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The CIGRE Study Committee 23 "Substations™ set up the Working Group
23.02 "Effects of high currents” in Brussels in 1871. The most important
objective of WG 23.02 was to evaluate and develop calculation methods
for the mechanical etffects of short circuil currents in HV open air substa-
tions and similar instaliations.

Technical Committee 73 "Short-circuit currents” of IEC was set up in 1972
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of IEC/TC 73.
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cations 865 and 909. In this situation WG 23.02 could fulfit its task with al-
lowance for these 1EC Publications and'1EC/TC 73 could participate in the
work and judge the results, ‘

This CIGRE-brochure "Mechanical effects of short-circuit currents in open
air substations”™ is the product of this work. Thanks to the co-operation
and co-ordination this brochure can also be considered as an application
guide to the IEC publications 865 "Calculation of the effects of short-circuit
currents” and 909 "Short-circuit current caleulation in three-phase ac sys-
tems™ so that the publication of a separate IEC application guide concern-
ing open air substations to IEC Publication 865 can be avoided.
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ABS‘J_‘RACT The mechanical effects ot short-circuit cur-
rents in open air conventional HV and EHV substations
are the subjects of this brochure. In particular the elec-
tromagnetic 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, followed by descriptions of the festing and
measuremant mathods. Calculation methods of varying
complexity and accuracy (simple, medium and ad-
vanced) are descritged and a parameter sensitivity analy-
sis 1s presented. Finally, guidelines for design are given
which take into consideration both mechanical stresses

and conductor disptacements caused by short-circuit
current.
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RESUME Cette brochure traite des effels mécaniques
des courants de court-circuit dans les postes ouverts HT
et THT. Elle prend en considération fes forces
électromagnétiques appliquées aux deux types de con-
nexions usuels (tubes rigides et cables flexibles) ainsi
que les contraintes mécaniques qui en résultent.

Aprés une description générale des phénoménes, on ex-
pose les méthodes d'essais et de mesures. Puis
difiérentes méthodes de calcul de complexité el de pre-
cision croissantes (simples, moyennes et avancées),
ainsi qu'une étude paramétrique, sont présentées.

Enfin, on donne des directives de conception prenant en
compte & la fois les contraintes mécaniques et les
déplacements des conducteurs dus aux courants de
court-circuit.
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THE MECHANICAL EFFECTS OF SHORT-CIRCUIT
CURRENTS IN OPEN AIR SUBSTATIONS

PREFACE The short-circuit current lavels in HV and
EHV networks have been Increasing considerably in
recent decades and further increases may ba expected
in the future. High levels of short-circuit current in sub-
stations resuit in high mechanical stresses and in some
cases, displacements, on bus systems, connections to
apparatus, substation equipment and bus supports.

The mechanical efects of short-circuit currents in HV
and EHV open air substations were the subjects of study
by Working Group 02 "Effects of High Currents” of
CIGRE Study Committee 23 "Substations”. In particular
lhe electromagnetic forces appearing in conductors of
both types rigid {tubular) and flexible {strained) and their
redsulting loading of bus support systems have been con-
sidered.

n order to improve qualitative and quantitative knowl-
edge of short-circuit phenomena, many tests have been
carried out using modem experimental technology. As
well, a variety of calculation methods have been devel-
oped and verified. These range from practical calcula-
tion methods suitable for everyday design to the most
advanced finite element techniques. First, rigid conduc-
lors, which presented a relatively simple case, were
studied. Next, short-circuit current effacts in substations
with flexible conductors were examined. This case is
very complex.

The Working Group has published a number of papers
on the mechanical etfects of short-circuit current in sub-
stations during the past several years [1-13]. With this
Brochure, the Working Group presents a summary of its
activities and contributions to knowledge of this subject.

The subject of the brochure is the mechanical effects of
short-circuit currents in HV and EHV open air, conven-
tional substations. The aim of this document is to give

design engineers practical information about shor-circuit -

phenomena and calculation methods and {o give
guidetings for design. The brochure should serve as a
guide for the design engineer, specialized in the prob-

lerns of substation design. It contains litlle theoretical in-
formation. The information included in the brochure is
as complete as possible. However, the reader should
tiote that many of the problems presented herein have
not bean completely solved and require further work be-
fore definite guidance for substation designers can be
provided.

