clearance is on the safe side
because the actual conductor movement towards
each other depends on the short-circuit para-
meters and varies in a wide range due to para-
meter inaccuracies, which can not be disting-
uished.

4.2.7 Extension on Strained Conductors

The methods written above are only valid for
slack conductors, which are connected to support
insulators, and hence represent a homogenious
arrangement. In long spans, the mass of the
insulator strings is significant compared with the
conductor mass and is essentially decisive for the
sag. The period T according to (*23) contains only
the sag. To take the insulator strings into account,
an equivalent static conductor sag at midspan is

defined:
_G'P

b.=
¢ 8E,

(*22)




which is

~ for slack conductors, the actual static sag,

— for strained conductors, the sag, when the
actual arrangement is replaced by an arrange-
ment of conductors with the same conductor
type and static tension, but without insulator
strings.

As the electromagnetic force acts only on the

conductor, the difference between the conductor

length I; and the span length ! is to be taken into

account in (4.3):

2 2
I" Iﬂ' I
1-"=_"1_0_( 2) IL:“_0.0,75.__._1‘3) < (119
2 a ! 2=m a 1
where
I =1 for slack conductors,
I,=1-2k for strained conductors, where I; is

the

length of one insulator string.

The maximum horizontal displacement is

_|CCbsing, ford, 26, (41
" |C.Chb,sins. ford <5,
because the conductors swing out almost

horizontally [127], so that by, is a maximum at
about 3;.

With both assumptions (*22) and (*41) a good
concurrence is achived with test results [127, 131].

The investigations show that the dynamical be-

haviour of the span and therefore the forces and

displacements can be described by three para-
meters:

- the ratio r of the electromagnetic short-circuit
force to the gravitational force on the conduc-
tor according to (*20);

— the ratio T/ T of the short-circuit duration to
the period of the conductor oscillation, which
is approximately a function of the static sag;

- the stress factor {, which subsumes the
gravitational force, the static tensile force and
the stiffnesses of the conductor and the
supporting structures according to (*28).

For design load see chapter 4.3.3.
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4.2.8 Young's Modulus for Stranded Conductors
Young's modulus for aluminium-stee] stranded
conductors ACSR is extremely non-linear in the
range of relatively low stress (< 50 N/mm2). This
is the situation usually found with outdoor sub-
stations, and it may even take on values far below
those given by standards or furmished by
manufacturers, respectively. On the one hand,
Young's modulus is an important parameter for
calculating the tensile forces, but on the other
hand, exact establishment of the modulus by ex-
pensive tensile testing is neither possible nor
desirable. Figure 4.19 shows tests with ACSR con-
ductors of different cross section [129]. As a result
of such tests, an empirical expression for the ap-
proximate calculation of the actual Young's
modulus for simplified method can be given:

E |:0,3 +0,7 sm[i 90"):| for Fa £G¢in
nA G nA
E, = £
E for—->oy
or A Sfin
(*26)

where 6, = 50 N/mm?2 is the lowest value of oy,
when Young's modulus becomes constant. The
final Young's modulus E for stranded conductors
shall be used.

1,4

1,2
| [ S
0.8 - f
0.6 ..% » ACSR 265/35
’ , x ACSR 537/53
=/ « ACSR650/45 __
p + ACSR 1055/45
i |1
0 02 04 06 08 1 12
___G—“..._.. —
50 N/mm?

Figure 4.19: Measured actual Young’s modulus Es
of different ACSR related to their final Young's
modulus E, and approximation according to (*26)
as a function of &, = F; /(nA,)



4.3 Bundled
Calculation

Conductor Pinch Effect

4.3.1 Introduction

Normal or emergency ampacity, and (in HV and
EHYV systems) corona loss and radio noise require-
ments typically can only be satisfied for fiexible
bus systems through the use of more than one
conductor per phase. Traditionally, the number of
conductors per phase, conductor size and bundle

spacing, for such bus systems, have been deter-
mined primarily from ampacity and radio noise
specifications. Two, three and four conductor per
phase designs are typical in HV and EHV systems.
As is well described in Chapter 1 of this brochure,
currents flowing in conductors generate forces
acting between the conductors. For bundled con-
ductor systems, the relatively close bundle
spacing and typically large short-circuit currents
can result in very significant conductor forces.

SUBCONDUCTOR

Y
‘ ELECTROMAGNETIC FORCES
Fm
a ‘ d
by l l e
SUBCONDUCTOR X —
SPACING I ﬁj 1

/ RICID
BUNDLE

DISTANCE TO
POINT OF
CONTACT OF |
UBCONDUCTORS
L

t 1y SUBSPAN LENCTH—

LINEAR PROFILE
OF SUBCONDUCTORS

\ SPACER

————

Figure 4.12: Position of sub-conductors of one subspan during bundle pinch

33 ecm BUNDLE SPACING PEAK CURRENT 87.6 kA PEAK TENSION CENTRE PHASE 67.6 kN

7 SUBSPANS INITIAL rms CURRENT 34.9 kA HORIZONTAL DISPLACEMENT OF CIRDER 11.2mm

INITIAL TENSION - 12,5 kN FINAL rms CURRENT 32.7 kA BENDING STRAIN IN TOWER LEGS

NO SPRINGS NUMBER OF CYCLES 5.7 . EAST 188 MICROSTRAIN
- WEST 136 MICRDSTRAIN

CENTRE PHASE

TENSION

CURRENT R

32.7 KArms
87.6 kA

PEAK

Figure 4.13: Oscillogram of a typical bundle pinch tensile force
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As illustrated in Figure 4.12, the forces acting on
the conductors cause a rapid acceleration of the
conductors towards each other until they clash
together. This rapid pinching together of the con-
ductors causes an effective shortening of the con-
ductor length available for the bus span which
results in a rapid increase in conductor tension.
This rapid increase in conductor tension, which
occurs typically in the range 10-50 ms after fault
initiation, is transmitted to the span support
points (insulators, hardware and support struc-
tures) as an impulse loading.

Figure 4.13 shows a typical oscillogram of a
short-circuit  current  waveform and  the
corresponding phase tension. The support
structures respond dynamically to this rapid
increase in phase tension and interact with the bus
span in a complex fashion depending on their
mass, stiffness and other parameters. Components
of the increased tension are also applied to any
bundle spacers which may be present [see the
companion CIGRE brochure on data reference
tests, and also 48, 106, 132, 133,]. For EHV sub-
stations, bundle and phase spacings are such that
the dynamic bundle pinch tensions acting on the
hardware, insulators and support structures can
exceed the tensions generated by the swinging
motion of the phases. But the pinch tension is not
a design load in itself. In fact actual design is
based on static loading and pinch effect is
essentially (this is not the case for phase swing
and falling down) an impulse force applied to the
fittings, apparatus and supporting structures. To
define the design load requires a structural dy-
namic evaluation, this will be detailed in a future
brochure under discussion in CIGRE WG23-11.

Of concern to designers are the compressive
loadings on bundle spacers, possible damage to
conductors caused by clashing and the impulse
loading of the bus support system. As a result of
these concerns, a number of experimental and/or
theoretical studies have been carried out. Because
of the complexity of the dynamics of the bundle
pinch effect and its interaction with the support
structures, generalized analytical representation
has not yet been accomplished. The most accurate
method to determine bundle pinch tensions is
through full scale high-current testing [see the
companion CIGRE brochure on data reference
tests, and also 48, 50, 65, 30]. Unfortunately, the
cost to carry out such testing for the range of bus
configurations encountered in practical substation
designs, makes this approach impossible. As a
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result, designers have resorted to a number of
simplified and approximate methods to estimate
bundle pinch effects. Several of these methods are
briefly described in the following section.

4.3.2. Pinch Force - Simplified Calculation Method

4.3.2.1. General Information

Figure 4.14 shows a contracted regular twin-
bundle. Regular, here, means that the position of
the cross sectional centres of the # sub-conductors
of the bundle are marked by the cormners of a
regular polygon.

Figure 4.14: Idealized geometry of a clashed twin-
bundle

Sub-conductors are considered to clash effectively
if the clearance a; between the midpoints of
adjacent sub-conductors, as well as the distance I,

between two adjacent spacers fulfil either (*43) or
(*44)

as/ds < 2,0and l; < 504,
a,/ds € 2,5and l; £ 704,

(*43)
(*44)

Tests show, that a calculation of the bundle force
under such circumstances does not have to be
dene; in this case it is sufficient to add 10% to the
tensile force Fy in (*34) [57].

Calculations for contraction of the bundle des-
cribed in the literature to date can only be solved
numerically [46, 69, 110-112, 123, 50, 128]. Hence,
the parabola model is introduced below, based on
equations and diagrams which can be solved ana-
lytically for the most commonly occurring cases of
clashing sub-conductors and by diagrams or
numerically for non-clashing sub-conductors
{116,120, 126].

In most cases, the pinch effect occurs in the first
period of the short-circuit current while the move-



ment of the span lasts some hundreds of milli-
seconds to seconds. Therefore, the pinch effect can
be calculated separately from the short-circuit
tensile force, the drop force and the horizontal
displacement.

In contrast to the short-circuit tensile force F; and
the drop force Fy, the force Fp; caused by the pinch
effect between bundled conductors is to be cal-
culated in a single-phase system for the line-to-line
short-circuit current Ij; and in a three-phase
system for the three-phase short-circuit current
I{z. The line-to-earth short-circuit current If;
shall be used if it is greater than the three-phase
short-circuit current Ii3

4.3.2.2.
bundles

Physical model for regular n-conductor

The sub-conductors touch each other in the range
2xp - I < x < 0. When considering the bundle in its
static steady state of contraction and assuming the
shape of the curve of the non-clashing section a
parabola, the equation for the first quadrant is:

2

y(x)=ya+ yp[—x*) (411)
x*p

The flexural stiffness of the conductor which acts
above all near the spacers is ignored, so that for
the ratio of the transversal and the longitudinal
component of the tensile force between two
adjacent spacers the following holds

ﬂ=fﬁ=2_¥f_i

412
dx 'Fx Xp Xp ( )

The longitudinal component Fy is locally inde-
pendent. On the other hand, the transversal com-
ponent per unit length F}'{ is locally independent
with respect to (4.12)
2
3y
dx

- F)=22LF, (4.13)
xp

At the location xp of the spacer, (4.12) becomes

F,(xp)= 2—F (4.14)
and according to (4.13) yields
Fy(xp)=xpF (xp) (4.15)
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I?E;(xp) is the electromagnetic force per unit length

acting on a parabolic arc caused by the other n-1
sub-conductors of the bundle.

The tensile force on the bundle clamp for n sub-
conductors consists of the static tensile force Fg
and the tensile force Fg, brought about by the
lengthening of the span and the bending of the
dead end structure

1AI

] (4.16)

With k equidistant spacers in the span, one obtains
by the approximation for the curve lengthening of
the parabolic arcs

Al=(k+ 1)4 o

xp

By substituting equations (4.13) and (417} in

equation (4.16) the equation for determining xp or
yp is:

(4.17)

, k+14
nPyxp Fyxpyp —2—— i 3y[?§ =0 (4.18)
If xp and yp are related to their maximum values
and abbreviated by 1/§ and n
1 xp A l l
—= £1 with =2=—=
e o P TS T 004
yp th as —dg (419
= <1 i = —
N e IPma TDGn(180°/n)
then (4.18) becomes
g0’ +egtin-epify =0 (4.20)
with the strain coefficients
2 2
o, =3 _FaliN [Smlsm) 47)
2(a-4)t m
3 3
. %n FINs[, 180") (48)
(% - 4)

the electromagnetic force per unit length is also
related to the maximum value

F
f;'l = 4
Y, max

<1

and the substitution




E, = F:f,;',r:naxls

For the solution of (4.20) one must decide whether
or not the sub-conductors are clashing or only
reducing their distance. If the sub-conductors
touch at one point, then § = n = f;,. In this case &p;
=1 + g4 follows from (4.20). The quantity

4.21)

Epi

7= l+gg (49)
indicates:
jz1 the sub-conductors are clashing,
j<1 the sub-conductors have reduced their
distance, but are not clashing.
4.3.2.3.  Electromagnetic force

To determine fg(xp), the electromagnetic force

on a parabolic arc of the length xp through the # -
1 sub-conductors of the bundle is to be calculated:

2

po( 1Y #p
e -r-ta(1) 22
y( P) ( )211 n, 4.,
with the effective short-circuit current I of the
main conductor and the effective centre-line
distance 4, between sub-conductors. With (4.12)
the transversal component becomes

e

n

‘xp
asw 2yP

The effective distance ag, between the sub-
conductors depends on yp and can be ap-
proximated by the equation of a parabola. The
electromagnetic force is estimated at the location
xp with the distance 2y(x) of the parabolic arcs ac-
cording to (4.11):

(4.22)

2 "f dx
5 2y(x)

The integration and the comparison with (4.22)

leads to:
__2ya~yr/ya
arctan{yp/ya

g—

W (4.23)
According to (4.15) and (4.22), the local independ-
ent transversal force per unit length f};(xp) is a

maximum, if the sub-conductors clash in one
point, i.e. if
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s — ds

YP = ¥Pmax = W
Then
. S
A7 2sin(180°/7)

and ag,, becomes its maximum:

a _ d, 1/ala,,/ds—l Cav
swmaX = Gin(180°/n) arctan ya, /d, ~1  ° >
(A7)
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Figure 4.15: Factor vjfor calculation of the effect-
ive distance between the sub-conductors

with the related effective centre-line distance wvs.
Figure 4.15 gives v3 as a function of a;/d; with the
parameter 7. The product vz -sin{180°/n) is inde-
pendent of » and leads to one curve equal n = 2,
Figure *9.

This gives the electromagnetic force according to
(4.23)

[S
— (4.24)

V3

ro-n22(D)

In any case, f; is thus equal to the quotient of the
effective distances and depends on the conductor

geometry:

fq = _’F]} - asw(yP,max) <i
Fy’,max aSW(yP)




asw{yp) and 45 (Ypmax) are determined with (4.23)
and (*A7).

The effective short-circuit current has been
inserted in (4.22) without stating the functional
connection between I and the initial short-circuit
current Ij; . The time elapsed until the contraction
of the bundle is complete, Tp; may be assessed
from the boundary value problem for the middle
of the bundled conductor. It is far easier to
establish analytically, assuming a close bundle and
the usual short-circuit currents, by stating a con-
stant force. The results are in good accordance as
long as the assumptions are observed. The dif-
ferential equation for a mass element m ac-

celerated by a constant electromagnetic force per

unit length

% 5in(180°/1)
5

is integrated with the initial values y(t=0)=0 and

y(t=0)=a /(2sin(180" /n)):

_ a, = LB [I]’sin(lSO"/n)t:
T (2sin(180°/n)) 2 2m\nm a

.. , I
myy = —F,() = const=—(n - 1)%[;)

my

For y = d./ (2sin(180° / n)), t becomes Ty,;:

1
Tpi= i 180°
n {4.25)
With the abbreviation
- 1 (ﬁs - ds)m; *
=0 e, e
R ArnE
" Y2rin/) a
it follows:
T 2wk (4.26)
P! f I

f means the frequency of the power system. The
natural frequency of the bundled conductors as
oscillating strings is in the range of a few Hz and
therefore well below the excitation frequency of
50 Hz and 100 Hz, respectively. Thus, the time-
averaged values of the force per unit length as
well as of the short-circuit current are relevant for
the pinch force. Therefore:
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Tpi
j 2(8)d

0

2=l 4.27)
T,

For long contraction periods, like those occurring
with wide bundles, the squared current may be
approximated by using the factors m and #
taken from [107], see also chapter 1.3. However,
for short contraction periods, it is absolutely
necessary to resolve (4.27) exactly with

i(t) = JU(‘\./E[sin(cm‘—'1|')--!-e-t/'I sin'y]

for short circuits far from generation sources,
where 1 is the time constant of the network and
y = arctan(2nft) the impedance angle [40, 118]:

[L]2=1_sin(4nﬂpi—21/) + sin 2y

Iy 4nfT,,
_ Zpri ]
+ £ 1-e f° s1'112'{-—-———8?[":‘7sm'y2
frpi 1+ (2:tfr)

cos(anTpi —1) . sin(2npri—y)J e— f;ﬁ”
2nfTy; 2nfTh;

[21:)‘:

L Znﬁcosy}

ZTIfTPi
fTpi is the solution of (4.26), here abbreviated by:
fToidv2 =v1 (*A.5)
with

12
V2=I—ﬂ

where Tp,; is dependent on I. Figure 4,16 shows v,
as a function of v, which converges more and
more to 1+m according to Figure 4.3 for in-
creasing vy.

Substituting (4.25) in (4.24) gives the electro-
magnetic force which is to be inserted into (*48):

po (1)’ & va
S P ey

(*45)
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Figure 4.16: Factor v; for the influence of the time
history of the short-circuit current on the electro-
magnetic force

—_— exact solution according to (*A5)

- factor 1+ m

The pinch Force Fp; will be dependent on three
parameters:

~ the ratio

ks (4.28)
ag —d,

- the time constant t of the network

- the stiffness norm N according to (*25)
which subsumes the stiffnesses of the
conductors and the supporting structures.

4.3.2.4. Clashing of sub-conductors
If the sub-conductors are clashing, then fm=1and
(4.20) becomes with 1 = 1:

£% +eqE? ey =0 (*51)
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Figure: 4.17: Factor £ for the calculation of the
pinch forces in the case of clashing sub-conductors

This expression contains constant coefficients. £ is
analytically calculable, dependent on j with the
parameter £, Figure 4.17. For gy = 0 follows £3 =
j2 from (*49) and (*51) and therefore a lower limit &
= j2/3. For gq52 - £,; >> 3, an upper limit £ = j can
be derived.

From (4.16) the tensile force in the bundle damp
can be given

Eyi =Pst[l+"—‘-‘§] (*50)

st

Here, an overswing factor v, is introduced, which
accounts for the dynamic process in the clashing
of bundled conductors and has stll to be
determined more exactly in chapter 4.3.2.6.

4.3.2.5. Non-clashing of sub-conductors

If the sub-conductors reduce their distance
without clashing, then xp = [/2 and y, =
45/(2sin180°/n) - yp according to Figure 4.14.
(4.20) becomes with £ = 1:

N> +egn-ep f =0 (*62)

Here, the non-linear factor fn must be considered,
too, which is a function of 4/d; and n.
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a)

b)

Therefore, the quantty 1 can only be numerically
determined dependent on j and the parameters g5
and a;/ds, whereby 0 <n <1.