The brochure has been writlen by the members and ex-
peris of Working Group 02 "Effects of High Currents™.
This Working Group was composed of both electrical
and mechanical specialists, representing theory, re-
search and design.

An alphabetical fist of the authors ot this brochure fol-
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1 INTRODUCTION

1.1 Short-circuit Currents

The calculation of short-circuit currents in systems with
nominal voltages up to 245 KV is described in detail in
IEC Publication 903 [40], “Short-circuit calculation in
three-phase AC systems. Section I Systems with short-
circuit currents having no AC component decay; Section
II: Systems with short-circuit currents having an AC com-
ponent decay”. The procedure described can also be
applied, more or less, to systems with higher vollages
whose nominal values U, are not standardized in IEC
Publication 38 [36]. For this purpose, instead of U, a
value should be used that corresponds to the mean
value of the voltage with respect to time and location,
provided that the differences between the voltage mag-
nitudes in the system do not differ from one another by
more than 10%.

If the voltage differences are perceptibly larger, the
simpilified calculation procedure according to [40 clause
6] with an equivalent voltage source at the short-cireuit
location should be replaced by a more elaborate proce-
dure. This must be based on the necessary load flow
caleulations in order to determine the voltage and load
current state prior 10 the shor-circuit. The voltage and
current changes caused by the shor-circuit are then su-
perimposed. In order to calculate these changes, a
node admittance matrix is set up and sparse-matrix
methods with preordered elimination are applied [71].

Nonetheless, calculation of the initial symmetrical short-
circuit current [y is not an elementary problem of linear al-
gebra. The magnitude of I depends on the following in-

fluences, listed in order of importance:

1. Operation of power stations and equipment in the
system.

2. Equipmant impedances.

3. Voltage state of the system prior {o short-circuit
depending on
- excitation of the generators
- transformer tap-changer position,
- type and number of loads connected in the Sys-

tem, including fine capacitances.

Data on categories 1 and 2 are indispensable for every
short-circuit current calculation. In category 2, matters
are complicated by the following

- equipment tolerances
- temperature dependence of the resistances,
= nonlinear characteristics of many items e.g.
- generator inftial reactance depends on induc-
lance,
- transformer shont-circuit vollage depends on the
tap-changer position.

The resistances of arcs may be disregarded for all sys-
tem voltages.

The variables in the third category generally exert a les-
ser effect on the result than categories 1 and 2, but in
practice they vary so widely that they cannot be
predetermined for the instant of a short-circuit. The prin-
ciple generally used in simitar situations, i.e. rating
equipment deterministically for the worst case, does not

apply here because the worsl case of a short-circuit ex-
pecled under 3 is usually unknown and highly im-
probable [71].

For this reason IEC Publication 909 [40] contains a clear
deterministic procedure, the so-called simplifiad method
which provides for an equivalent voltage source at the
short-circuit location. But clause 2 expressly stales that,
instead of the simplified standard procedure, other meth-
ods may be applied thal are better adjusied to the condi-
tions of the particutar installation, provided that they give
at least the same accuracy as the standard procedure.

As shown in Figs. 1.1a and b, short-circuit currents con-
sist of an aperiodic decaying component and a periodic
osciliating component. If their amplitudes remain con-
slant during the shor-circult, as in Fig. 1.1a, this is
generally known as a far-from-generator short-circuit. 1f
their amplitude decays as in Fig. 1.1b, this is known as a
near-to generator shor-circuit,

o)

curreat
) top eavelope
17 \//deceyinq (zperiodic) component { o
s =T n T
i ANRANNATAY £
= time
battom envelope
b}
current
\ top envelope
; \/ decaying (apericdic) ccmponent iDc
g =1 Chee 3
AN A RN o
RN AR
\ bettem envelope
Fig. 1.1 Short-circuit current, schematic diagram {40]

a farfrom-generator

b near-to-generator

Ik initial symmetrical shon-circuit current

ip  peak short-circuit current '

inc DC (aperiodic) component of short-circuit
current

Inc initial value of the aperiodic component ipg



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

it} = V2 i [sin (otrouw)+sin (-ou) ¥ (1.1)

where ¢, is the vollage phase angle related to the in-
stant at which the fault appears and 1, is the impedance
angle. i can be calculated as described in {40, section
1].