Instead of determining n(j) by (*62), an analytical
solution j(n) can be obtained from (*49) with the
inverse function:

j= TIS"‘SsLT\
(1+es) £y

("61)
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Figure 4.18: Factor 1 for calculation of the pinch
force in the case of non clashing sub-conductors

ag a,
—_— 2_5 b ——= 75
) a ) 3

Figure 4.18 a shows the factor n as a function of j
with g, as parameter for close bundling a,/d = 2,5
and Figure 4.18 b for wide bundling a5/d; = 7,5.
All curves start at the origin with dj/dn > 0 and
end at the point j = 1, n = 1. In Figure 4.18 b, all
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curves have horizontal tangents for j > 1. This is
the stability limit: The following part of the curves
describes (with dj/dn < 0) an unstable state. If a
vertical tangent exists, there is a range 1 £ j < jmax
in which {4.20) has a stable solution n as well as a
solution & for clashing bundles. The final static
state of the sub-conductors depends on the initial

state. In this case the worst has to be taken into
account for design purposes: The assumption of
clashing sub-conductors according to chapter
4.3.2. The difference between n and & near j = 1 is
caused by the physical model of the bundle and
the quasi static calculation.

From (4.16) the tensile force in the damp can be
given with the overswing factor ve:

\4
Fpi = Fst[ua—e-an (54)

st

4.3.2.6. Dynamic overswing factor

The calculation of the pinch force Fp; has been
based on quasi-static considerations of the geo-
metry and forces observed with the final state of
the contracted bundle. However, in practice the
sub-conductors are accelerated by the electro-
magnetic force acting upon them. The kinetic
energy thereby absorbed is converted into
elongation work in the system. However, the
elongation work required to reach the final state
of contraction, is lower than the kinetic energy ab-
sorbed until the final static position has been
reached for the first time. The balance is converted
into collision, deformation, and frictional energy,
as the sub-conductors oscillate around their final
position. Thereby, the first overswing movement
leads to the actual maximum of the pinch force. So
far, the above situation has been accounted for by
a constant factor, which in practice, will be
dependent upon the geometry of the bundle and
the boundary conditions of the contraction.

On a differential portion of a sub-conductor, the
electromagnetic force performs a differential work
dWy,. Taking into account the number of sub-
conductors and spacers, and assuming the shape
of the curve of the clashed conductors to be a
parabola, the summation of these differential
works along the non-clashing section gives the
work performed on the whole bundle, as:




=nz(k+1)ﬂH (n 1)::,,{\[% st 24
(4.29)

with y(x) according (4.11). With the energy con-
servation law and neglecting the bending stiffness
of the conductor as well as the friction between
the individual conductors it is:

W +Win + WV, =0

spring ~ (4.30)

This means that the electromagnetic work per-
formed has been converted into elongation work
and kinetic energy at that point in time when the
final static position has been reached for the first
time. The elongation work of the spring is:
_1isy,

2N !
Subsequently, the kinetic energy causes a further
elongation of the equivalent spring of the overall
system and thus an additional variation in length
of the sub-conductors, Al,:

Jl1a,,

2N |

At the time of maximum contraction of the bundle
and in analogy to (4.16), the tensile force becomes:

1_ai, o)
NE, I\ al

and comparison with (*50) and (*34), respectively,
results in the overswing factor v, which is
weighted by a factor of 1/2 in order to account for
energy dissipation due to deformation, friction,
emission of sound, etc.:

I
ve=1{1+2]

From (4.30) with (4.29), (4.31) and (4.32) it is found

spring — (4-31)

kin = 432)

'Fpi = nPX = Fsl[1 +

Al,

=

9n(n 1)Nl

\j4(k+1) ;,‘i { far“mnf}
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Hence the different overswing factors v, for the
cases of clashing and non-clashing sub-conductors
can be calculated
J 4
5

- for clashing sub-conductors

1/2  (*52)
(sm ]if? ) {] _ ammnﬁ}_i
& W |4
with
4 — ds !
= 53
V4 Z (*53)
- for non-clashing sub-conductors
4
i |9 I !
Ve=?+[§n(n-]) 77:[:) Nv_?[a jd J
= 5 5
72 (*55)
(sm &) {1 arctanﬁ } 1
7 v 4
with
as —ds .
vy=n—=% (+56)
Vo —n(a - 4,)
4.33 Design load

For the design of substations, the following should

particularly be noted:

— In most cases, the tensile forces F, during a
short-circuit are maximum for the coldest con-
ductor.

- The higher the span temperature the higher the
span displacements and the tensile forces Ff
after a short crcuit. Therefore, in most cases, the
tensile forces F; after a short circuit are
maximum for high temperatures.

— The tensile forces Fy; caused by the pinch effect
are also maximum for the coldest conductor.

To be sure to get the worst case, it is necessary to

do the calculations of F, F; and Fp; on the basis of

the static tensile force Fy

—at the local minimum winter temperature,
e.g. -20°C,



—at the

e.g. 60°C.
For each tensile force, the highest value shall be
taken into account.

maximum operating temperature,

The maximum value of Fy, Fy or Fp; shall not be

greater than the rated withstand value given by

the manufacturer of supports and insulators. The

connectors for the conductors shall be rated on the

basis of

- the maximum value of 1.5F, 1.0F; or 1.0F; in
the case of slack conductors on post insulators,

— the maximum value of 1.0F, 1.0F; or 1.0F,; in
the case of strained conductors with insulator
chains.

The design load may be treated as an exceptional
load case, e. g. as for earthquakes, according to
design standards, because high value short-
circuits are rare events.

For three-phase short-circuits in structures with
strained conductors, it should be remembered,
that the maximum value of F; or Fy will appear in
outer two phases, and the third phase will be
subjected only to the static tensile force, see Figure
1.1. Different values of Fp; at different times may
occur in the three phases; this effect will be met
approximately by applying the calculated Fy; in
two phases of the structure.

More complex dynamic structural analysis will be
investigated in the next brochure to better fit Fy;
with actual design load.

44 ADVANCED CALCULATION METHODS

The use of modern finite element analysis is par-
ticularly suited for detailed dynamic analysis of
substation bus systems under short-circuit con-
ditions. The use of such methods can be very
cumbersome; but recently the development of
“conviviality” tools has been of significant help for
some users. They are needed if the complexity of
the phenomenon is to be adequately represented.
The use of such methods will allow, for example,
the accurate and detailed modelling of the
conductors, the connecting hardware, the drop-
pers to lower apparatus and to the support
structures. Interactions between conductors, hard-
ware and support structures can be easily taken
into account, even with a simplified model for the
supporting structure. Work on the development of
such models for short-circuit structural analysis
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has been and is being carried out in several
countries (mainly France, Belgium and Germany).
Nowadays advanced methods can be used by
designers for single conductor arrangement,
sometimes with advanced user-friendly tools
(using a conductor data base, user-friendly inter-
face, automatic report generation, etc...). Of course
dynamic analysis is also available for other kinds
of loads (wind, ice) and sagging conditions. This
has been made possible as a result of the im-
pressive gains in computer hardware and soft-
ware tools (computation times are nowadays only
a few minutes on classical up-to-date work-
stations), especially on workstation on which these
kinds of tools are available. But as indicated
earlier, bundle pinch effects models, even if avail-
able, still remain tools for specialists.

In brief, modern design engineering offices now
have the possibility to apply directly advanced
methods on single conductor bus-bars (a bundle
can also be studied by single conductor),to calcu-
late both swing-out and falling down maxima. But
the pinch effect is still in the domain of research
and can only be applied by specialists.

Uprating of existing structure

In this case, the use of advanced methods to get
less conservative and more accurate results may
be justified in comparison with the costs of
possible structural modifications.

In some cases, depending on technical require-
ments and cost/benefit considerations, uprating
may be limited to avoid any modification, by ac-
cepting the evaluation of the existing structure
and fully utilizing the revised rating.

Generalities

The occurrence of short-circuit currents in sub-
stations with flexible conductors leads to large
transverse conductor motions. These motions
cause an increase in conductor tension, resulting
in dynamic loadings on several components of the
bus structure. For severe short-circuit conditions,
extreme conductor motions result, which lead to
highly non-linear dynamic behaviour. As des-
cribed in the previous sections, designers have the
option of considering testing or simple calculation
methods. However, in some cases there is a need
for more detailed results covering a range of
design parameters, which leads to the possibility
of using advanced dynamic non-linear simulation




analyses. These analyses can be used for all cases
A, A+B, C, D, etc... (as illustrated in Fig. 1.8) and
can provide the designer the possibility to eva-
luate relatively easily, stresses and strains any-
where in a substation and for a range of substation
parameters and configurations. This capability
contrasts with simplified methods which may not
provide good representation for some of the
design parameters and experimental testing,
where detailed studies are restricted to a limited
number of locations and configurations.

General Features of Mechanical Model

A reasonable electromechanical model of a sub-
station should represent not only large displace-
ments of cables (non-linear theory) but also tem-
perature and damping effects, various boundary
conditions (for example, clamped and free-sup-
ported joints), the type of foundation for the sup-
porting structures, service conditions such as the
type of short drcuit, duration of short-circuit
current, multiple reclosure, actual short-circuit
electromagnetic forces and so on.
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A very important problem is the exact system
loading caused by electromagnetic short-circuit
current forces, including conductor to conductor
interactions. These electrodynamic interactions
essentially depend on the actual configuration of
conductors. In this way electromagnetic and
mechanical effects are combined. Portal structures
can be modelled with finite elements. However,
these can be replaced for analysis purposes by
simpler equivalent substructure representations.

A detailed presentation of advanced computation
methods will be found in the next brochure, in-
cluding experimental validations which are im-
pressive.

Further information on the current state-of-the-art
for advanced analysis techniques can be obtained
through any members of the ESCC task force,
especially from those from Belgium, France and
Germany.



45 PARAMETER ANALYSIS

4.5.1 Introduction and General Parameters

The aim of this parameter study is to give design
engineers a good qualitative and hopefully
intuitive understanding of how short-circuit
phenomena are influenced by the respective
physical and electrical parameters. Readers new to
this field, may be able to obtain a better under-
standing of the phenomenon by not focusing on a
spedific case with specific data; but attempt to get
an overall view of the influences of various para-
meters by understanding what happens when
they are varied. For example, a parametric study
on the choice of subspan length can be very
instructive. The analysis described in this section
is the result of numerous calculations based on
IEC method according to sections 4.2 and 4.3.2.

The parameter analyses have been limited to the
following two items (Case A, C, D according to
Fig. 1.8):
- phase-to-phase interactions (cases A and
C, excluding pinch effect), effects on
tensile forces (secion 4.5.2) and
deflections {section 4.5.3)

- bundle pinch effect (section 4.5.4)

Note that for Case D (jumper) clearance is devel-
oped in section 4.5.3 and bundle jumper in section
4.5.4.

The approach is more qualitative than quantita-
tive; nevertheless, it provides useful guidance to
the design engineer. The parameters that have
been considered are listed in Table 4.1.

Table 4.1: Parameters included

Current parameters:
- r.m.s. short-circuit current magnitude
- network time constant
- duration of short-circuit
- automatic reclosing

Conductor parameters:
- initial static tensile force
- {sub)span length
- distance between main conductors
- distance between sub-conductors
- number of sub-conductors
- cross section
- mass
- Young's modulus
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- spacer stiffness

Supporting structure parameters:
- anchoring structure stiffness (spring constant)
- dynamic spring constant (bundle only)

As conductor heating is always associated with
shott-circuit current flow, this effect has been
included in the analysis.

Results of importance for the designer are:
- In cases A and C: short-circuit tensile force
Fy, drop force Fy, and deflections;

- For bundled conductor configurations,
only the pinch force Fp; is discussed.

For the general purposes of parameter analysis,
independent consideration of each of the para-
meters in Table 4.1 is awkward because of the
compensating interactions between the para-
meters. Therefore, more general undimensional
parameters have been introduced by selectively
grouping related parameters from Table 4.1. A
very limited number of dimensionless parameters
gives a better understanding of the interactions
between the parameters. As a result of numerous
discussions, four parameters were identified for
main conductor effects; and three for pinch effect.
They are described in the following paragraphs.

The Force Factor

Short-circuit forces can cause relatively high
acceleration in comparison with the forces of
gravity depending on the magnitude of
short-circuit current. The ratio between the forces
per unit length (short-circuit and gravitational
forces) which is equal to the corresponding
acceleration ratio, is defined as the first parameter
(the force factor):

rel L E
TG nm
sgn (_20)
where
" 2
pf:.@_(lu) ke
2n a |
43)

see section 4.2.7. The factor r is only valid for main
conductor effects.

For bundle configurations, the effects between the
sub-conductors of one main conductor are given
by a specific case of r indicated by rg:

-



S S (4.33)
G, Mygq

where

2 sin(n / n)

(4.34)
aS

, “ Ilf
F = (n—l)z—i[—kJ

n

ag/sin (n/n) is the diameter of the bundle.

In practice, r values are in the range 0 to 6 and rg
values are in the range 0 to 100.

The Network Factor

As discussed in section 1.1, the waveform of the
short-circuit current can be approximated by a
mathematical formula which includes only one
time constant 7. This value is fixed by the network.
Obviously, T is an independent parameter. The
dimensionless time parameter o1 is obtained using
the frequency of the current.

Although @t is independent of the asymmetry
level of the current, the current waveform
asymmelry is an important parameter. The
current waveform asymmetry is dependant on the
angle of fault initiation which, in practice, is an
independent, statistical parameter. For practical
design purposes, the conservative assumption of
maximum asymmetry is usually made.

Values of wt are typically in the range of 5 and 50
(t from 15 to 160 ms).

Short-Circuit Duration Factor

For main conductor effects, the short-circuit
duration is an important parameter. As described
in earlier sections, line-to-line short-circuits (worst
case) can induce significant low frequency dis-
placements. The frequency is related to the
oscillation period of the pendulum model of the
span. In situations like case A or C, this oscillation
period is given by the simple pendulum formula:

T=2n ‘0,825-
&n

The maximum swing out of the cable is a function
of the duration of the short-circuit and the period
of oscillation of the busbar. This leads the next
parameter given by:

(*23)
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Ta
T
For sags between 0,5 and 2 meters, T ranges from
1,25 to 2,5 5. Values of Ty;/T typically range bet-
ween 0,015 and 0,3, sometimes higher; but the
maximum stress increases until Ty, / Tres reaches a
maximum of 0,25, Tres according to (*24).

(4.35)

The Structural Factor

The response of the structure to the applied force
is not obvious. There is a complex relationship
between sag, tensile force, span length, mass and
stiffness of conductors and the stiffness of the
anchoring structure. In order to determine the
structural behaviour of the complete bus the stress
factor

(" méfgn)z

= 24F3N

(*28)

is used as a parameter.

In a physical sense, { is a ratio between two
flexibilities, namely:

- the intrinsic stiffness of the cable in series with
the anchors:

I
nE A

1
Ni==+ *25
3 ("25)

- the extrinsic stiffness resulting from the initial
conditions, mainly the ratio sag to span length:

é_1 (b_cf
3 mmyga\ 1
In practice, anchoring stiffnesses range between

105 and 5-105 N/m, and values of parameter £ are
between 15 and 300,

(4.35)

For bundle pinch effect
I, . 180°
mn-—-—-—
as = d, n
is the subspan parameter. In the flexibility norm
NI the stiffness S; of the spacers can be included:

NI = —i——+i+ !
Sd Sz nESAS

(4.28)

(4.36)



Sq is the equivalent dynamic stiffness, which can
include dynamic behaviour of supporting struc-
ture and S; is the spacer stiffness.

In practice, values are between:
355 <500, 1% <40
a ds
and therefore

3< ks sm‘—l-s—m <1700
ag —d, n

Normalised tension and deflection

The increase of tension is the main concern for the
design of the structure. For main conductor inter-
actions, F/Fg, with F = F or Fg or Fp, has been
selected as the basis for normalisation.

Another design value for the substations is the
clearance. It can be easily deduced from the
normalised deflection by, /b,.

Example of calculation

In the following paragraphs, the parameter values
for a typical example bus configuration are
calculated. In later parts of this section, the
example is continued to illustrate specific aspects
of the variation of parameters.

Data of a 380-kV-span with strained conductors:

Three-phase initial symmetrical s =63 kA

short-circuit current (r.m.s.)

Factor for calculation of peak x =181

short-circuit current

Duration of the first short- Ty =055

circuit current flow

Distance between supports 1 =48m

Length of the conductor 1 =374m

carrying short-circuit current

(I =1- 21;, where ]; is the length ]; =53m)

of one insulator chain

Centre line distance between a =5m

main conductors

Twin conductor 2 ACSR

1045/45

- Number of sub-conductors n =2

- Sub-conductor cross section A = 1090 mm?2

- Sub-conductor mass per unit my = 3,25 kg/m
length

- Young’s modulus E = 60000

N/mm?2
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— Sub-conductor diameter d; =43 mm
Distance between sub- a; = 400mm
conductors

Distance between to adjacent l; =94 m
spacers

Mass of one insulator chain m] = 250 kg
Resulting spring constant of S =3500N/mm
both supports of one span
Static sag at midspan at ab.g = 17m
temperature of 60 °C, that gives
— Static conductor tensile force Fgx = 17 kN
at local minimum winter
temperature -20 °C
~ Static conductor tensile force Fgy = 14 kN
at maximum  operating
temperature 60 °C

Table 4.2: Parameter values for the effects

Temperature | °C -20 60
E, N/mm2 [28280 26410
N 10-8/N 5,79 59
Vst ™ 14 1,7
besi/! % 2,9 35
b m 1,08 1,31
b/l % 2,3 2,7
F' N/m 92,78 92,78
r 1 1,455 1,455
C 1 1,371 2,409
T ms 45,5 45,5
T 5 1,865 2,055
T/ T 1 0,268 0,243
Ti1/ Tres 1 0,335 0,304
Ts 1 15,6 15,6
a./d, 1 9.3 9,3
s/ as 1 23,5 23,5
bk an2 g 26,3 26,3
a, —d, n




4.5.2 Effects on Tensile Forces F; and F;

A qualitative approach can be used to determine
the effects on the conductor tension caused by
variations in electrical and physical parameters.
These effects are illustrated by families of curves
given in Figures 4.20 and 4.21 at local minimum
winter temperature of -20 °C.
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Fig. 4.20: Effect of force factor r on normalised
conductor tensile force for several short-circuit
duration ratios Ty /T

sress factor { = 2,5
short-circuit tensile force F;
drop force F¢

Parameters : Ik, a, m’, Heating, Ty

The combined interaction of the first four
parameters (Ik, a, m’, heating) are included in r,
the most important parameter. As a result, all of
the curves in Figures 4.20 and 4.21 describe the
effect on r (abscissa) caused by all of the other
parameters.

The short-circuit tensile force F; is increasing
monotonously with r whereas the drop force Fy is
zero for &y < 70° (no fall down occurs) and
becomes constant for 8, > 180° (maximum at 3, =
180° is decisive), see clauses 4.2.2 and 4.2.5.
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Fig. 4.21: Effect of force factor r on normalised
conductor tensile force for several stress factors
short-circuit duration Ty1/ T = 0,25

Obviously, r should be as low as possible (because
a lower r implies a lower normalised tension).
From the definiion of r, an increase of fault
current level of a factor 1,25 {for example from 63
to 80 kA) can be fully compensated by an increase
in the distance between main conductors or main
conductor weight by a factor of 1,56.

If the product r Ty / T (input energy) is lower than
approximately 0,25 (this value can be found in
Figure 4.20), the drop force is higher than the
short-circuit tensile force. Both maximum forces
are of the same order of magnitude for a very
limited range of r.
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Fig. 4.22: Effect of several short-circuit duration
ratio Ty1/ T on normalised conductor tensile force
for force factors r sress factor L = 2,5

Figure 4.22 illustrates the effect of Ti1/Tres
(relative time duration of the fault). Swing out
maximum F; for a given r (relative short-circuit
force), increases with the time duration of the fault
until this time is equal to a quarter of the period of
the pendulum oscillation of the cable busbar
Ti1/ Tres- Beyond this value Ty1/Tres = 0,25 a
saturation effect is apparent. This is logical
because at this moment, the cable has just reached
its maximum horizontal displacement limited by
elasticity. If the short-circuit duration is greater
than T,es/4, natural movement of the cable is
disturbed by the electromagnetic force action.
Generally, this case will cause lower stresses
because swing out is not amplified and falling
down pattern is disturbed. This is fully compatible
with the worst case of the simple method devel-
oped in section 4.2.

Parameters t

For a given short-circuit force (r fixed) there is an
increase of the swing out stresses when the power
system time constant increases. The increase is the
result of increased input energy. In addition, as
indicated previously, short-circuit tensile force is
significantly affected by the extent of the current
waveform asymmetry. The network time constant
varies at different locations in the power system.
At a given location in the network, network time
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constant and ot are fixed; but the level of
asymmetry depends on the time of initiation of the
fault. As stated earlier, the time of short-circuit
initiation is an uncontrolled statistical parameter
for which designers typically make the conser-
vative assumption that in all cases maximum
current offset occurs.

Parameters: S, Sy, b, Fg and [

The structural parameter {, has a fundamental
relationship with the fall of span maximum
tension Figure 4.21. The ratio between the drop
force and the short-circuit tensile force F¢/F;
decreases very quickly with {. High anchoring
stiffness is generally not -recommended. If
necessary for other purposes, anchoring stiffness
can be balanced by high initial tensile force.
Increasing { for example by using a higher
anchoring stiffness also has a sensitive effect on
the swing out maximum tension. An increase in
anchoring stiffness of 100 % can result in an
increase in the short-circuit tensile force of about
25 %.

The ratio of sag to span also has a significant
influence on {. If this ratic is held constant, §
remains quasi-constant independent of the span
length. In such cases, span length has no influence
on the normalised forces.

Automatic reclosing

The problems associated with unsuccessful
automatic reclosing cannot be studied in detail by
simple method given in clause 4.2 because the
response varies depending on the new initial
conditions at the instant of automatic reclosing.
The span movements can be amplified if
automatic reclosing occurs during the swing out
or limited if it appears after the swing out
maximum. The worst case occurs when automatic
reclosing coincides with the maximum separation
speed. Critical cases are then:

Tyt + Ty <025 Tees  and

0,75 Tres < Tiq + Tu < 1,25 Tes
where T, is the dead time( time without current).

In general, the effects of automatic reclosing are
smaller for flexible bus than for rigid bus; tension




and deflections are not usually amplified by a
factor of 2.

4.5.3 Effects on Deflections
These effects are illustrated qualitatively in the

curves given in Figs. 4.23 to 4.24 at 60 °C which
gives the greatest deflections.

3
2,
’ i= 0,1 / /
2 d ‘,/////
/
T 20,25 /f-//
1,5 | v 0,05
by 0,15
b
| 726)75
0,5 ///
0
0 1 2 3 4 5 6 7

r—»r

Fig. 4.23: Sensitivity of relative displacement to
force factor r for several short-circuit duraton
ratios Ty / Tsress factor £ = 2,5

Increases in effective sag are the result of
conductor heating, elasticity of the conductors and
anchoring structure and changes in the span
geometry. For case A, movement of the bus is
strongly influenced by the presence of droppers
(connections to apparatus). For case D, the initial
static tension may be very low, and thus { may be
considered at the highest value. Clearance is
simply given by:

a- 2by,

where by, is the inwards deflection of the span at
midpoint. Recalling that b, is the sag of the cable
only excluding the insulator string, real clearance
will also be reduced by the movement of insulator
strings.
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Fig. 4.24: Sensitivity of relative displacement to

force factor v for stress factors { short-circuit
duration Ty /T = 0,25

In general the influence of { wt, Tx/T on
deflections is similar to that for the short-circuit
tensile force F,. Figure 4.23 illustrates the
significant influence that the duration of the short-
circuit has on deflections; deflections can be
amplified by a factor of 2 between a very short
and a very long fault. A very long fault time
could, for the purposes of parameter analysis, be
equivalent to a normally cleared fault followed
quickly by unsuccessful automatic reclosing.

The hypothesis that maximum inward movement
is limited to the initial sag (by/b. < 1) is not
correct. As with mechanical tension, the structural
factor { relates to clearance effects; an increase of
L, i. e. a more rigid structure, will limit the dis-
placement and increase the stress. But the benefit
in clearance caused by an increase of { is much
lower than the increase in stress (fall of span) for
the same modification of structural stiffnesses.

Automatic reclosing effects can clearly amplify the
displacement and critical cases are the same as for
tensile forces.



4.5.4 Pinch Effects

Bundle pinch tension is clearly a separate problem
from that of interphase effects. This fact is a result
of the completely different mechanical time con-
stants for the two phenomena. A simplified
method for the bundle pinch phenomenon has
been described in section 4.3. This section dis-
cusses the parameter sensitivity aspects of bundle

pinch.
Parameter sensitivity

This study is based on the sensitivity of the peak
value of the pinch force Fp;, as a function of the
parameters which influence it, see Table 4.5.1. As
discussed earlier, dimensionless parameters for
bundle pinch effect are reduced to only three
values: short-circuit force factor rg, time constant
ot and geometry of the bundle I;/(as - d)-sin(n/n).
As far as a qualitative approach is concerned, wt is
not varied but included in m, as in section 4.2 by
the factor v,.

Figures 4.25 to 4.29 illustrate influences on the
design Fpi. On the abscissa, there is always
I,/ agsin{n/n) and the pinch force is related to the
static tensile force Fg. Due to the complexity of the
dependence of the parameters on Fp;, the change
is shown by variation of ry, a5/ds, Fg, S and n to
give a physical feeling on the phenomena. Based
on the data given in section 4.5.1, one of the values
is varied. In all diagrams, in the left part of the
curves for low Ij/agsin{n/n) the conductors
reduce their distance without clashing, in the right
part they are clashing.

Figure 4.25 shows the influence of 7. In Figure
4.25a the mass per unit length of the sub-
conductors is the parameter. The diameter is
adopted to the mass so that the mass density
remains equal. The sag b. and the short-circuit
current I{ are constant. In Figure 4.25b the short-
crcuit current I is parameter, 20 kA < I} =< 80
kA and the mass per unit length of the sub-
conductors is constant. In both cases, Fp; decreases

with decreasing rs: Higher conductor mass or
lower current give lower forces.
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Fig. 4.25: Effect of bundle diameter I;/as-sin{n/n)
on normalised pinch force Fp; for several force
factor rg
a) variation of conductor mass; short-
circuit current I{3 and equivalent
static sag b, are constant
b) variation of short-circuit current Iis;
conductor mass is constant

The dotted line is the border between sub-
conductor contact and non-contact. For low rg



(low short-circuit force) contact between sub-
conductors does not occur. But this current level is
more an overload than a short-circuit and for
these cases designers should refer to [22]. For a
given short-circuit force, the maximum peak will
occur at the border line. This is logical because the
border line corresponds to conditions for
maximum force action (shortest contact length).
On crossing the border into the contact zone, there
is a rapid decrease of the peak force because the
contact length increases very quickly and the
effective length contributing electromagnetic force
decreases proportionately.
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Fig. 4.26: Effect of bundle diameter l;/a;-sin{n/n)
on normalised pinch force Fy,; for several ratios

as/ds

Figure 4.26 demonstrates the change in spacing
related to the conductor diameter a,/d,, where 65
mm < 45 < 860 mm. As the abscissa is also related
to a5, all maxima occur near I/ ag-sin{n/n) = 10 and
the highest forces are got near a;/d; =~ 5 for the
same value of l;/a,. For equal values of I, they
decrease with the space between the sub-
conductors. Therefore the distance between the
conductors should be as low as possible.

The related pinch force decreases with increasing
static tensile force, Figure 4.27, whereas the actual
value of the pinch force increases little.
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Fig. 4.27: Effect of bundle diameter I /assin(n/n)
on normalised pinch force Fp; for several static
tensile forces Fg

The higher the spring rate of the substructure, the
higher the pinch force, Figure 4.28.
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Fig. 4.28: Effect of bundle diameter I;/agsin{n/n)
on normalised pinch force Fp; for several spring
rates of the substructure S and spacings 4, = 400
mm and 65 mm



For design, the substructure should be as flexible
as possible. Close bundling results in lower forces,
but the effect of the spring rate is the same.
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Fig. 4.29 Effect of Tbundle diameter

ls/agsin(n/n) on normalised pinch force Fy; for
several number n of sub-conductors and bundle
diameters 4;/sin{r/n) = 400 mm and 100 mm

In Figure 4.29, the number of sub-conductors is
varied. For the diameter of the bundle a,/sin{x/n)
two different values are chosen: 400 mm and 100
mm. 2, becomes lower with increasing number n
because a,/sin(n/n) is constant. As the abscissa

{daN)
........ With reclosure
2000+

10001

(T, =04, fu=°-3' T,=01)

does not depend on n, it shows, that more sub-
conductors cause higher forces in the case of wide
bundling, whereas lower forces can be possible
with close bundling.

Configurations in substations can typically fall in
the dangerous zone of high peak tension. Jumpers,
because of the very short subspan length, are
generally designed in the non-contact zone.
Overhead lines are typically designed with a very
large I,/a; and contact will always occur. Sub-
station busbars (case A) or connections between
apparatus {case C) are in between. Hence, this
problem should be given careful consideration in
design.

Heating of the conductors resulting from the
short-circuit current does not influence Fp;
because the temperature increase is wusually
negligible before the time of peak temsion. Short-
circuit time duration Ty generally has no
influence on bundle pinch because peak tension
usually occurs before Ti. Automatic reclosing
causes the same effects as the first fault, but the
automatic reclosing pinch effect must be
superimposed on the interphase effect to obtain
the total phase tension. Thus, coincidence of
unsuccessful automatic reclosing with maximum
swing out or fall of span time will cause a very
significant increase of the stress as shown in
Figure 4.30.
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Generally the analysis of one subspan will give the
same results as for the complete span. Also as
indicated above, this effect can be superimposed
on the interphase effects. However, in some cases,
unsymmetrical subspan lengths can cause ad-
ditional effects. This is represented in g5t by Sq the
equivalent dynamic spring rate of end point of the
subspan. Because of the high frequency of the
phenomenon, this value is not the same as the
static spring rate. It is always a larger value than
the static spring rate and it is also indirectly a
function of the current. S is also dependant on
the inertial behaviour of end points of the sub-
span. For case C, it can be considered to be
infinite; but for case A, S4 is a function of the
inertial behaviour of the connecting hardware and
insulator string. An estimate of the order of
magnitude of 54 is 107 N/m.

4.5.5 Applications

The qualitative effects of variations of parameter
values can be easily deduced from the grouped
parameters described in the previous sections.
Thus a good appreciation for the design sensitivity
can be obtained. The following examples are
based on the data given in section 4.5.1.

Main conductor effects

Figures 4.20 to 4.24 can be used as correcting
factors. Referring to section 4.5.1 (example of
calculation), the 380-kV-substation busbar is
characterised by r, T/ T and  according to Table
4.2. This gives with Figures 4.21 and 4.24:

Temperature |-20°C 60 °C
Fi/Fg 2,6 2,8

F, 44,2 kN 39,2 kN
F¢/ Est 3,5 4,5

F¢ 59,9 kN 63,0 kN
b/ b 1,32 1,22

by, 1,42 m 1,60 m

This shows, that in the example

—~ the short-circuit tensile force F,
maximum at the lowest winter temperature;
— the drop force Fy has its maximum at the

highest operating temperature;

— the drop force F¢ at the highest operation
temperature is decisive for the short-circuit
strength due to main conductor effects;

—~ the horizontal deflection by, has its maximum at
the highest operating temperature.

Therefore only the influences on the drop force F¢

and the horizontal displacement at the highest

operation temperature are investigated in the

following,.

Qualitative influences can then be deduced:

— The influence of a decrease of the mass by 20
%, which means for example a conductor
ACSR 680/85, keeping the equivalent static sag
according (*22) constant, resulting in m; =0,8 -
3,25 kg/m = 2,6 kg/m. This leads to following
correction factors

F,, =0,8-14kN =11,2kN

r= L -1,455=1,82
0,8

!

_08°
- 3

g -2,409 = 3,01

with Figure 4.21:
Eid

=55
Pst

which gives
F; =5,5-0,8-14kN = 61,6kN

Thus, the decrease and also the increase of mass,
keeping the equivalent sag constant, makes no
modification of the tensile forces which has to be
supported by the anchoring structure. Keeping the
actual sag constant gives the same result.

Figure 4.24 gives for the relative horizontal
displacement

o

h
=14
bt'

by, =1,4-1,31m =1,82m

On the other side the decrease of mass leaving the
static sag constant increases the horizontal
displacement by about 14 % and decreases the air
clearance accordingly.



- The influence of an increase of the span length,

by 20 %, keeping the ration of equivalent sag to
span length b./! constant, leads to:
b _G'l

I 8F,
F, =1,2-14kN = 16,8kN

= constant

N =50.10" L~
N

N decreases about 15 %. This gives

1,22
g .

= -{m 2,409 = 2,362

which is nearly constant. With Figure 4.21 and
r = 1,455 it follows that F; / Fgt is not affected.
Because Fg had to be increased by 1,2 to keep
the ratio b./! constant, the final absolute tensile
force is increased by 20 % in comparison with that
of the initial structure.

Figure 4.24 gives for the relative displacement

by =1,35-1.31m =1,77m
The displacement increases about 11 %.

The influence of an increase in initial static
tensile force by 20 % leads to:

F, =1,2-14kN = 16,8kN
With

G
8E,

T=2n 0,8-1;'—c
V &n

it follows

T—“,F- =41,2-0,243 s

L 131=1,09

b
< 1,2

1
= .2,409 = 1,394
¢ 1,23

i

The correcting factor resulting from Ty1/T is
negligible. The correcting factor resulting from
L (Figure 4.20) which means a decrease by

about 20 % in the relative stress Fg/Fg, but the
increase, by the same 20 %, in initial static
tension gives no change in the final absolute drop
force Fy.

Figure 4.24 gives for the relative displacement

LY
bC

by =1,4:1,09m =1,53m
The displacement decreases about 4 %.

The increase of anchoring stiffness about 100 %
from S = 500 kKN/m to § = 1000 kN/m. N =
31.10-6 1/N which is about 62 % of the initial
stiffness gives
1
0,62

with Figure 5.31:
il
F st

=——-2,409 = 3,89

=55

and
F¢ =5,5-14kN = 77kN

Thus a increase of 100 % in anchoring stiffness
gives about a 25 % increase in maximum stress due
to drop force. Figure 4.21 also shows that the fall
of span maximum tension increases very

quickly with £, thus a flexible structure is
favoured.

Figure 4.24 gives for the relative displacement
ﬁ =11
b

C
b, =1,1-1,31m =1,44m
The displacement decreases about 10 %.

The reduction of the short-circuit duration Tig
from 0,5 s to 0,3 s does only change

Tia _ 935 024320146
T 05s
Figure 4.20 gives




and
Fr = 4-14kN = 56kN

A reduction of the short-circuit duration reduces
also the forces on the sub-structure, in this case
about 13 %.

Figure 4.23 shows that this reduction of the short-
circuit duration is too low and does not change the
deflection.

Bundle pinch effect

Figures 425 to 4.29 can be used as correcting
factors. Referring to section 4.5.1 (example of
calculation), the 380-kV-substation busbar is
characterised by: This gives with Figure 4.27:

Temperature |.20°C 60 °C

Foi/Fot 41 4,8

Fi 69,7 67,2

Modification of the structural data gives the
following effects:

— The influence of a decrease of the mass by 20
%, keeping the equivalent static sag according
to (*22) constant, resulting in m; = 0,8 . 3,25
kg/m = 2,6 kg/m. This leads to following
correction factors

- F,, = 0,8-17kN =14,5kN

= o]_s 15,6 =19,5

’

with Figure 4.25a:
i _ys
Fy
which gives

Fpi =47 -14,5kN = 68,2kN

Thus, the decrease and also the increase of mass,
keeping the equivalent sag constant, makes less
modification of the pinch force.

The influence of a decrease of the short-circuit
current by 20 %, resulting in I{s =0,8 .63 kA =
50 kA. This leads to following correction
factors

r, =(0,8)-15,6 =10

with Figure 4.25b:
E.
=36
F
which gives

Fpi =2,6-17kN = 61,2kN

The decrease of the short-circuit current reduces also
the pinch force, in this case about 12 %.

The reduction of the distance between the sub-
conductors on 50 % means ag = 200 mm.
Therefore

b _24m_
a 0,2m
with Figure 4.26:
Bi_,
Fst

which gives
Fpi =3-17kN = 51kN

The decrease of the spacing reduces the pinch force,
in this case about 17 %.

The increase of the distance between two

spacers about 50 %, that is two spacers instead
of three, resultingin;=15-94m =141 m:
L =1,5-23,5=35,3
ay

with Figure 4.27:

which gives

Fpi =3,4-17kN =57 8kIN



The increase of subspan length decreases the pinch
force, in this case about 17 %.

The influence of an increase in initial static
tensile force by 20 % leads to:

F,; = 12+17kN = 204kN
With Figure 4.27

f.Ei_ =37
Fy

which gives

Fpi = 3,7-20,4kN =75,5kN

An increase of the initial static tenmsile force
increases also the pinch force, in this case about 8
%.

The increase of anchoring stiffness about 100 %
from S =500 kN/m to S = 1000 kN/m. With
Figure 4.28:

E

£ -53

Fy
which gives

Fpi = 5,3-17kN = 90kN

Thus a increase of 100 % in anchoring stiffness
gives about a 30 % increase in maximum stress due
to pinch force.

Three sub-conductors instead of two by no
change of bundle diameter gives

a =400mm-sing-=346mm

b osinZo235
a 3
with Figure 4.28:
F..
=45
st

which gives

Fpi = 4,5-17kN =76,5kN
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The choose of more sub-conductors increases the
pinch force, in this case about 10 %.

These examples illustrate that a decrease in
subconductor separation is compensated by an
increase of ry and I,/ ag-sin(n/n). The overall effect
is a limited reduction in bundle pinch tension.
Nevertheless, sub-conductor separation should be
chosen as small as possible to maintain separation
for ampacity considerations (minimisation of
mutual heating) and the subspan length should be
chosen as long as possible. The combined selection
of a, and I; must ensure bundle separation under
normal maximum load conditions. In the example,
the ratio Is/as must be greater than 10 to avoid the
critical range, Figure 4.26. For example, a5 < 400
mm and ) < 4 m. Figure 4.26 shows also the
validity of (*43) and (*44) in section 4.3.1. In
practice Is is sometimes constrained by dropper
connections and 4 must be co-ordinated.