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

i(t) = VZ () 'sin (tepyr,) + e osin (g et (1.2)

where I{t) is the fime-variable symmetrical short-circuit
current {rms}). It is calculated according to {40, Fig. 16]
with decrement factors p 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 10 the generator concerned. There-
fore, in IEC Publication 865 (39), the mechanical loading
by short-circuit currents is calculated without decrement
factors, i.e. with I(t) = I, 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

lho = V2 T (1.3)

always applies 10 the initial symmetrical short-circuit cur-
rent in the case of a balanced three-phase short-circuit
and a line-to-line short-circuit without an earth connec-
tion. .

a) 2
— L] e L2 e
[¥] < & %4 e
u - u
| B 1 I le
TR R R R i T R s
] d)
i) < 1
w -— L2
“ ol <
1 .
k2E 'kl
! et
- R Y —_—

—w Short-circuit current . braach shert—circult currents
in conductors and earth

Characterization of short-circuits and their cur-

rents [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

¢} line-to-line short-circuit with earth connec-
tion

d} line-to-earth short-circuit

Fig. 1.2

The peak value i, of the short-circuit current is reached
in the worst case after about one half cycle from the oc-
currence of the shoft>circuit at zero voltage. If the short-
circuit current flows through a series circuit R+jX consist-
ing of resistance R and reactance X = oL, then

ip =<2 I {1.4)
and
k~1.02 + 0,98 30X (1.5)

The peak value iy in meshed networks is, in principle,
difficult 1o caleulate. Hence, It is not worth caleutating in
these cases because a simplified procedure according
to {40, subclause 9.1.3.2) is sufficiently accurats.

A report by CIGRE Working Group 23.04 [28] states that
the following maximum initial symmetrical short-circuit
currents I, can be expected:

voltage level I {rms)

123 ... 170 kY 25 ... BO KA
245 ... 300 kV 31.5... 70kA
362 ...525kV 25.... 100 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
canductor carrying current iy(t) in a magnetic field creat-
ed by another conductor carrying current io(t) undergoes
an electromagnetic force defined by

OF = Kty S (I X ) (1.6)

Note that we do not have the reciprocity associated with
considering only conductor elements, and that ferromag-
netic areas must be represented by their equivalent
boundary currents.

Cond. 1

Cond. 2

Fig. 1.3  Electromagnetic force d2F acting on ds, in the

magnetic tield of ds,

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

Fi=5im-x ’ﬂgz— (1.7)
n



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

Fr= 8200 - i) -1 (1.8)

In other cases, Appendix 2 or equation {1.6) has to be
applied, e.g. for the calculation of edge forces and com-
plex etfects requiring a numerical solution.

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 frequency f,
" harmonics of order 0, f and 2 { can be expected in the
force spectrum. A more detailed example can be seen
in Fig. 3.2.

In the case of instailations with rfgid conductors, the dis-
tances a, are almost constant; with flexible conductors
an(t) changes signiticantly with time and such conductors
may be considered as only approximately parallel. For
configurations with three rigid conductors lying parallel in
one horizontal plane, Fig. 1.4a,b shows the force char-
acteristic on the outer conductors and the center con-
ductor during a three-phase short-circuit. Fig. 1.4c
shows the force characteristic during a two-phase short-
circuit. The angle of short-circuit initiation selected for g,
is 1th.'a\t which leads to the highest instantaneous force
value.

In the case of the three-phase shont-circuit in Fig: 1.4a,b
it is clear that

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

- although the peak values arg slightly lower on the
outer conduclors than on the center conductor, the
steady-state force is not equal to zero

- the force characteristics during a two-phase short-
circuit, illustrated in Fig. 1.4¢, are similar 1o those oc-
curring on the outer conductor during a three-phase
shont-circuit illustrated in Fig. 1.4b.

Rigid conductors in installations with voltages of 123 kv
and higher have natural frequencies which are consider-
ably lower than 50 Hz. Therefore, the stress follows the
force peaks with a delay., The three-phase short-circuit
leads 1o the highest peak forces and sets the pattern for
such instaltations.