Case D corresponds with very short spans having
very low static tensile force Fst and very high
supporting stiffness S — oo. In these cases (very
low 1,/ as), there is generally no contact. Thus Is/as
must be adjusted to as low a value as possible by
the correct choice of a5 and . Figures 4.27 and
4.28 give an increase of Fpi/Fs. For the same
example with jumper length ! = 11 m, static sag b,
=25m, I = 0,8 m and 25 = 0,4 m, the calculation
gives Fgt = 400 N and Fp; = 24 kN is obtained. The
jumpers are fastened to the span on both sides of
the towers where high static tensile forces and
pinch forces occur, therefore the pinch force in the
jumper is not decisive. Only the deflection of the
bundle is to be noticed. A considerable decrease of
the pinch force is reached only if a; = d,.

Cases A and C must be considered differently
from that of jumpers (case D). For cases A and C,
contact is advantageous because it results in lower
stresses. Thus ly/agsin(n/n) must be chosen as high
as possible, in the example greater than 10. For
other configurations, the factor j according to (*49)
is to be calculated and j > 1 is recommended.




5 GUIDELINES FOR DESIGN

5.1 Introduction

The mechanical phenomena, which are a con-
sequence of short-circuit currents in substations,
as presented in Chapter 3 (for rigid conductors)
and in Chapter 4 (for flexible conductors), must
be considered in design. These phenomena
influence the design arrangements and
mechanical strength requirements of substation
components. In particular, the mechanical
strength of apparatus, insulators and conductors
and the supporting structures have to be
considered. In addition, in substations with
flexible conductors, conductor displacements and
the resulting reductions in electrical clearances
can be significant. This chapter of the Brochure
provides guidelines for design with respect to
arrangements, mechanical loads and electrical
clearances.

5.2 Arrangements

Typical arrangements used for the physical
design of outdoor substations are described in
section 1.4. The design of open outdoor
substations to withstand mechanical short-circuit
effects, indicate the following general
considerations.

Rigid bus arrangements:

- In the case of high short-circuit currents, rigid
bus systems have relatively straightforward
designs and result in effective substation
con_figurations including apparatus con-
nections with lengths exceeding a few meters.

- All possible mechanisms for the initiation of
secondary faults should be limited. Therefore,
insulator-tube-clamp  arrangements  for
busbars and rigid connections must be
designed such that a "domino-effect" will be

avoided in the case of a post insulator failure.

- As far as possible, designs should be flexible,
that is, some changes must be possible
without greatly influencing the short-circuit
design concept (e.g. avoiding resonance).

- When designing equipment surrounding iso-
lators (for example supporting structures and
in the case of pantograph isolators) it is
necessary to check particularly that too much
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flexibility does not jeopardise the function of
the apparatus. Equivalent checks are essential
for earthing switches.

Flexible bus arrangements:

- When the current carrying conductors are
made of strained conductors, the physical con-
ditions for design are significantly different
compared to rigid bus systems. The electro-
magnetic transversal force give rise to tensile
stresses in the supporting structures, clamping
devices, insulator strings and apparatus
terminals.

- Installations with flexible conductors give rise
to conductor swing-out which typically results
in decreasing minimum clearance.

- The representation of the problems are distinct
if the conductors consists of single as opposed
to bundle conductors.

- Short circuit design with regard to conductor
displacement aims principally to prevent that
a near-by fault on a power line will cause
conductor deflections in a feeding substation
such that a secondary fault might appear
there. However, conductor movement must
never be of such nature that there is a risk that
faults could spread to other branches or
substation elements.

For both rigid and flexible bus arrangements it is
necessary also to check that the temperature rise
due to short-circuit currents does not exceed the
highest permitted temperatures for supporting
devices or connected apparatus.

In the following sections describe aspects of the
most common arrangements.

5.2.1 Special Aspects of Strain Bus

Arrangements

In this section, aspects related to increased
tension in a bus configuration of type Case A (Fig
1.8) resulting from a short-circuit are discussed.
However, for practical design, the final solution
must also satisfy other requirements such as
limitations caused by conductor displacements
(section 5.4) and sag variations, corona and radio
noise {(RIV) requirements, component standards,
requirements associated with other load com-
binations, control equipment principles and so



on. Questions of special interest centre on swing-
out tensions and bundle pinch forces.

Swing-out Tensions

Concerning swing-out tensions (F; and Fg), the
reader should note that in certain cases savings
may be possible if the maximum short-circuit
duration for design purposes is low (for example,
0.3 s). Such a value could be accepted if the ap-
propriate local back-up and breaker failure pro-
tection exist. In addition, the static tension and
the resulting sag are important design variables.
If, for example, the sag is 3.5 m, then the period
of the equivalent pendulum oscillation will be:

T=1,79y35=3,35s (eq.*23 of section 4.5.1)

and from the same section:

0,3

T “zas-

From Fig. 4.32 the effect of these key design
parameters on Fy is apparent. Also as a result of
the specified conditions Fy is not expected to be a
limiting consideration in this example. The use of
heavy conductor spans, by decreasing the

F
: always results in a decrease of
nmg.
short-circuit loads and cause less problem for
clearance.

relation

Bundle Pinch Forces

Suitable spacing, between conductors and bet-
ween bundle spacers, are important factors for
the limitation of pinch tensions (Chapter 4.3).
Generally the distance between spacers should be
as large as possible, while maintaining conductor
separation under maximum operating current
conditions [22, 34, 67]. The other possible solution
for minimising bundle pinch tensions, involves
the use of a very large number of spacers to
ensure that the design is not in the dangerous
zone. This solution might be used in special cases
for jumpers, connections between apparatus and
loops; but is generally not recommended for the
majority of applications. This is because of very
large rate of increased pinch effect with subspan
length in such case.

The spacing between subconductors may be wide
(for example, 450 mm at 420 kV) for short-circuit
levels up to 40-50 kA rms as the resulting low
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number of spacers reduces costs and corona and
RIV problems. However, for higher short-circuit
currents, reduced spacing (with the centre-to-
centre spacing between conductors > twice the
conductor diameter) is preferred.

The use of relatively heavy conductors in a
bundle results in several advantages:

- Designs with reduced spacing are facilitated
without corona or RIV problems.

- Heavy conductors result in lower pinch forces
than a lighter conductors [12].

- Ampacity requirements can be satisfied with
fewer sub conductors of heavy size which is
consistent with reducing pinch tension.

- Static load combinations, including wind, ice
and so on, result in lower static tensions if
fewer and heavier conductors are used
compared with more numerous and weaker
conductors.

- Labour costs are reduced and arrangements
for terminations, T-connections, and so on, are
simpler.

The static tension has very little influence on the
pinch tension as indicated in reference [12].
Furthermore, increased static tension allows
distances between bundle spacers to be increased,
which reduces pinch tension. As a result, the
relative increase of pinch tension becomes more
significant as static tension is decreased.

In the normal design procedure, preliminary
values for static tension are based on static load
combinatons and clearance requirements re-
sulting from conductor swings. For example, the
procedure outlined in [12] is to choose the initial
tension such that the sag is in the range of 3% of
the span length. Otherwise, if no other require-
ments exist, a static tension of 5-10 N/mm? is
recommended as a first design value. The final
and optimal sag is based on further calculations
(according to Chapter 4 for the short-circuit load
case).

5.2.2 Connections to Apparatus

The following aspects refer to both rigid and
flexible connections. In switchgear bays a simple
and inexpensive solution is to use the terminals of




apparatus as supports. The problem with this is
that acceptable dynamic loading limits on these
terminals are not very well known. The allowable
loading depends on terminal strength, clamp
strength, the terminal-connection-clamp arrange-
ment, the strength of supporting insulators, the
design of isolator bearings, current paths in the
apparatus, dynamic characteristics and so on. In
most cases, often as a result of standards, the
static withstand strength or the highest static
loading, which will not cause maloperation, is
given by the manufacturer as well as the safety
factor. Higher acceptable loadings in the case of
short-circuits can be estimated based on reduced
safety factors. If no information is available con-
cerning an acceptable dynamic peak loading, up
to 3 kN at the outermost end of the apparatus
terminal could be expected and accepted at the
risk of the user for circuit-breakers, isolators and
current transformer when I, > 1250 A.

A safer way to design connections to apparatus
for mechanical effects of short-circuits is to use
information from tests on realistic apparatus-
conductor configurations (for example, according
to [38] for isolators). In this way, very difficuit
configurations, such as pantograph isolators con-
nected to busbars, can also be carefully designed.

Some additional effects to be taken into account
include:

- When slack bundled conductors are used as
connections (case C, Fig. 1.8), it is very im-
portant that the sub conductors be spaced
closely in order that they can touch each other
effectively in the case of a short-circuit [57, 65].

- For case C arrangements, a sag of about 8% of
the span length will usually lead to acceptable
results [12].

- In the case of rigid conductors connected to
apparatus with fast operating mechanisms the
influence of dynamic switching forces (for
example caused by vibrations from the drive
mechanism of a circuit breaker when it is
opening or reclosing) should also be con-
sidered because the short-circuit forces and
switching forces might appear simultaneously.

- Depending on the apparatus-conductor
configuration and phase-to-phase distances,
the relative influence of angle forces may
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require consideration in calculating terminal
loadings.

52.3  Droppers to Apparatus

Droppers connecting a span to apparatus below
(Case A + B illustrated in Fig. 1.8) is an important
but difficult arrangement from the design point
of view. Forces on the terminals of the connected
apparatus, as well as the displacements of drop-
pers must be considered for the range of
temperatures appropriate for the span. The
required position and length of the droppers to
satisfy static and dynamic demands must be
determined. As well, designers must recognise
the increased tendency of droppers to swing if
the droppers are connected to isolators having
terminals which are journaled in bearings.
Calculations for specific dropper connections are
presently possible using advanced methods.
Therefore, no parametric studies for the purpose
of finding general or optimal solutions have been
done.

One possible design concept is to limit the
motions of the span by the use of V-string
insulators and by choosing a suitable static
tension. The droppers in such arrangements can
be designed so that the risk of flashover, as well
as of violent dropper stretching due to span
motions, can be avoided [66]. In some countries, a
minimum bending radius at the bottom of the
dropper is recommended (10-50 cm, depending
on the conductor). In other cases, the use of
common sense or engineering judgement is the
preferred approach (Fig. 5.2.1). When mutual
influences of droppers may be significant, a
specific check is necessary (Fig. 5.2.2). Figure 5.2.3
shows how a dropper conmection to a span can
function as a flexible spacer in the span.

5.2.4 Design of Jumpers

The relatively large sag of jumpers (Case D Fig.
1.8) and the proximity of earthed structures
frequently necessitates the use of means for
restricting jumper displacement to avoid second-
ary faults and conductor damage. Suitable means
include additional weights, V-string insulators for
the span, vertical insulators, pinch-limiting spac-
ers or combinations of these solutions. Vertical
insulators are effective, espedially vertical
V-string or post insulators. The disadvantage is
that more insulators and their associated leakage
paths are introduced, which increases the risk of



insulator flashover especially in contaminated
areas.

By using V-string insulators to support the span,
the jumper terminations are nearly fixed and
jumper movements can be easily calculated using
a simple pendulum model.

Single insulator strings and additional jumper
weights provide an effective and cheap design,
which also minimises the number of insulators
(Fig. 5.2.4). The swing of the span insulator
strings during short-circuits is an additional
complicating influence which makes jumper
movement difficult to predict.

5.3 Loads and lecad combinations

Conductors in outdoor switchyards are not only
influenced by short-circuit forces, they may also
be affected by other external forces such as wind,
ice and earthquakes. Mechanical design must be
based on several load cases which include the
relevant load combinations. Some of these
exclude short-circuit forces, and they must be
based on local conditions, which will not be
discussed here.

Regarding the combination of short-circuit forces
with the environmental forces, there are differing
opinions [18, 21, 28]. However, there are several
indications that short-circuit forces need not be
combined with wind and ice:

- The probability that ice and snow coatings can
withstand vibrations due to a short-circuit is
very low. Furthermore, experience indicates
that ice and heavy snow loads are much less
frequent on substation conductors than in
other applications.

- Wind load and short-circuit load both vary in
time, independently of each other. As well, the
direcion of wind wvaries. There are no
mathematical procedures available or
standards for a true or reasonable
combination of short-circuit and wind loads.
(Although probabilistic methods may be
possible.) Therefore, no equivalent static load-
case can be formulated and short-circuit test
results cannot be transferred to any other
loading condition.

-—= Switchgear Overhead ling_»—~
Dropper 1 Dropper 2
K
Fig.5.2.1 Dropper 1 has the highest tension and

is connected to the top of the post
insulator supporting the line trap. In
this way no terminals of the apparatus
will be over stressed.

Fig. 5.2.2

-
L

Two parallel droppers with narrow
spacing cause short-circuit load
components which must be con-
sidered. This example refers to the
connection of a current transformer.
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Fig. 5.2.3 The connection of a dropper to a span
can be arranged such that it has the
effect of a flexible spacer in the span.

|

Fig.5.2.4 Additional jumper weights introduced
to limit conductor swing. The weights
are so arranged that the pinch lifting
effect can be reduced and some extra
clearance obtained thanks to the
reduced sub conductor distance. As
an example, masses of 2 x 40 kg
placed at the 3rd of the length has
been used rather frequent spacing
conditions.
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- The short-circuit loading may depend on very
special effects which cannot easily be
combined with other loads. Examples include
the consequences of unsuccessful
autoreclosure which may be of considerable
importance in the case of rigid conductors or
in relation to pinch- and conductor-fall
sequences in the case of flexible conductors.

- The magnitudes of the conductor weight and
wind load depend on rigid or flexible conduc-
tor characteristics but are roughly of the same
order.

Based on these reasons, it seems credible to con-
sider short-circuit as a separate load case (partic-
ularly if the short-circuit calculation gives results
on the safe side) for the mechanical dimensioning
of flexible as well as rigid busbars and con-
nections.

5.3.1 Conductors and Insulators

Loads on Insulators

The calculated dynamic force acting per-
pendicular to the top of a post insulator, Fy for
rigid conductors and F, F¢ or Fp; for flexible
conductors, must not exceed the minimum failing
load. Limits on acceptable loading as low as 70%
of the minimum failing load, (that is the loading
used for routine tests of post insulators) are
preferred by some users. If the force is acting at a
point higher than at the top of the post insulator,
(this is the situation for rigid buses and in some
special applications) a force which gives an
equivalent moment must be considered. The
critical point is not necessarily the insulator base.

For insulator strings of the cap and pin type,
allowance for 65% of the electromechanical failing
load (porcelain) or mechanical failing load (glass)
is reasonable. The basis for this is that insulator
units are type tested with that load to verify the
withstand mechanical strength in case of a disk
crack.

Conductor Stress

As a consequence of the theory of plastic defor-
mation, the calculated tubular-conductor stress
must not exceed 1.35 - 1.50 times the yield point
(Rpo2) for bending depending on the ratio bet-
ween conductor wall thickness and diameter [39].



Flexible conductors in strain bus systems are not
expected to be significantly over stressed in the
case of a short-circuit. However, in exceptional
cases, a check to ensure that 70% of the breaking
load will not be exceeded, is recommended. The
reason for this recommendation is that some
margin is necessary to take into account reduced
conductor strength in the anchoring points. Some
users prefer a lower allowable stress (55% instead
of 70%). Subconductors in slack bundle con-
nections may be permanently deformed at the
spacers in the case of a short-circuit if the design
is unsuitable.

Loads on Conductor Hardware

Connectors, clamps, spacers and other arrange-
ments for terminating conductors are directly
exposed to the full force amplitudes generated by
short-circuits. Therefore, their dynamic loading
will not be reduced by the filtering effects which
reduce the effective loadings for supporting
structures, rigid bus post insulators and so on
{Fig. 5.3.1). For this reason, a factor of 1.5 is taken
into account in the calculations, if the maximum
tension in the conductor is determined according
to formula 4.2.6. Also, the use of conductor hard-
ware with a sufficient degree of toughness is
recommended. For connection clamps manufac-
tured from aluminium alloy, type test speci-
fication of the percentage -elongation after
fracture according to [44] is recommended, (for
example, A5 = min 2% for a separate cast-to-size
piece). For a machined test piece manufactured
from connector parts, a minimum of 1% seems
reasonable for a cast piece and a minimum of 5%
for a wrought piece. Other components such as
tension clamps, spacers, and so on, should have a
good toughness value down to the lowest
temperature which may be expected.
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Fig.5.3.1 Typical time histories of tensile forces
caused by short-circuit loads on
flexible conductors.

a) Tensile forces in the flexible
conductors and insulator string,.
Peak 1 - bundle pinch effect
Peak 2 - span motions within the
short-circuit duration.

Peak 3 - span motions subsequent
to the short-circuit.

b) Smoothed tensile force applied to
the structures.

c) Soil loading further reduced by
foundation inertia.

Short-Circuit design recommendations for con-
nection clamps include:

- The connectors must not apply excessive
forces to apparatus terminals.

- Connection tongues of connectors should be
so arranged that the effective section modulus
for the case of a short-circuit loading is as
large as possible.

- Short-Circuit stresses must not give rise to
permanent deformation, cracks or failure of
the  connectors. However, permanent
deformation of flexible parts can be accepted if
such deformation does not affect the function
of the connectors.

- Permanent deformation, cracks or failures
must not occur in connectors for bundled




stranded conductors as the result of conductor
clash in the event of a short-circuit.

- Electric current must not be carried by the
mechanical bearing parts of tube connectors,
whether during normal operation or during
short-circuits. Arcs must not be established
during short-circuits.

- Tubes should be so supported that it is not
possible for a direct impact to arise between a
tube and terminal in the event of a short-
circuit.

- Connectors should be so designed that tubes
cannot fall out of them in case of a short-
circuit.

The short-circuit withstand capability of conduc-
tor hardware, and espedially of spacers and con-
nection clamps, should be verified by tests under
relevant conditions. After the short-circuit
duration the conductor may be wrenched out of
the clamp. This must be taken into account in the
design of the spacer clamps.

5.3.2 Supporting Structires
Introduction

There exist two main kinds of supporting struc-
tures in outdoor substations:

1. Portal structures for strained conductors,
typically consisting of two vertical towers and
a horizontal beam, and

2. Pillars supporting the post insulators for rigid
bus or apparatus.

These structures are made typically from steel,
latticed, bolted or welded or solid webbed, and
erected on concrete foundations [15]. Their
design is typically carried out by civil engineers.

Based on national or company standards, all
substation supporting structures are designed for
existing and/or probabilistic combinations of
different loads: dead loads, conductor tensile
loads, thermal loads, ice, wind, reaction forces
from circuit breakers [28]. These loads appear
during normal substation operation and therefore
adequate factors of safety are usually available.
However, the structures may also be subjected to
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the exceptional load caused by short-circuit
current.

With regard to this relatively rare phenomenon,
the dimensioning of pillar type structures for post
insulators is usually based on the guaranteed
breaking strength of the insulators, which is
needed to meet the short-circuit current load.
Reduced safety factors approximately 1.0 are con-
sidered for supporting structures.

On the other hand, portal structures have
generally not been designed to withstand the full
dynamic forces caused by short-circuit currents.
For example, the current German Standard [41]
states that according to their experience, strength
calculation of portal structure subjected to short-
circuit forces is not necessary. This recom-
mendation for design was justified by the
following:

- there have been no recorded destructions of
structures,
been

- short-circuit current levels have

moderate in the past,

- there was a lack of verified calculation
methods.

However at the present time, the majority of
companies which responded to the CIGRE SC23
inquiry [28] take into account short-circuit forces
in structure design. This is justified by the
increasing levels of short-circuit currents,
substation security requirements and economic
pressures. Thus, the following basic strategy
seems to be reasonable at the present state-of-
the-art:

"First design structures for standard loads,
later verify the structures for short-circuit
current loads."

In the calculation procedures described in
Chapter 4, the problems of analysis of supporting
structures are associated with:

- the selection of a general mechanical model
for calculation of mechanical effects of short-
circuit currents in the substation, and in

- the stress analysis which concludes all calcu-

lations.



The problem of stress analysis of foundations for
substation supporting structures working under
short-circuit conditions has not been considered
by WG 23.02 to date. However, adequate en-
gineering precision can be obtained using the
general routine approach. That is, the
foundations are subjected to loads transmitted
through the supporting structure. These loads,
which have been deprived of high frequency
oscillations (Fig. 5.3.1c) due to the filtering
influence of the insulators and supporting
structures, are known from the global dynamic
analysis described in Chapter 4.

Short-Circuit loading

The well known typical time history of the tensile
forces in flexible conductors, caused by short-
circuit loads is presented in Fig. 5.3.1a [70]. From
the point of view of the civil design engineer, two
characteristic types of forces are noted (Fig. 5.3.1):

- the bundle pinch maximum (1), acting as a
short but high impulse force (representative
frequency: 100 Hz)

- the motion maxima during (2) and sub-
sequently (3) to the short-circuit duration with
relatively  slow  variation in  time
(representative frequencies from about 0.5 to 3
Hz).

The force acting on the structure is presented in
Fig. 5.3.1b and on the foundation in Fig. 5.3.1c.
The filtering effect of insulators and of the sup-
porting structure is indicated. The bundle pinch
forces appear during all types of short-circuits
(one, two- or three-phase) at almost the same
time. For practical calculations, a simultaneous
and equal pinch force in all phases can be
assumed for three-phase faults which is usually
the worst case.

The swing and fall forces are different in the case
of two- or three-phase faults. In the first case,
large forces appear only in the two faulted
phases. The force in the third unfaulted phase,
caused by structure deflection, is of a much lower
value. In the case of a three-phase fault, the large
forces appear in the outer phases, which
experience significant displacement; the middle
phase experiences only restricted movement and
therefore the force in this phase is much smaller.
Thus, considering the stress in the beam of the
portal, the case of a two-phase short-circuit (one
outer phase and the middle phase) is taken as the

worst case, (that is, the largest bending moments
will be produced).

The short-circuit current forces always act to-
gether with the dead loads. However, in some
countries additional preliminary loads are added,
(for example, wind load or ice load (section 5.3)).
The selection of load combinations depends on
the local climate conditions [28].

As presented in Chapter 4, short-circuit current
forces may be calculated using a range of
different methods (simple or advanced) and also
some combinations of these methods, if their
accuracy is reasonable. In the most advanced
methods a whole system is analysed at the same
time. Thus short-circuit current forces and stress
analysis in a structure are obtained together.
However, in other cases the output of short-
circuit current force calculations for insulators
serves as an input to the stress analysis of a
supporting structure. The following forms for
that input may be used:

- the complete time history of a variable force

- the peak value and the duration of a re-
presentative impulse

- a single value force, (usually the maximum
force)

With the simple method no time characteristic of
forces acting on the structure is available, so
dynamic analysis is not possible and static ana-
lysis should be used as an approximation.

As discussed in earlier sections, there exists the
danger of resonance between the supporting
structure vibrations and the excitation force
originating from the conductors. Therefore, the
frequency of conductor movement should be
checked to ensure that it is sufficiently different
from the eigenfrequency of the structure. Thus, a
detailed or simplified analysis of the modes of
vibration of the supporting structure (portal) is
suggested. Usually only the structural vibrations
of the first mode need to be considered. In Table
1.3 in section 1.4 some typical Eigen frequencies
for supporting structures are given .

Stress evaluation

Stress analysis is performed using routine
methods for the full representative structure. In
the case of the most advanced methods of
analysis, the steel structure is fully represented




(see Chapter 4). As a result, the full time history
of stresses, s = g(t), in the required elements of the
structure is obtained. However, such direct dy-
namic analysis is relatively time consuming,
expensive and usually not necessary.

Alternatively, stress analysis is obtained
indirectly if the structure is considered to be
loaded by short-circuit forces obtained from a
preliminary conductor, insulator, structure
model. For advanced methods the results may be
almost as good as those obtained from the direct
approach.

Stresses s; in an element i of cross-sectional area
A, are evaluated according to

Ajsi=K;uj+ M; i {5.3.1)

where i numerates stress components.

The first term represents the "static" and the
second, the "dynamic" components of s;. Except
for the very rapidly changing loads {for example,
large pinch forces), the last term is much smaller
than the first one and is often neglected.

The common design practice in the case of
phase-to-phase forces is to assume that they are
static forces and consequently to consider portal
structures to be subjected to two equal static
forces (corresponding to the two phases having
significant displacement) applied on the
crossarm.

The dynamic character of pinch forces is taken
into account in particular countries using various
approaches. In principle it may be done by
addition of appropriate inertia forces. In the
Canadian design practice, the pinch forces are
treated as impulsive load represented by an
equivalent static load [69].

The admissible stress for short-circuit load must
satisfy general regulatons and wusually is
assumed to be higher than ordinary loads.
Therefore, the effective safety factor is lower. In
common engineering practice for short-circuit
loading (in exceptional cases), the safety factor is
typically about 1.3, while for normal loads, the
safety factor is about 1.5.

In the case of short impulsive loads, for which
large stress rates occur, structural steels experi-
ence a delayed plastic flow phenomenon which
results in a temporary increase of strength (yield

76

point) [87]. For example, in the case of load
changing with a frequency of 100 Hz, stee
strength increases by about twice. This
phenomenon provides an additional justification
for assuming allowable stresses higher than for
static loads.

Recommendations

Obviously the more advanced methods of
analysis have the potential to produce the most
detailed and accurate results; but the results
obtained are more expensive. The basic practical
question for the design engineer is, "Is it
necessary to apply advanced methods or are the
simple methods adequate?".

The answer depends on many factors, such as
designer experience, access to appropriate
computer software and hardware, availability of
detailed structural data and so on. Overall experi-
ence with stress analysis of supporting structures
working under short-circuit current conditions is
relatively limited. Consequently, no detailed
recommendations can be given here. However,
the following general pattern may be suggested:

- Simple methods may be applied either for
structures and current levels for which design
practice and service conditions and experience
have proven to be sufficient or for those cases
that have been verified against confirmed
advanced methods and models.

- In the case of significant change in the type of
structures, their parameters or short-circuit
current level, and where the cost of fajlures or
overly conservative design is significantly
greater than the cost of detailed design
methods, the advanced methods are strongly
recommended.

54  Conductor Displacement and Temporary

Air Clearances
5.4.1 Imtroduction

Multiphase short-circuit currents generate inter-
phase forces which result in phase conductor
displacements. In rigid bus systems, the resulting
displacements are relatively minor and do not
significantly reduce the phase-to-phase clearance.
However, for flexible bus systems the phase dis-
placements can be very significant depending on



the bus configuration, the short-circuit current
magnitude and duration. The mechanics of the
phenomenon are described in Chapter 4 of this
brochure. This section is concerned primarily
with means to design for temporarily reduced
clearances and with the consequences of the
temporarily reduced clearances in terms of the
capability of buses to withstand the applied
voltage stresses following short-circuits. The
ability of buses to operate successfully following
short-circuits is an important factor for substation
and system reliability. Secondary bus faults can
also have a severe effect on power system
operations and stability. For line entrance buses
the impact of secondary faults may be relatively
small; however, for main bus sections the impact
would likely be severe.

5.42  Conductor Displacement

In substations with low tensioned spans without
droppers or other restricting arrangements, con-
ductor displacements are usually a more serious
problem than other short-circuit effects,
especially if the short-circuit power is not high.
Figure 5.4.1 illustrates the movements of a typical
130 kV, 36 m strain bus in the cases of normal
fault tripping (duration 0.1 s) and back-up
tripping (duration 0.5 s). The conductor
movements are complicated in general, but they
are particularly complicated for the case of back-
up clearing. Conductor behaviour varies
significantly depending on physical and short-
circuit parameters. Representation of the more
violent motions obtained for back-up clearing or
in situations involving relatively light conductors
and high fault currents, more elaborate modelling
is required. Figure 5.4.2 presents, in a simplified
way, the conductor movements in two typical
cases: namely two and three-phase faults.

The three-phase fault causes the outer phase
conductors (phases L1 and L3) to swing
outwards from their normal position, whereas
the middle phase (phase L2) experiences a very
restricted motion. After interruption of the fault,
phases L1 and L3 swing back. During the two
phase fault, for example between phases L1 and
L2, both conductors swing initially outwards then
inwards in synchronism. For relatively short
duration faults, the maximum swing out angle for
the outer phases is nearly the same for two or
three-phase faults, as the forces at the rest

position are nearly the same.
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Fig. 541 Movements of the mid-point of a span
resulting from a two-phase short-
circuit test (36 m span, 130 kV, single
insulator string, phase separation 4,0
m, sag of insulators and conducto*:
1,45 m, conductor 2 x 910 mm2 Al I
= 40 kA, X = short-circuit inter-
ruption).
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Fig.5.4.2 Simplified phase conductor motions
caused by multiphase faults.
ilI: Three-phase fault.
II: Two-phase fault in outermost
conductors.




Therefore, the affected phase conductors
approach one another more closely in the case of
the two phase fault. Hence, designers should
consider the two phase fault as the decisive case
for clearance calculations.

Referring to Fig. 1.8, the displacements of span A
and also of jumper (Fig. 5.2.4) are of interest.
Concerning jumper, the approach of the outer
conductor (phase L1) to the structure is also
important. In the case of bundled conductors, the
effective swing out angles may also be affected by
subconductor swings within the bundle
configuration. Also, under certain circumstances,
jumpers consisting of multiple conductors can be
thrown vertically against the girder due to pinch
forces. Although clearance problems for jumpers
are potentially more severe than span clearance
because of the proximity of the jumpers to the
grounded structures, the presence of the support
structures provides relatively straightforward
means to limit jumper displacement. In this
regard, the use of rigid post insulators and
jumper connections, the provision of stabilising
weights, the wuse of V-string insulator
arrangements and the application of inter-phase
insulating links provide effective means for
limiting jumper displacement and thereby
circumventing clearance problems.

Three minimum distances Dy, Dy and Dy are
important for air insulation considerations as
illustrated in Fig. 5.4.2. If a typical swing fre-
quency of approximately 0.5 Hz. is assumed, it is
clear that the air distances I; and Do3 appear in
the first second of conductor swing and the
distance Dy usually not earlier than one second
after fault initiation. The minimum distance D3
for two-phase faults (mutual deflection of only
one phase conductor), which appears also in the
first half of the conductors swing cycle, is
considerably greater than the distance Dp; and is
not decisive.

The philosophy of avoiding secondary faults
must be based on control equipment principles
and substation design. For example, consider the
one line diagrams shown in Fig. 5.4.3 and assume
an overhead line fault at L just outside the
substation. The overhead line circuit breaker CBL
has high speed autoreclosure capability as
presented in Fig. 5.4.4 (discussions concerning
autoreclosure are valid only as far as three-phase,
high-speed autoreclosure is concerned). Also
assume that there is no delay between the two
relay systems in the case of local back-up and that
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the high speed autoreclosure is blocked if normal
fault clearing does not occur.

Possible sequences regarding the affected
conductor movements are shown in Fig. 5.4.5.
Figure 5.4.5 I, illustrates the behaviour of the
conductors outside CBL for normal fault clearing.
Figure 5.4.5 II, illustrates the motion of bus spans
for normal clearing and Fig. 5.4.5 III, illustrates
the conductor motion when the failure is cleared
by breaker failure protection or by remote
back-up protection. In this example, unsuccessful
high-speed autoreclosure is not expected to be
the decisive dimensioning factor for the
displacement of energised bus spans because of
the common relations between swing frequency
and dead time interval. Of greatest interest are
movements of the spans affected by the
short-circuit current when the circuit breaker
operates normally (Fig. 54.5 1 and II). The
primary fault just outside the substation, might
cause a secondary fault after the reclosure at
point 1 (Fig. 5.4.3) at the bus (point 2b) as well, if
the conductor swing out at these locations is high
enough. A secondary fault could also appear at
point 3 resulting in the loss of a main feeding
transformer.
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Fig.54.3 Possible secondary fault locations (1,
2a, 2b and 3) in a substation in the
case of a primary overhead line fault
at L. Primary faults at C and T are
also discussed.
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I refers to locations 1 and 2a (Fig.
5.4.3} and to Fig. 5.4.4 case a.

II; refers to locations 2b and 3 and to
case a.

III: refers to case c and to locations 1,
2a and 2b.

A secondary fault in a substation constitutes a
very serious disturbance from the operational
point of view because it causes an enlargement of
the de-energised network area. In particular, it is
very disturbing for the operation of the network
if a secondary flashover results in a main bus
fault. A secondary fault (unsuccessful auto-
reclosure) outside the current transformer (for
example point 1) is not particularly disturbing
because it will affect only one outgoing overhead
line. From an operational point of view, the case
of fault tripping via breaker failure or remote
backup protection (Fig. 5.4.5 III) is equivalent to a
bus fault, as the fault is connected to the bus via
the non operative circuit-breaker until the bus is
disconnected from the network. Following
clearing, clashing of non-energised conductors or
contact between a jumper and a steel structure is
harmless. However, risk of flashover between af-
fected conductors and any other circuit (for
example, conductors in a neighbouring bay or at
another level) cannot be accepted. In the case of
faults initiated at C or T in Fig. 5.4.3, the situation
will not be significantly worse as a result of
excessive displacements of connecting spans
(possible secondary fault locations 3 and 4). In
considering secondary fault risk as a whole,
knowledge of deflections, possible overvoltages
and consequences of flashovers is necessary. The
overvoltages which might appear must be
considered consistent with the autoreclosure
sequence (high speed as described above or
delayed as is also common). Concerning the
possible consequences of flashovers, conductor
damage should be considered. Under many
situations, the electromagnetic and thermal forces
acting on flashover arcs cause the arc to move
rapidly along the bus resulting in relatively minor
damage. However, in some configurations and
particularly for high current arcs, it is possible
that an arc will establish a stable root point, in
which case, significant conductor damage can
result. To avoid fully the risk of flashover and
subsequent conductor damage in all situations
may not be possible.

Several approaches have been established to
calculate clearances between phases of bus
systems under short-circuit conditions. These




include several models, of varying sophistication,
based on the pendulum and finite element
analysis. All of these techniques are similar or
identical to the methods used to calculate swing
tensions, with the provision built into the pro-
grams to calculate the bus clearances from the
geometrical relationships between adjacent
phases under multiphase fault conditions.

6 GENERAL CONCLUSION

Based on international experience, failures of sub-
stations, caused by the mechanical. effects of
short-circuit currents, have been extremely rare.
However, design engineers must ensure that
substation  designs meet  the  extreme
requirements  associated with  short-circuit
conditions. This can be achieved through the use
of the calculation methods and criteria provided
in the previous sections, and in exceptionally
complicated cases through laboratory testing.

The authors hope that this brochure will help
engineers ensure safe and economical design,
uprating or refurbishment.

This brochure is a revision of former CIGRE
brochure published in 1987 on the same subject. It
can be used as an aid for designers to get a
general overview of short-circuit phenomena and
methods which can be applied to evaluate the
consequences. The background of IEC 865 (TC73)
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is detailed in this document. The main changes
which occured in the last ten years concern the
wider range of application of simplified methods
and the impressive increase of computer
hardware capability which make possible the use
of advanced methods in up-to-date workstations
in relatively short times. Also user-friendly inter-
faces help designers in wusing such methods.
Nevertheless the computation of bundle conduc-
tors arrangements, even if possible by advanced
users, carnot be used in routine engineering
calculations today. Other main topics, like spacer
compression,  probabilistic  approach  and
temporary air clearance will be more detailed in
the next brochure.

The actual state of knowledge has taken a big
step forward by wusing structural dynamic
approachs to better define design loads. This will
be the subject of another CIGRE brochure
intended to be published after 1998.

Together with this brochure a data reference book
is also being published which gives access to data
and results of more than 40 experimental short-
circuit tests, on rigid and flexible bus, two and
three-phase short-circuits, with and without
autoreclosure, with single and bundled configu-
rations  (including tests with  dropper
connections). This is an impressive collection of
tests data from all around the world which will
help designers to better appreciate the
phenomenon, and to evaluate the efficiency of
simplified and advanced methods of calculation.
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APPENDIX
CALCULATION OF FORCES IN A RIGHT ANGLE BEND
(Special Application to Terminals of Apparatus)

The conductors are assumed to be in the same
plane and forming a right angle. The influences of
the neighbouring main conductors are also
neglected.
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Figure Al: Connection of a rigid or flexible
conductor to a cable box or bushing in a
right angle
h.l2  length of conductor 1, 2
r1,r2 radius of conductor 1, 2

The method is described with reference to a
practical example, Figure Al, which could be a
rigid or a flexible conductor at a right angle to a
cable box or a transformer bushing. Another prac-
tical application would be a horizontal connection
to a panthograph isolator.
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Fig. A2: Distributed force on the conductor
according to Figure Al
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In Figure A2, the distributed force on such a
conductor with the length I; between supports is
illustrated. To simplify the procedure, the
distributed force is replaced by an equivalent
concentrated force Fy acting at the distance I from
the terminal or apparatus. Introduced symbols are
explained in the figures and diagrams.