For flexible conductors, the fine-to-line shor-circuit be-
tween center and outer conductor is decisive because it
results in the smallest phase clearances. ‘

In general, single phase line-to-earth shon-circuit cur-
rents cause minor stresses and therefore may be dis-
regarded, except for bundled conductor configurations.
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Fig. 1.4  Relative force e,{t) per unit length, worst case,
for different phases and short-circuits, when

R/X =0.07 {5].

F'(t)'= %?Ea’é’i';")z « a,(t)
a) balanced three-phase shoni-circuit, center
conductor L2

B balanced three-phase short-circuit, outer

conductors L1 or L3

line-to-line short-circuit

complete time functions

— .— time functions neglecting osciliating
components according to equ.
(1.10)

c)

1.3

1.3

Mechanical Short-Circuit Effects
General Phenomena

These effects are the manifestations of the response of
the bus system to the exciting short-circuit current forces
described in section 1.2. When raling substations in HV
systems, the foliowing mechanical quantities and proce-
dures are decisive for short-circuits.

In installations with rigid conductors:

- Bending stresses in the conductors can produce un-
desirable deformations.

- Forces acting on the connections of the conductars
with the insulators impose stress on the fittings and
hardware.

- Bending moments, usually on the base of the in-
sulators and substructures, can lead to breakage.



In instaltations with flexible conductors:

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

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

- A swing-out of elastically and thermally expanded
conductors during a shord-circuit can be the cause of
secondary shont-circuits.

For rigid conductors the systems of equations for cal-
culating the stresses are iinear. Different stress com-
ponents 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 non-
linear; superposition is not possible. Table 1.1 outlines

fe _ lowesl significant mechanical frequency of conductor
t = nominal electdcal frequency 50 or 60 Hz

is an important parameter for all types of motien. Whare
fc / £ >>1, the stress is proportional to the exciting fores.
Where 1, / f<<1, the stresses are lower, except for spe-
cial harmonic resonances in the case of rigid conduc-
tors, and can, in many cases, be further reduced by
rapid short-circuit current interruption [32). The effects of
the short-circuit durafion Ty are also determined by
switchgear and protection design and must be consider-
ed together (section 3.5).

insulators and substructures exert a minor influence on
rigid and flexible conductor, provided that the natural fre-
quency of the former is fy>f.. In the case of rigid condue-
tors, if the bending moment is measured along the in-
sulator, a 'stightly curved characteristic is obtained be-
cause of inertia {20]. Experience shows that seripus
damage to bushars, dimensioned in this way, can be

the most important short-circuit force phenomena. avoided, .
Short-circuits cause rigid conductors to vibrate and fiexi-
ble conductors to swing or rotate. The quotient

Table 1.1

Shont-Circuit Force Phenomena in HV Installations
with Parallel Conductors Arranged in One Plane

Effect

installations with

rigid conductors

flexible conductors

{c<<f applies for

Stressing of
supports and
conductors

Deflection

Conductor bending
deformation

Critical short-circuit

Conductor subjected
to highest stress

Voltage phase angle
¢y after vottage
zero in the observed
conductor, leading
to highest peak
torces

Effect of three-
phase rapid reclosure

Physical model tor
simplified calculaticn

fe of conductor
rafars to

high voltage

by benging
moments

small

small

three-phase

outer conductor
(high voltage)

center conductor
L2: @, = £45°
outer canductor
Li:gy = +165°
outer conductor
L3: 9, =-165°

sighificant

bending beam
[5], seclion 3.4.1

fundamental
components of
bending
oscillations

- all veltages

by tensile
conductor forces

large

none

line-to-line;
three phase
short-circuit
causes similar
force

at zero voltage

swing amplification
unlikely; potentizlly
significant for
bundie pinch

pendulum [68,104]
section 4.3.2

swing-out period
of pandulum,
infinite short-
circuit duration
assumed

11




13.2  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 conductors, the heaviest
stresses assoclated with threg-phase short-circuits can
be expected on the outer conductors (Eg. 3.1). These
slresses occur at approximately the moment of maxi-
mum conductor deflection.