Basis for the calculation

The equivalent concentrated force Fy follows from
the integration of the distributed force per unit
length

h

F = _[ E(x) dx (A1)
0

and the distance If results from the moment with
respecttox =0

h

Flp= J' Fj(x)-xdx (A2)
Q
with the distributed force per unit length
Fa=be2__h (A3)

2n x1fx2 +I§

The integral in (A1) can not be evaluated, because
the denominator in (A3) becomes zero at x = 0. In
[102] the current paths in a corner for all bending
angles are carefully studied and a method which
shortens the conductors in the corner is presented;
the force is then calculated using the law of Biot-
Savart. [A1l] and [A2] wuse the Principle of
D’Alembert of energy change in a closed current
loop caused by a virtual displacement; [A1] for a
right angle, [A2] for all angles. This gives an
analytical expression for the bending force which
needs no shortening of the conductor. Both
methods are in good accordance. For right angle
bends, from [Al, A2] a simple formula can be
found:



I 1L)2
Py=i‘—°—i2 In| 2 + [—ZJ +1
2n

L) Lo
(A4)
! L)
~In| 2+ (lj +1
] h

The force only depends on the ratio of the length
and the radius of the field inducing conductor 2
and the ratio of the conductor lengths.
The integral in (A2) is soluble and the result is:

M L)? !
F, -k =2—ng I |In| 1+ 1+[T2) —ln(—z—] (A5)

1 I

so that [ becomes:

F_b
=< Ab
h h ky (A8)
Ho ;2
2n
[102] gives a condition which should be observed:
1?\1[:—.1><{ri : 7—2} < 0,25 (A7)
h b
1
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Fig. A3: Equivalent concentrated force Fy/i2in
relation to r2/l2 and I» /1.
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Fig. A4: Distance /F/] in relation to r2/12 and
Ia/1.

Figures A3 and A4 show the related equivalent
concentrated force and the related distance.

For the design in open air substations, use of such
a simplified procedure for the estimation of angle
forces is reasonable because

- the ratio of conductor diameter to conductor
length of interest is small,

- variability in design and influence of
connectors makes it difficult and uncertain to
foresee and to analyse the real current paths
near the corner,

- a concentrated force is easier to analyse than
varying distributed forces, especially in
combination with simplified calculation
methods.

Calculation procedure

Form the ratios
L. n (A7)
h' b

Calculate Fy according to (A4} or Figure A3 and If
according to (A6) or Figure A4.

Superimpose angle forces with other short-circuit
forces and stresses.



Example

h=10m;r1=003m;[r=5m;ry=004m
then

2_gs 2.0008
h I
From (A4) or Figure A3:
F,
~5=05 = 2
i (kA)

From (A6) or Figure A4:
F=014-10m=14m

Of course, advanced calculation methods can
easily be used for such application and actual time
response will be obtained.

S0
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PREFACE

During the CIGRE conference of 1992 the Study Committee 23 decided to create a new task force

attached to working group 23-11 (substation and envircrunent). The aim of the task force has
been designated as followed :

- to define the short-circuit mechanical effects in substations in relation with IEC TC73.

- to revise the 1987 brochure published by the former WG 23-02

- to give updated recommendations for design, uprating of open-air substations in relation to
short-circuit mechanical effects.

This brochure is a first step in presenting a detailed data-base of short-circuit tests which have
been performed in recent decades. The aim is to capture the corresponding knowledge in an
international document to facilitate physical understanding, and as an aid in verifying
modeling and simulation case studies.

The task force would like to thank all of the utilities, research centers and universities for
providing information and data and for permission to publish these data and oscillograms. Of
course we could not have been exhaustive and numerous tested structures have not been reported
in this compilation. We have choosen the cases for which more or less all data were available
and for which oscillograms were also available. We hope that readers and users of this report
will appreciate the complexity of assembling such data and understand the deliberate but
difficult choice that we have made.

The members of ESCC task force :

G. Declerq (France), O. Deter (Germany), M. El Adnani (Morocco), G. Ford (Canada), J.L. Lilien,
Convener (Belgium), W. Meyer (Germany), AM. Miri (Germany), R. Nordin (Sweden), A.
Polevoy (Israél), N. Stein , Secretary (Germany), D. Tsanakas (Greece)

Internet contact via e-mail :

J.L. Lilien at lilien@montefiore.ulg.ac.be

G. Ford at FordG@ice6.kcps.rd.hydro.on.ca

W. Meyer at meyer@eev.e-technik.uni-erlangen.de
AM. Miri at miri@ieh.etec.uni-karlsruhe.de

Why do tests ?

At the current stage of studies, the main efforts of researchers are focused on evaluation of
dynamic loading, caused by short-circuit effects. Tests results are the only reliable basis for
proving the use of both simple and advanced calculation approaches. On the other hand,
calculation approaches identify the effects and relations between different causes, and define
new test directions that need to be carried out. The importance of tests has more weight due to
the nonlinear character of short-circuit phenomena. Any extrapolation or generalisation of
previously obtained results requires further checking .

Evaluation of the structural response to the short-circuit dynamic loading is the aim of the next
stage of studies. In the case of advanced methods there is no particular problem but for simple
method, due to the multifrequency character of the load, spectrum density techniques are the
most suitable for describing loadings, and a transfer function is the most compatible description
for structure response. Tests results are the only option to obtain practical data to built up
suitable models of transfer functions for calculation approaches.

To perform tests is time consuming and expensive. Caution must be taken to avoid being biaised
by some particular cases or phenomena more related to the tests themselves than the underlying
phenomenon which is the purpose of such tests.



Readers are strongly adviced to understand the physics of the phenomenon, and to avoid
accepting with full confidence either test or calculation results. It is always preferable to try to
understand why phenomena happen as observed in tests or computations.

Typical configurations
Rigid bus-bar are generally parallel conductors on supporting insulators; but sometimes the bus
cannot be the straight and parallel ideal, due to angles necessary for substation layout or
orientation change. These different kinds of arrangement will be tested in several cases.

Flexible bus is typically similar to fig. 0. All cable connections can be single conductor or bundle
arrangements. Tests have been performed with configurations B, B+C, D or E.

(e)

il

4
-

P Tl raada VA A AT A A

Fig. 0. Typical configurations for flexible bus-bar structure. A :horizontal strain bus connected by
insulator strings to steel structures, B : vertical dropper between strain bus and apparatus,
C : horizontal connection between components, D : jumpers connecting two strained conductor
sections, E : end span dropper, F : first span to overhead line.

Case study

We have selected the most detailed cases with span length between 34 and 102 meters and
short-circuit current between 10 kA and 40 kA (peak up to 90 kA). Classical parallel buses are
treated and also more complicated ones including droppers and non-parallel bus, both in flexible
and rigid bus. Tests have been performed in short-circuit laboratories in Belgium (Laborelec,
Bruxelles), France (EDF, les Renardiéres), Canada (Ontario Hydro, Toronto), Sweden (ASEA,
Ludvika} and Germany (FGH, Mannheim).

all reference cases are divided in three sub-parts :
1) bus-bar geometry
2) basic data for

- all connections

- initial conditions before testing

- short-circuit characteristics

3) results

some cases are complete, including all data and many results, data for others are only partially
available.




I) RIGID BUS CONFIGURATIONS

CASE 1

Test performed at FGH (Germany ) in 1976
A parallel rigid bus

(CIGRE structure D)

short-circuit current : 16 kA (40 kA peak)
with autoreclosure

Bus-bar geometry
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Fig. 1.1 Geometry of the rigid bus-bar tested in FGH

Test structure :
I,, 5 : measuring points for the bending moment in the insulators and steel

pillars.
C3 : measuring point for the bending stress in the conductor.

Other references :

G. PalanteBehaviour of Rigid conductors and their supports under short-circuit conditions.
Comparison of calculated and measured values.. Report 23-10 of the CIGRE session 1976.

G. Hosernann, D. Tsanakas. Calculated and Measured Values of Dynamic Short-circuit Stresses
in a High Voltage Test structure with and without Reclosure. Electra N® 63 (1979), pp 147-161.



Basic data

1) bus-bar
section mass Elasticity |moment wall outside
(mm?2) (kg/m) modulus |of inertia [thickness |diameter
(cm#) (mm} (mm)
upper bus- 22380 6,04 7 1010 3704 6,2 121,1
bar
logarithmic decrement : 0,05
Centre line distance between phases : 1 m
2) Support
length frequency | stiffness mass
(m) (Hz)  |(kN/mm) | (kg/m)
Insulator A| 21 215 0,73 85,7
Insulator B| 2,1 215 0,76 85,7
Insulator C 2,1 215 0,78 85,7
steel pilar Af 2,05 27,2 0,15 36,8
steel pilar B| 2,05 27,2 0,18 36,8
steel pilar C| 2,05 27,2 0,21 36,8

there are plates between the steel pillar and the insulator : 35 kg

the clamps to fix the bus to the insulator are 0,16 m length and have a mass of
13,8 kg (A and C) and 18,2 kg (B}

boundary conditions :

the bus is clamped at B points and hinged at A and C.

3) short-circuit characteristics

kind of short-circuit (two or three-phase) : two phase, 50 Hz

Irms Ipeak time duration
{(kA) (kA) constant
(ms) (s)
first fault 15,6 41,0 66 0,135
second fault 15,6 40,8 62 0,305

N.B. clearing time between the two fault : 0,445 s




measured measured
design values : before reclosure | after reclosure
max bending moment (insulator) N.m 5080 9710
max bending moment (steel support) N.m 10180 19610
max stress in the bus-bar (N/mm?2) 37,7 714

TEST CIGRE (STRUCTURE D)
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Fig. 1.2 Bending moment in the supporting structure and stress in the bus. Location of 12, 52 and C3

is indicated on fig. 1.1.



CASE 2

Test performed at FGH (Germany ) in 1976

A parallel rigid bus with inclined parts

short-circuit current : 9,4 kA (25 kA peak)

without autoreclosure

inclined span length tested between two supports: 3,5 to 5m

Bus-bar geometry
(3 different configurations)

Fig. 2.1 A picture of the particular rigid bus tested in FGH with three different configurations.
The upper part is supported by a steel pillar and a supporting insulator. The bus bar is not
straight and connect the upper bus to lower bus by a tubular connection. The lower bus is supported
by insulator.

Contact address : FGH Mannheim, Hallenweg 40, Postfach 810169, D 68201 Mannheim (Norbert
Stein). Germany. Fax : + 49-621-8047112
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Fig. 2.2 The geometry of the three configurations, including measurement point (St for steel
pillar bending moment, IS1 and IS2 for insulator support bending moment and L1, L2, L3 for bus-
bar stress). Number 9 is a flexible connection, 10 is the point where short-circuit with other
phase is done, other numbers are used in the data.



Basic data

1) bus-bar
section mass Elasticity |moment L wall outside
(mm2) (kg/m) modulus |of inertia [thickness |diameter
(mm4) (mm) (mm)
bus-bar 4241 1,145 6,5 1010 399720 5 32
Centre line distance between phases: 1,4 m
2) Support
length frequency | stiffness mass
(m) (Hz) =~ (KN/mm) | (kg/m)
Insulators 1,215 55 2,6 71
(1.1 and 1.2 on fig. 10.2) )
steel pilar 2,06 25 25 35,6

between the steel pilar (number 2 on fig. 10.2) and the insulator (only for
support 1), there is a plate of about 45 kg (number 5 on fig. 2.2).

between the top of the insulator and the busbars there is a fitting (about 3kg)
which fix the level of the bus about 15 cm higher than the top of the insulator(
number 3 on fig. 2.2)

boundary conditions :

the bus is clamped at both ends (free longitudinal movement at the top).
There is a flexible connection to the other parts of the bus (number 9 on fig.
2.2). Clamps are reproduced on the next page.

3) short-circuit characteristics

kind of short-circuit (two or three-phase) : two phase, 50 Hz, bus-bar is number
7 on fig. 2.2

Irms Ipeak time duration
(kA) (kA) constant
(ms) (s)
first fault 94 25 75 0,3

10




Results

Configuration 1

design values for Ix=9,4kA (25kA peak) measured
max bending moment (insulator} N.m 1000(5Tx)}
max bending moment (steel support) N.m| 1100(JS2x)
max stress in the bus-bar (N/mm?) 42(L1)

N.B. the maximum displacement of the bus-bar has been evaluated to 7 cm

Configuration 2

design values for Ix=9,4kA (25kA peak) measured
max bending moment (insulator) N.m 1050 {JS2y)
max bending moment (steel support) N.m| 900(5Tx)
max stress in the bus-bar (N/mm?2) 36(L1)
Configuration 3

design values for I}=9,4kA (25kA peak) measured
max bending moment (insulator) N.m 1750(J52x)
max bending moment (steel support) N.m 975(5tx)
max stress in the bus-bar (N/mm?2) 52(L3}

Fig. 2.3 clamps used to fix the bus to the insulators supports.
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Fig. 2.4 Oscillograms for each measurement point (Structure configuation 1). x and y are used to
give the measured values in the plane of the bus (x) or perpendicular to it (y). The scale of each
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Fig. 2.5 Oscillograms for each measurement point (Structure configuation 2}. x and y are used to
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(593 N.m for IS1x, 603 N.m for ISly, 790 N.m for Stx and 773 for Sty, 1213 for IS2x and 1241 for

give the measured values in the plane of the bus (x) or perpendicular to it (y). The scale of each
IS2y, 31,5 N/mm? for L1a, L2a, L3a)

Fig. 2.6 Oscillograms for each measurement point {Structure configuation 3). x and y are used to
curve is given by the values of 1 division shown in the graphic :
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CASE 3

Test performed at Ontario Hydro (Canada) in 1976
A non- parallel rigid bus including A frame
short-circuit current : 36 kA (90 kA peak)

with autoreclosure

Bus-bar geometry

Fig. 3.1 A picture of the 500kV rigid bus-bar tested in Ontario Hydro.
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Fig. 3.2 500kV rigid bus-bar geometry.

Contact address : Ontario Hydro, 800 Kipling Av. KR151, Toronto, Ontario M8Z 554, Canada.
(Gary Ford). Fax : +1-416-2075558 or e-muail (see preface)
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Basic

data

1) bus-bar
mass Elasticity wall outside
(kg/m) modulus [thickness |diameter
(mm) (mm)
upper bus- 29,3 6,5 1010 12 300
bar
lower bus and| 9,9 6,5 1010 6 200
A frame
Centre line distance between phases : 3,05 m
2} Support
length frequency | stiffness mass
(m) (Hz)  [(kN/mm) (kg/m)
Insulator 3,3 2 0,539 unknown
steel pilar 45 unknown junknown | unknown

boundary conditions :

the bus is clamped at C and LS points (free longitidinal movement at the top).
There is a free vertical rotation at LE points.

3) short-circuit characteristics

kind of short-circuit (two or three-phase) : two phase, 60 Hz

Irms Ipeak time duration
(kA) (kA) constant
(ms) (s)
first fault 35,9 89,9 33 0,078
second fault 35,7 88,5 33 0,136

N.B. clearing time between the two fault: 0,7 s
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Results

BUS SUPPORT TYPES:

C - CLAMPED
LS, LE - LIMITED SLIDE @
S - SLIDE s

4—>r

FIRST NATURAL
FREQUENCY
15Hz

185

FRST NATURAL I
FREQUENCY
27He @)
© O—O—0© N
LS C ~E c
I DISPLACEMENT
E-w
LS C LE LS c
® £ {3) (2 fs)
oS o/ S \2
FIRST NATURAL
I I FREQUENCY I
2442
153
151 S

FIGURE 3.3 - LOCATION OF THE MEASURING POINTS

Current (kA) 151 153 Displacerrent
E-W (mmy

peak F (k) F (kIN) #3 #8
INITIAL FAULT

073 0.627
1.023 0.578
RECLOSING

1.650 1.530
2122 1.481

Table 3.1 Some results for peak values. F are the forces measured on top of the
insulators. #3 and #8 are displacement in mm on the same location. NOTE : for each
fault there are two entries: the first and the second peak.
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Fig. 3.4 Bending moment at the bottom of supporting insulator (location 151 on Fig. 3.3).
For time scale see figure 3.8
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Fig. 3.5 Bending moment at the bottom of supporting insulator (location 153 on fig. 3.3).

For time scale see figure 3.8
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Fig. 3.6 Bending moment at the bottom of supporting insulator (location 155 on fig. 3.3).
For time scale see figure 3.5
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Fig. 3.7 Displacement in inches of the top of insulator 3 and & on Fig. 3.3. {converted in mm on
table 3.1). For time scale see figure 3.8
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Fig. 3.8 Short-circuit wave shape (60 Hz) : 0.078s (35,9 kA rms, 89,9 kA peak ), 0,7s.(dead time) ,
0,136 s. (35,7 kA rms, 88,5 kA peak)
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I1) FLIEXIBIE BUS CONFIGURATIONS

PART 1:
SINGLE CONDUCTOR PER PHASE



Bus-bar geometry
(for case 4 to 7)

l‘sﬂ To short-circuit |ab.
Fig. 4.1 Laborelec test geometry. See also fig. 1.2. Numbers 1 to 8 are used in the following data.
upportin ata :

Stiffness at cable fixation point (N/m) : about 3 10° N/ m, details here under.

Frequencies (Hz} (measured on site} :

first symmetric mode : 4 Hz (% of critical damping 4%)
first antisymmetric mode : 5 Hz(% of critical damping 2%)
next symmetrical mode : 29 Hz

next antisymunetrical mode: 34 Hz
Remark : local additional masses of 62 kg each at the crossing between column and cross-arm.

details of the structure:
detailed siatic test made available corresponding equivalent bending and torsional stiffness

(taking into account foundation effects): all are figure I beam in steel (density 7860 kg/m3 and
elasticity modulus of 21 10° N/ m?).

North column South column Cross arm
(number 7) {number 8)
EI max (Nm?2) ' 22,3 106 19,5 106 23,6 106
EI min(Nm2) 10,7 106 10,7 106 8,2 106
GI (torsion)(Nm?2) 105,0 10% 105,0 103 89 10%
Section (m?) 11,8 10° 11,8 10° 10,6 10°

the supporting insulator (number 6) is C8-750 (IEC standard) of 2,3 m height.
Contact address : LABORELEC , Rodestraat 125, B 1630 Linkebeek, Belgium, fax : +3223820241.
Other reference : W. Lehmann, J.L. Lilien,J. Orkisz. The Mechanical effects of short-circuit

currents in substations with flexible conductors. Numerical methods - computer approach.
CIGRE session 1982, report 23-08
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CASE 4

Test performed at Laborelec (Belgium) in 1980

cross section : 324 mm?2
short-circuit current : 30 kA (73 kA peak)
span length : 40 m

1) all connections (number 1 to 5 on fig. 1)

material section mass diameter
(mm?2) (kg/m) (mm)
bus-bar copper 324 2,9 234
IN° 1 and 2 {(19 wires)

dropper (N° 3 and 4 on fig. 4.1} same as bus-bar

remarks :

dropper length :
4 and 5,6 m. Shorter ones on west phase.

Insulating hardware (N° 5 on fig. 4.1) (lengthl is the interface between portal and
insulator itself and mass1 its mass. Length2 and mass2 are for insulator chain)

anchoring | material | length 1 mass] length 2 mass2
insulator (m) (kg) (m) (kg)
1 chain per| porcelain 1,4 8 1,54 52,3
phase
remarks : extensional stiffness (Young modulus x cross section) of insulating
hardware (measured) : EA=11106N
2) initial conditions before testing :
wind speed ambiant | cable sag tension
(m/s) temperature (°C) {(m) (N)
3,5 13 | 14,1 0,95 7800

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault (connection B)

Irms Ipeak time duration
(kA) (kA_) constant (s) (s)
first fault 29,4 72,7 0,033 0,8
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available results

temperature effects :
initial temperature of the cable : 14,1 °C
cable temperature at the end of the first fault : 47,9 °C

design values : measurement
" initial static pull Fst(N-) : 7800
swing out maximum Ft(N) : 16000
falling down maximum FI(N) : 22500
max bending moment
in supporting structure (daNxm) : 11000
min clearing distance (m) : 1,1

Fig. 4.2 Measuring points for case 1 to 4 (thick line for short-circuit current path) :

1 and 2 ) bending moment (at 5,2 m from the top of the portal),

3 and 4 ) traction in the cable,

5} displacement transducer for X movement of portal cable fixation point,

6 } traction in the mid-span dropper - mid-span dropper only exists for tests cases 6 and 7,

7 and 8 ) the movement of these points in a vertical plane perpendicular to the cable have been
recorded by high speed cameras located behind the south pillar,

9 ) displacement transducer for X movement of the top of south pillar column.
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Fig. 4.3 and 4.4 : Mid-span displacement in a vertical plane perpendicular to the bus-bar. The left curve is the
movement of point 7 on fig 4.2 and the right one is point 8 movement (there is no mid-span dropper in this case
and point 8 is not connected to the ground. The two figures have not exactly the same scale and interphase

distance is not respected.These curves have been obtained using two cameras situated behind the south pertal.
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Fig. 4.5 West cable tension time evolution (measuring point 3 on fig. 4.2)
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Fig. 4.6 East cable tension time evolution (measuring point 4 on fig. 4.2)
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Fig 4.7 : Relative displacement of the North pillar (measuring point 5 on fig. 4.2 - anchoring
point of east phase on the cross-arm).
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Fig. 4.8 : Bending moment in east column of north pillar (measuring point 2 in fig. 4.2)
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Fig. 4.9 : Bending moment in west column of north pillar (measuring point 1 in fig. 4.2)
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CASE 5

Test performed at Laborelec (Belgium) in 1980

cross section : 105 mm?2
short-circuit current : 30 kA (65 kA peak)

span leng

th:40 m

1) all connections

material section mass diameter
mm?2 kg/m (mm)
bus-bar copper 105 0,94 13,4
dropper same as bus-bar
remarks :  dropper length :

4 and 5,6 m, Shorter ones on west phase.

bundle configuration : this is not a bundle configuration

Insulating hardware (lengthl(length) and massl (mass) is the interface between portal
and insulator itself); length2 and mass2 are the same for cap and pin insulator only.

insulator | material | length 1 massl length 2 mass2
(m) (kg) (m) (kg)
1 chain | porcelain 14 8 1,54 52,3
remark : extensional stiffness (Young modulus x cross section) of insulating

hardware (measured) : EA = 11 106 N

2) initial conditions before testing :

wind speed ambiant |  cable sag tension
{m/s) temperature®C (m) (N)
3,5 13 [ 19,3 1,245 2560

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault {(connection B)

Irms Ipeak time duration
constant
(kA) (kA) (s) (s)
first fault 28,8 65,4 0,019 0,5
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Results

temperature effects :
initial temperature of the cable : 19,3 °C

cable temperature at the end of the first fault : 272,0 °C

design values :

initial static pull Fst(N) : 2560
swing out maximum Ft(N) : 8000
falling down maximum Ff(N) : 9200
max bending moment
in supporting structure (dalNxan) : 7000
min clearing distance (m) : 0,7
304 Displacement of the north portal (mm)
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Fig. 5.1 : Relative displacement of the cross-arm of he north portal at the fixation of east phase

{(measuring point 5 on fig. 4.2).

" ¢ Displacement of the south portal {(mm.)
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Fig. 5.2 : Relative displacement of the cross-arm of he south portal at the intersection of the
west column with the cross-arm (measuring point 9 on fig. 4.2).
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Fig. 5.3 and 5.4 : Mid-span displacement in a vertical plane of measuring points 7 (west phase, on
the left) and 8 (east phase on the right). The scale is not exactly the same for the two figures
and interphase distance is not respected on the drawing.
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Fig. 5.5 : East cable tension-time evolution (measuring point 4)
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Fig. 5.6 : West cable tension-time evolution (measuring point 5)
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Fig. 5.7 : East column bending moment-time evolution (measuring point 2}
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Fig. 5.8 : West column bending moment-time evolution (measuring point 1)
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CASE 6
Test performed at Laborelec (Belgium) in 1980

cross section : 324 mm?2

short-circuit current : 30 kA (73 kA peak)
span length : 40 m

with added dropper (on east phase)

1) all connections

material section mass diameter
mm?2 kg/m (mm)
bus-bar copper 324 29 234
(19 wires)
dropper same as bus-bar
remarks : dropper length :

4 and 5,6 m. Shorter ones on west phase for basic arrangement

Compared to case 1, one more dropper at mid-span of east phase, global
length : 4,4 m with a local mass on the bus bar: 5kg (clamp).The dropper is
anchored at X=20m; Y=2,73m,Z=0,925m.

Insulating hardware

- lengthl is the length of the interface between portal and insulator itself

- massl is the mass of the elements included in lengthl

- lengh? is the length of the insulator itself, mass2 is the total mass of insulator chain

insulator | material | length 1 mass] length 2 mass2
(m) (kg) (m) (kg)
porcelain 14 8 1,54 52,3

remark : extensional stiffness (Young modulus times cross section) of insulating
hardware (measured) : EA=11106N

2} initial conditions before testing :

wind speed ambiant cable sag tension
(m/s) temperature®C (m) (N)
3,5 (NW) 13 19,0 1,1(east) 8600
1,0(west) 6800
3) short-circuit characteristics :
kind of short-circuit (two or three-phase) : two-phase fault (connection B)
Irms Ipeak time duration
constant
(kA) (kA) (s) (s)
first fault 29,7 73,3 0,033 0,81
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Results

temperature effects :
initial temperature of the cable : 19,0°C
cable temperature at the end of the first fault : 55,1 °C

design values : measurement
initial static pull Fst(N): 7800
swing out maximum Ft(N): 16000
falling down maximum Ff(N): 20000
max bending moment 10000
in supporting structure (daNxm)
min clearing distance (m) 0,8
maximum stretch in mid-span dropper (N) 3250
$ mm
f"‘ r displacement of north portal
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Fig. 6.1 and 6.2 : Relative displacement of norh and south portal (measuring point 5 for north
cross-arm - upper curve- and 9 for south cross-arm - bottom curve}
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Fig. 6.3 and 6.4 : Mid-span displlacement of the bus-bar in a vertical plane. (measuring point 7 -
on the left- and 8 -on the right- on fig 4.2). The scale is not the same for both figures and
interphase distance is not respected.
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Fig. 6.5 and 6.6 : East and west cable tension-time evolution (measuring point 3 - bottom curve-
and 4 - upper curve- of the fig. 4.2)




x 10000 Nxm Bending moment in east column |
8 14
i i
. VTN ) ,
Vil IAd LT Wif
- N N A MELVSERYNEY NN
4 . J( v \
L/ i h
2 \ /
! .
05 o' 1o ts =0 ='5 X m
{<Too00 Txm A Bending moment in west column
8
4l | .
6 \ \ AN |
! [ N i 1IA J
7 FEENARARTARENYANERN/ANNENT
LN A VAR EERI R ERVARVAY N/
2 L A 1M
| b4 |
05 0.5 T'0 r s 2".0 2.5 3.0 e im

Fig. 6.7 and 6.8 : North-east and north-west portal bending moment-time evolution (measuring
point 1 - bottom curve- and 2 - upper curve- of the fig. 4.2)
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Fig. 6.9 Mid-span dropper tension-time evolution (measuring point 6 on fig. 4.2). The strain-gage
is in the cable just before clamp on the supporting insulator.
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CASE 7

Test performed at Laborelec (Belgium) in 1980

cross section : 105 mm?2

short-circuit current : 30 kA (73 kA peak)
span length : 40 m

with added dropper (on east phase)

1} all connections

material section mass diameter
mm? kg/m (mm)
bus-bar copper 105 2,9 134
dropper same as bus-bar

remarks : dropper length : 4 and 5,6 m.

Shorter ones on west phase for basic arrangement

Compared to case 2, one more dropper at mid-span of east phase,
global length : 4,0 m with no local mass on the bus bar.

The dropper is anchored at X=20m; Y=2,73m;Z=0,925m.

Insulating hardware (lengthl is the interface between portal and insulator itself)

insulator | length 1 massl length 2 mass2
(m) (kg) (m) (kg)
1 chain 14 8 1,54 52,3

remark : extensional stiffness (Young modulus times cross section) of insulating
hardware (measured) : EA =11106 N

2) initial conditions before testing :

wind speed ambiant cable sag tension
(m/s) temperature®C {(m) (N)
3,5 13 23,0 1,65(east) 2500
1,73(west) 2500

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault (connection B)

Irms Ipeak time duration
constant
(kA) (kA) (s) (s)
first fault 28,8 65,4 0,019 0,52
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Results

temperature effects :
initial temperature of the cable : 23,0°C
cable temperature at the end of the first fault : 288,0 °C

design values : measurement
initial static pull Fst(N): 2500
swing out maximum Ft(N): 7000
falling down maximum Ff(N): 7500
max bending moment 4000
in supporting structure (daNxm)
min clearing distance {(m) ¢
(but no contact)
maximum stretch in mid-span dropper (N) 2200
+20 “mm displacement of the north portal
+10171AN 7} y:a
0 1= - L 4 AN TS p
NA N[ Ie=d W FANS AN
-10 A 3
~20 - (0)3:3 o TS = >i5 Z0 ome (5.
+20 Tmm J‘Dis lacement of the south portal
HA -
iy WY 7 ?'f MNP A
0+~ 74 N o N A HR AR /
-10 MO 4 Yl ik M ANY LV
7 ! ¥ilA\ A7
-20 \J
-30
1 o TO Tt > pAd T tme (5

Fig. 7.1 and 7.2 : Cross-arm displacemment of north pillar (upper curve, measuring point 5 on fig.
4.2) and south pillar (bottom curve, measuring point 9 on fig. 4.2)
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Fig. 7.3 and 7.4 : Mid-span displacement in a vertical plane (points 7 and 8 on fig 7.2). The scales

of the two figures are not the same and the interphase distance is not respected.
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Fig. 7.5 : East cable tension-time evolution (measuring point 4 on fig. 4.2)
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Fig. 7.6 : East cable tension-time evolution (measuring point 3 on fig. 4.2)
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CASE 8

Test performed at FGH (Germany) in 1985

cross section : 590 mm?
short-circuit current : 25 kA (64 kA peak)
span length : 40 m

Bus-bar geometry

The high voitage open air substation
testing arrang & the FGH,

Supporting structure data :

stiffness : North : 2,45 108 N/m ; South : 3,35 106 N/m (measurement on the
midpoint of the crossarm).

frequencies (Hz) :

the cross-arm alone : 8,8 Hz

One of the North column alone : 3,4 Hz
One of the South column alone : 5,0 Hz.

Contact address : FGH Mannheim, Hallenweg 40, Postfach 810169, D 68201
Mannheim (Norbert Stein). Germany. Fax : + 49-621-8047112




1) all connections

Basic data

cable section mass diameter
(mm2) (kg/m} (mm}
bus-bar ACSR 537/57 1,97 32,1
jumper same as bus-bar, 2,86 m on South side and 3,03 m on North side.

centre line distance between main conductors : 2 m

bundle configuration : this is not a bundle configuration

Insulating hardware (insulator itself and other clamps, fittings, etc ...), On North side,

the length is longer due to measuring devices.

insulator | material length mass
(m) (kg)

1 chain porcelain | 2,7 {North) 54,4
cap and pin 2,25 (South) 40,2

2) initial conditions before testing :

sag tension
(m) (N)
0,62 6400

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault /test LV 507-86/18

Irms Ipeak time duration
(kA) (kA) constant
(s) (s)
first fault 26,7 68,9 0,04 0,34
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Results

coordinates in a vertical plane at mid-span : X (m) Z (m)
initial sag at coordinate : 0 0
Maximum horizontal displacement towards the outside, 1,15 0,34
away from the other conductor :

Maximum vertical displacement upwards : -0,08 1,17
Maximum horizontal displacement towards the other -(,98 0,73
conductor :

Maximum vertical displacement downwards : 0,55 -0,25
Horizontal displacement at he end of the short-circuit : 1,0 0,67

Table 1 : Mid-span displacement in a vertical plane perpendicular to the bus-bar (X

for horizontal and Z for vertical)

design values : measurement
initial static pull Fst(N): 6400

swing out maximum Ft(N): 27600

falling down maximum Ff(N}: 22400

max traction in a bottom leg of one

column {(truss element) (daN) 14700

min clearing distance (m) 0,04

Fig, 8.1 Details of anchoring side including measurement devices for bus-bar tension recorder
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Bus-bars tension {portal side) in kN
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Fig. 8.2 Bus-bar geometry including the Fig. 8.3 and 8.4 Bus-bar tension (detail)

location of measurement next to the portal
and immediately after anchoring chain
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Fig. 8.5 to 8.8 Time evolution of each measured value during 10 seconds, test FGH 507-86 /18
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Configurations for case 9 to 11

Two spans geometrical data
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Supporting structure data :
stiffness at cable fixation point (N/m) : middle phase : 3,1 106 N/m, other
phases : 5,3 106 N/m; first eigenfrequency : 2,75 Hz

Contact address : EDF/CERT Service Etudes, Inmeuble Ampeére, La Défense 6, 34-40 rue H.
Régnault, F 92400 Courbevoie, France. (Guy Declercq). Fax + 33-1-41022757.




CASE 9

Test performed at EDF- Les Renardiéres (France) in 1990

cross section : 570 mmZ ASTER

short-circuit current : 30 kA(80kA peak) 0,085 s,
with auto reclosure

span length : 68 and 34 m (test 1101)

Basic data

1) all connections

cable material section mass diameter
(mm2) kg/m (mm)
bus-bar STER __ [Almelec 570 2,9 31,1
dropper same as bus-bar
jumper same as bus-bar

remarks :
dropper length : feeding : 13m; short-circuit : 13,3 m
(of limited influence due to their position, choosen slack to avoid stretching)

insulator [ material | length 1 massi length 2 | mass2
(m) (kg) (m) (kg)
1 chain | porcelain 1,44 19,2 1,0 37,5

2) initial conditions before testing

ambiant | cable sag tension
temperature®C (m) (N)
25 unknown 3%(45°C)
1m (34 m) 3400 N (34 m)
1,9 m (68 m) 5400 N (68 m)

3) short-circuit characteristics

kind of short-circuit (two or three-phase) : two phase with autoreclosing after
2s deadtime.

Irms Ipeak time duration
{kA) (kA) constant
(s) (s)
first fault 30 79,8 0,081 0,085
second fault 30 78,6 0,081 0,095
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Results

design values : measurement| measurement
span of 34 m | span of 68 m
initial static pull EFst(N): 3400 5400
falling down maximum before reclosure Ff(N): 7000 13700
maximum after reclosure (N) : 9200 22000

N.B. We have only to consider the low frequency maxima. During short-
circuit there are other instantaneous maxima; but at high frequency (50 Hz)
which do not need to be taken into account for design.

kA

Test 1101

]
190

1
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Fig. 9.1 Short-circuit current wave shape, time scale in ms.
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Fig. 9.2 Bus-bar tension-time evolution in phase 1 for the short span of 34 m.
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Fig. 9.4 Bus-bar tension-time evolution in phase 3 (test 1101 is a two-phase fault, the movement
of phase 3 is only due to coupling due to the portal), for the short span of 34 m.
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Fig. 9.5 Bus-bar tension-time evolution in phase 1 for the long span of 68 m.
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Fig. 9.6 Bus-bar tension-time evolution in phase 2 for the long-span of 68 m.
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Fig. 9.7 Bus-bar tension-time evolution in phase 3 (test 1101 is a two-phase fault, the movement
of phase 3 is only due to coupling due to the portal), for the long span of 68 m.
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CASE 10

Test performed at EDF- Les Renardiéres (France) in 1990
cross section : 570 mm* ASTER

short-circuit current : 30 kA, 0,255 s

span length : 102 (test 1102)- 68 and 34 m (test 1003)

Basic data

1) all connections

cable material section mass diameter
(mm?2) kg/m (mm)
bus-bar ASTER Almelec 570 29 31,1
dropper same cable as bus-bar
jumper same cable as bus-bar

remarks :
dropper length : feeding : 13m; short-circuit : 10,3 m
(of limited influence due to their position, choosen slack to avoid stretching)

insulator | material | length 1 massl length 2 | mass2
(m) (kg) (m) (kg)
1 chain porcelain 1,44 19,2 1,0 37,5

2) initial conditions before testing

ambiant | cable sag tension
temperature®C (m) (N)
25 unknown 3%{45°C)
1m (34 m) 3400 N (34 m)
1,9 m (68 m) 5400 N (68 m)
3m (102m) unknown

3) short-circuit characteristics

kind of short-circuit (two or three-phase) : two phase

Irms Ipeak time duration
(kA) (kA) constant
(s) (s)
first fault 29,7 79,2 0,081 0,255
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Results

results on 68 and 34 m span lengths (test 1003) :

design values :

measurement
span of 68 m

measurement
span of 34 m

initial static pull Fst(N): 5400 3400

swing out maximum Ft(N): 15500 12000

falling down maximum Ff(N): | 25000 15000

result on 102 m span length (test 1102):

design values : measurement
{test 1102)

initial static pull Fst(N): 8500

swing out maximum Ft(N): 22000

falling down maximum Ef(N): 34000

AL

_— nnsﬂ/\,ﬂM

U U \W Vév fon

Fig. 10.1 Short-circuit current wave shape for the two-phase fault , test number 1003
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Fig. 10.2 Bus-bar tension-time evolution in phase 1 for the short span of 34 m.
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Fig. 10.3 Bus-bar tension-time evolution in phase 2 for the short span of 34 m.
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Fig. 10.4 Bus-bar tension-time evolution in phase 3 for the short span of 34 m. This phase is not
carrying any current, the movement is induced due to coupling through the portal cross-arm.
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Fig; 10.5 Bus-bar tension-time evolution in phase 1 for the long span of 68 m.
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Fig; 10.6 Bus-bar tension-time evolution in phase 2 for the long span of 68 m.
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Fig. 10.7 Bus-bar tension-time evolution in phase 3 for the long span of 68 m. Same remark as fig.
10.4
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Test 1102 : one very long span of 102 meters.
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Fig. 10.8 Short-circuit current wave shape for two phase fault on very long span 102 m, test 1102.
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Fig. 10.9 Bus-bar tension-time evolution in phase 1 for the long span test (102 m).

a500

[ -
~ }( \ /\ PHASE 2 SPAN 102 M

Maxima at time
(Newtons) (s.)
£ 2000 22681 0.56
£ 34719 1.865
24 /\ 29347 3.355
¥
£ 1500

IR

T pn A N T

AR VY,

[

0.0 B.5 1o 1.5 20 25 30 35 40 4.5
TIME

Fig. 10.10 Bus-bar tension-time evolution in phase 2 for the long span test (102 m).
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Fig. 10.11 Bus-bar tension-time evolution in phase 3 for the long span test (102 m). Same remark as
fig. 10.4
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Fig. 10.12 Bus-bar movement in a vertical plane at mid-span, evolution for phase 1 for the long
span test (102 m). This is the relative movement starting from (0,0) and following the arrow
direction.
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Fig. 10.13 Bus-bar movement in a vertical plane at mid-span, evolution for phase 2 for the long
span test (102 m). This is the relative movement starting from (0,0) and following the arrow
direction.
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CASE 11

Test performed at EDF- Les Renardiéres (France) in 1990
cross section : 570 mm? ASTER

short-circuit current : three-phase, 35 kA; 0,245s
span length : 68 and 34 m (test 1202) - 102 m (test 1002}

Basic data

1) all connections

same cable as for cases 9 and 10

2) initial conditions before testing

test N° ambiant sag tension
temperature®C (m) (N)
1202 19 3%(45°C)
(68 and 34m) 1and 1,9m 3400 and 5400
1002 17 3%(45°C) 8500
(102 m) 2,6m

3) short-circuit characteristics : see also the oscillograms

test N°

Irms

Ipeak

time duration
(kA) (kA) constant
in each phase (s) (s)
1202 34,9 91,6 785 64 0,070 0,245
(68 and 34m)
1002 34,8 729 935 71 0,070 0,245
(102 m)
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Results

results on 68 and 34 m span lengths (test 1202) :

corresponding design measurement |measurement

values evaluated by : span of 68 m |span of 34 m

initial static pull 5400 3400

Fst(N):

swing out maximum 13000 15000

Ft(N):

falling down maximum | 27500 17000

Ff(N):

result on 102 m span length (test 1002):

corresponding design values evaluated by [ measurement
(test 1002)

initial static pull Fst(N): 8500

swing out maximum Ft(N): 18000

falling down maximum Ff(N): 32200

1) Test 1202 : two spans of 34 and 68 meters.
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Fig. 11.1 Short-circuit current wave shape for three phase fault on two-span test number 1202.
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Fig. 11.2 Bus-bar tension-time evolution in phase 1 for the short span of 34 meters.
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Fig. 11.4 Bus-bar tension-time evolution in phase 3 for the short span of 34 meters.
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Fig. 11.5 Bus-bar tension-time evolution in phase 1 for the long span of 68 meters.
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Fig. 11.6 Bus-bar tension-time evolution in phase 2 for the long span of 68 meters.
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Fig. 11.7 Bus-bar tension-time evolution in phase 3 for the long span of 68 meters.
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2) Three-phase tests on one very long span (102 m) , test number 1002.
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Fig. 11.8 Short-circuit wave shape for three phase test on one very long span of 102 m., test
number 1002,
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Fig. 11.9 Bus-bar tension-time evolution in phase 1.
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Fig. 11.10 Bus-bar tension-time evolution in phase 2.
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Fig. 11.11 Bus-bar tension-time evolution in phase 3.
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Fig. 11.12 Bus-bar movement in a vertical plane, phase 1 test 1002. This is the relative
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starting from (0,0) (mid-span sag point) and following the arrow direction.
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PART 2:
BUNDLE CONDUCTOR

CASE 12

Test performed at ASEA- Ludvika (Sweden) in 1976
Case with bundle pinch (triple horizontal)

cross section : 3x772 mm2 ACSR
short-circuit current : 30; 40 and 50 kA
span length : 70 m,subspan 12 m

Bus-bar geometry
(the same for case 12, 13 and 14)

]

oo g /////////;////////////////////f///// //1/////-/—//7/// v

70m.

13.2
0.4

A
-C%!J- A—"l

Fig. 12.1 Bus-bar geometry for ASEA tests on flexible bus with bundle configuration.

Supporting sructure data :

stiffness at cable fixation point (N/m) : 4,0 10° N/m; first eigen frequency :
range 1.5- 3,9 Hz

other details : cross-arm mass : 500 kg; one pole mass : 325 kg; global mass of
the gantry : 1150 kg ; height: 13 m

Contact address :ABB Substations AB, S-721 82 Vasteras, Sweden, (Jorgen Andersson), Fax : +46
21328013 or Vattenfall Utveckling AB, Power Generation & Distribution, 5-162 87 Stockholm,
Sweden (Rolf Nordin), Fax : +46 87396250.
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1) all connections

Basic data

material section mass diameter
mm?2 kg/m (mm)
bus-bar Al 3x772 2,9 36,2

bundle configuration :
spacing : 0,110 m; triple horizontal; sub-span length : 12 m.
Centre line distance between phases : 7.5 m

Insulating hardware (lengthl is the interface between portal and insulator itself)

insulator | length 2 mass2
(m) (kg)
1 chain 4 205

2) initial conditions before testing :

sag tension
(m) (N)
5,64 8750

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault

Irms Ipeak time duration test
constant (s) number
(kA) (kA) (s)
first fault 31 78 0,07 1,0 16
first fault 40,3 106 0,07 1,0 17
first fault 50,5 138 0,07 1,0 18
corresponding design values evaluated by | measured
Maximum pinch load (test 16) 19000 N
Maximum pinch load (test 17) 38000 N
Maximum pinch load (test 18) 49500 N
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Fig. 12.2 to 12.4 Schematic short-circuit current wave shape, portal displacement and fension increase
(pinch effect} in the bus.
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CASE 13
Test performed at ASEA- Ludvika (Sweden) in 1976
Case with bundle pinch (triple triangle)
cross section : 3x772 mm2 ACSR
short-circuit current : 30; 40 and 50 kA
span length : 70 m,subspan 30 m

1) all connections

Basic data

material section diameter mass
mm?2 (mm) kg/m
bus-bar Al 3x772 36,2 3x 2,15

bundle configuration :
spacing : 0,450 m; triple triangle (peak downwards) ; one spacer at the middle of
the span, sub-span length : 30m.

Insulating hardware :

insulator length mass
(m) (kg)
1 chain 4 205

2) initial conditions before testing :

sag tension
(m) (N)
5,64 8750

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault

Irms Ipeak time duration test
constant (s) number
(kA) (kA) (s)
first fault 30,5 78 0,07 0,5 68A
first fault 40,5 106 0,07 0,5 69A
first fault 50,5 138 0,07 0,5 70A
corresponding design values evaluated by | measured
Maximum pinch load (test 68A) 15000 N
Maximum pinch load (test 69A) 25000 N
Maximum pinch load (test 70A) 28500 N
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Fig. 13.1 to 13.3 Short-circuit wave shape, displacement of the support and pinch effect in the

bus.
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CASE 14

Test performed at ASEA- Ludvika (Sweden) in 1976
Case with bundle pinch (quad)

cross section : 3x772 mm2 ACSR
short-circuit current : 30; 40 and 50 kA
span length : 70 m,subspan 30 m

Basic data

1) all connections

material section diameter mass
mm 2 mm kg/m
bus-bar Al 4x772 36,2 4x 2,15

bundle configuration :

spacing : 0,600 m; quad bundle ; one spacer at the middle of the span, sub-span
length : 30m.

Insulating hardware (lengthl is the interface between portal and insulator itself)

insulator length mass
(m) (kg)
1 chain 4 205

2) initial conditions before testing (per conductor):

sag tension
(m) (N)
5,64 8750

3) short-circuit characteristics :
kind of short-circuit (two or three-phase) : two-phase fault

Irms Ipeak time duration test
constant (s) number
(kA) (kA) ©
first fault 30 76 0,07 0,5 78A
first fault 40,5 106 0,07 0,5 79A
first fault 50,5 132 0,07 05 BOA
Results
corresponding design values evaluated by | measured
Maximum pinch load (test 78A) 12000 N
Maximum pinch load (test 79A) 17500 N
Maximum pinch load (test 80A) 24000 N
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Fig. 14.1 to 14.3 Oscillograms of the short-circuit current, cross-arm displacement and pinch

effect in the bundle.
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CASE 15
Test performed at KEMA- Arnhem{(The Netherlands )
in 1980
Case with bundle pinch (twin horizontal)

cross section : 2x1100 mm2 ACSR
short-circuit current : 50 kA (137 kA peak)
span length : 30 m,subspan 6 m

Bus-bar geometry
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Fig. 15.1 Bus-bar geometry for Kema tests on bundle configuration.

data :

a=6m,b=10m,c=5m

Supporting sructure data :

stiffness at cable fixation point (N/m): 5,0 105 N/m; first eigen frequency : 4
Hz

other reference : H. Adami, CW.M. Vos. Short-circuit tests and measurements of mechanical
stresses on full-scale sections of 420 kV outdoor substations. report 330-03 of the CIGRE
symposium on « high currents in Power Systems under normal, emergency and fault conditions »
held in Bruxelles in June 1985.

70



1) all connections

Basic data

material section mass diameter
mm?2 kg/m (mm)
bus-bar ACSR 2x1100 2x3,2 43,2

bundle configuration :

spacing : 0,090 m; twin horizontal; three subspan (see the drawing) , shortest sub-span

length : 6m.

Insulating hardware (V chain)

insulator | length 2 mass2
(m) (kg)

2 chains in 54 225 per

\4 chain

2) initial conditions before testing :

sag tension
(m) (N)
1,12 7500

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase fault , ATTENTION : the

short-circuit current flow only in one half of the span.

Irms Ipeak time duration
constant (s)
(kA) (kA) (s)
first fault 48,8 137 0,065 0,5
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results :

design values measured
Maximum pinch load 23000 N
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Fig. 15.2 Time response in each conductor of the bundle (K3 and K4) and in the single conductor
(K0) during two-phase fault. Bus bar current iR and ig is only going through some part of the bus,

fig. 15.1.
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CASE 16

Test performed at Furukawa (Japan) in 1966 under supervision of
Prof. Serisawa (Yokohama National University)

Case with tripple bundle pinch without contact

cross section : 3x1600 mm?

short-circuit current: 63 kA (164 kA peak)

span length : 35 m (subspan length : 2m)

Bus-bar geometry

A

T

35S m

(B

LSS A V////////////f//////////////////////ffT////

Fig. 16.1 Bus-bar geometry for bundle pinch test performed in Japan. d is a displacement
transducer used in the results.

Supporting structure data :
stiffness at cable fixation point (N/m) : infinity (concrete bloc) ;

first eigen frequency : infinity.

contact address : The Furukawa Electric Electric Co. Ltd, Kiyotaki-Machi 500, Nikko City,
Tochigi Pref., 321-14 , Japan (T. Yanagisawa, General Manager). Fax : +81-288-533572
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Basic data
1) all connections
material section mass diameter
mim? kg/m (mm)
bus-bar TAl (high 3x1600 3x4,44 52,1
temperature)

bundle configuration :
spacing : 0,40 m; triple triangle (peak upwards); sub-span length : 2 m.

Insulating hardware (V chain)

insulator | length 2 mass2
(m) (kg)

2 chains in 7 320 per

\4 chain

2) initial conditions before testing :

sag tension test case
(m) (N)
unknown 30000 3,2
unknown 15000 9

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : one-phase

Irms Ipeak time duration
constant (s)
(kA) (kA) (s)
first fault 63 164 0,060 very long
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Results :

design values measured test case
Maximum pinch load 82000 after 20 ms 3,2
Maximum pinch load 60000 after 20 ms 9
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Fig. 16.2 Oscillograms for test results for Fst = 3000daN, AT for relative bundle
pinch, d for relative displacement near anchoring level. (no contact observed)
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Fig. 16.3 Oscillograms of test results for 1460daN. AT in each subconductors, relative
displacement near anchoring level and spacer compression (no scale available). (no contact

observed)
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PART 3:
DROPPER CONFIGURATION
CASE 17

Test performed at FGH {Germany) in 1990

Case with end-dropper (single conductor)

cross section : ACSR 590 mm?2

short-circuit current : 20 ; 30, 40 kA; 0,104 and 0,304 s
span length : 4 x 1,6 m (dropper length 4.9 m)

Geometry (the same for case 17 and 18)

ok 3
‘ !
<

Fig. 17.1 Dropper geometry for FGH tests. 1. rigid pipe conductor, 2. mechanical decoupling, 3.
post insulator, 4. dropper, 5. insulated spacer, 6. elliptical bow, 7. short-circuit connection, 8.
rigid insulator, 9. feeder.

Supporting structure data :

stiffness at cable fixation point (N/m) : 2,1 to 2,5 106 N/m (Bottom insulator
support, top one is supposed to be rigid)

frequencies (Hz) : 40 2,5 Hz ; logarithmic decrement of insulator support at 40
Hz :55%

ATTENTION to angle bend at the top of the dropper. The connecting structure
has been built as fully rigid.

contact address : FGH Mannheim, see case 5.

Other reference : G. Hosemann, A M. Miri, N. Stein, E. Zeitler. The behaviour of droppers in
high wvoltage substations under short-circuit. report 3.2 of the V th International Symposium an
Short-circuit in Power Systems, held in Warsaw in 1992,
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Basic data

1) all connections

material section mass diameter
mm?2 kg/m (mm)
bus-bar ACSR 590 1,9 31,8

Insulating hardware : no insulator on the dropper.

dropper length : 4,9 meters
Centre line distance between phases : 2 m

2) initial conditions before testing : everything is defined by dropper length

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase

Irms Ipeak time duration test
constant number
(kA) (kA) (s) (s)
first fault 20,2 52,3 0,050 0,104 74
first fault 20,2 52,3 0,050 0,304 75
first fault 28,2 71,5 0,050 0,104 80
first fault 28,3 71,7 0,050 0,304 82
first fault 39,8 98,9 0,050 0,104 86
first fault 39,8 98,5 0,050 0,304 87
Results :
design values
test case 74 |75 |80 |82 |86 87
Maximum force at the top of the|10 [095]1,84|1,87 |337 {3,66
insulator support where the dropper is
fixed (X component) (kN)
Maximum force at the top of the|0,38 [045 (0,6 |[063 [099 |11
insulator support where the dropper is
fixed (Y component) (kN)
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T+0.5

Fig. 17.2 Oscillograms of test number 74 (short-circuit wave shape, x and y components of the
load applied to supporting insulator at thebottom side.

188 —

kﬂ 52.2 kA '
AAAAAAAAAAAALARN
TVVUVVVVVYVVVVVYVVV
v 0.1s.

-188 ~ ! ’

Fig. 17.3 Oscillograms of test number 75 (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side.
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Fig. 17.3 Oscillograms of test number 80 (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side.
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Fig. 17.4 Oscillograms of test number 80 - details of fig. 17.3- (x and y components of the load
applied to supporting insulator at the bottom side.
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Fig. 17.5 Oscillograms of test number 82 - (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side.
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Fig. 17.6 Oscillograms of test number 82 - details of fig. 17.5- (x and y components of the load
applied to supporting insulator at the bottom side.
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Fig. 17.7 Oscillograms of test number 86 - (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottorn side.
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Fig. 17.7 Oscillograms of test number 87 - (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side.
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CASE 18

Test performed at FGH (Germany) in 1990
Case with end-dropper (twin bundle )

cross section : ACSR 2x590 mm?2
short-circuit current : 20 ; 30 and 40 kA ; 0,104 and 0,304 s
span length : 7 x 3,2 m (dropper length 9 m)

Basic data

1) all connections

material section mass diameter
bus-bar ACSR 2x590 2x1,9 31,8

Insulating hardware : no insulator on the dropper,

dropper length : 9,0 0,1 meters

bundle characteristics :

spacing : 0,06 m; twin horizontal bundle; two series of tests :

a) no spacer on phase 1, no spacer on phase 2 (tests 355, 358, 375}

b) no spacer on phase 1, 1 spacer on phase 2 (0,75 kg, at the middle of the dropper) (tests
351, 365, 372)

2) initial conditions before testing : everything is defined by dropper length

3) short-circuit characteristics :

kind of short-circuit (two or three-phase) : two-phase

Irms Ipeak time [duration test number
constant

(kA) (kA) {s) (s)
first fault 20,1 52,3 0,050 0,5 355 (no spacer)
first fault 28,2 71,8 0,050 0,5 358 (no spacer)
first fault 39,9 99,6 0,050 0,3 375 (no spacer)
first fault 20,1 52,2 0,050 0,1 351 (one spacer)
first fault | 28,3 71,5 0,050 0,1 365 (one spacer)
first fault 40,0 100,4 0,050 0,1 372 (one spacer)
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Results :

test case 355 [358 375 [351 365 [372
Maximum force at the top of the|18 3,0 42 3,1 3,4 6,9
insulator support where the|after |after after | after after | after
dropper is fixed (X component}|i8 ms [17ms |[15ms [19ms |17 ms |16 ms
(kN)
Maximum force at the top of the|054 |06 1,16 0,57 0,56 11
insulator support where the|after |after after |after after |after
dropper is fixed (Y component)|29 ms |18 ms [300 ms|30ms {46 ms |16 ms
(kN)
Ga ..1... 52.3 kA
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Fig. 18.1 Oscillograms of test number 355 - (short-circuit wave shape, x and y components of the

load applied to supporting insulator at the bottom side for both phase.
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Fig. 18.2 Oscillograms of test number 358 - (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side for both phase.
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Fig. 18.3 Oscillograms of

test number 375 - (short-circuit wave shape, x and y components of the

load applied to supporting insulator at the bottom side for both phase.
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Fig. 18.4 Oscillograms of test number 351 - (short-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side for both phase.
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Fig. 18.5 Oscillograms of test number 365 - (short-circuit wave shape, x and y components of the

load applied

to supporting insulator at the bottom side for both phase.
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Fig. 18.6 Oscillograms of test number 372 - (shori-circuit wave shape, x and y components of the
load applied to supporting insulator at the bottom side for both phase.
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ANNEX: TYPICAL DATA (CU, AL, ASTER, ACSR)

Copper
resistivity 20°C 1,7 108
(Qxm)
specific heat 20°C 389
(/kg/°C)
specific mass 8920
(kg/m?3)
coeff. of resistivity 0,00393
variation with temp.
c
linear coefficient 16,8 10
of expansion
cC
typical Young modulus 12 1010
(N/m2)

for stranded cable

Aluminium-
alloy

34108

900

2700

0,004

23,0 106

61010

89

ASTER and ACSR

2,9 108

900

2760

0,004

23,0 106

6 1010
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Fig. 7.7 : Bending moment in north-east column (measuring point 2 on fig. 4.2)
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Fig. 7.8 : Bending moment in north-west column {(measuring point 1 on fig. 4.2)
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Fig. 7.9 : Mid-span dropper, tension-time evolution (measuring point 6 in fig. 4.2}
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