The fowest significant mechanical frequancy f. of rigid
cenductors s typically 2 to 10 Hz in HV installations and
is calculated as defined in [39, eq. 16}. Figure 8 of
Reference [29] is also a useful diagram. In order to deal
with installations of all voltage ratings, the force calcula-
tions related to rigid conductors, listed in section 3 ac-
cording 1o [39], are based on peak shon-circuit current i
for a three-phase shortcircuit. The factors Ve, Vyand V,
describe the dynamic properties of the system excited by
the shorl-circuit current forces under worst case condi-
tions. When using advanced methods for stress calcula-
tions, forces may be divided into their spectra according
to Chapter 3. For mechanical resonances, the harmonic
components f and 2{ 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 approximated by
comparison with a mathematical pendulum

1 _ fResultant force/unit langth caused by gravity and current
"~ 2x ¥ Mass of conductor/unit length x conductor sag

le

The equivalent swing-out frequency is lower before and.

after the shor-circuit. The magnitude {in Hz) may be
estimated by { = 0.56/sag in melers {section 4,2.2}. In
Installations with flexible conductors, 1. / f<<1 is also
valid for small spans, and therefore, the stress calcula-
tions are based on the effective vaiue of the current i,
In the case of brief short-circuit durations in particular,
this value may be significantly higher than the vatue of
the initial symmetrical short-circuit current I

g =+T+m I}

Factor m is shown in Fig. 4.2.2 according to (39, Fig 73]
and represents the influence of the DC component on
the rms value of the short-circuit current.

(1.9)

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

!mon2(t) = I.-Q + asz + b2 E'ZEE (1.10a)

imon3(t) = lkz ¥'ay + by e X {1.10b)

an equivalent current force acling on the outer conduc-
tors may be defined. In the case of lne-to-line shorn-
circuits, az = 1, by = 2; in the case of three-phase short-
circuits, a3 = 1.5, by = 3,232 with conduclor distance 2a
according to [5]. The ratio

current force per unit length
mass per ggit length « g,

is another imporant parameter for flaxible conductors
{78). If ris greater than about 2 and {+Ty is greater than
about 0.25, flexible conductors will rotate about thair
point of suspension or fall back to their initial position
after the shor-circuit has ended. If both conditions are
not fulfilled, the conductors will swing with a quasi-
circular motion and tumble. The maximum stress during
the short-circuit can be expected at fet» 0.1 .. 0.25. |f
feTy is shorter than this valus, the maximum stress in 4
and {; become lower,

In installations with flexible conductors, the stresses oc-
curdng in line-to-line short-circuits and balanced thres-
phase shor-circuits are approximately equal.. However,
for line-to-line short-circuits, conductor swing-out typical-
ly results in limiting minimum clearances, (i.e. when ad-
jacent conductors camying shori-circuit current move
towards one another after the short-circuit). In the case
of a balanced three-phase short-circuit, the center con-
ductor moves only slightly because its inerlia and the
aliernating bidirectional forces which act on it

Tensile force maxima are shown in Fig. 1.5: for bundled
conductors in Iy soon after short-cireuit inception [1 2], in
t, during the short-circuit after about f+t = 0.25 and in
after the short-circuit when the conductor returns near to
its initial position. Times &y, 4 and & in Fig. 1.5 usiially lie
so far apar that they aliow the associated maximum
stresses to be calculated separately. This makes it pos-
sible 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 rapid reclosure can
be disregarded.
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Fig. 1.5a Measured tensile force of a flexible conductor
bundle during and after a line-to-line short-
circuit

0.3s short circuit
duration
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Fig. 1.5b  Movement of a flexible conductor during and
after a ling-1o-ling short-circuit (schematic)



1.4 Substation Characteristics

The flow of shor-circuit current within substations, is
particutarly 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 substation and ouiside 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 wiil frequently be lower than
the fotal fault current; however in some specific fauit
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 (ex-
cepting 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 leve! value as the base for the shor-
circuit withstand design of the substation. n 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 (other ef-
fects are not considered in this brochure) may cause
substation failure (in particular insulator breakage).
Such failures appear very rarely but are very dangerous
for the stability and reliability of the power system.
Therefore, designers must ensure substation -security
against short-circuit effects. To do so, they must have a
good understanding of the phenomena and have avail-
able calculation methods which make it possible o de-
sign the short-circuit capability of substations.

In this brochure, conventional open-air substations are
taken into consideration. This type of substation ac-
counts for the majority of existing substations, and will
continue to be the design of cheice for a considerable
number of new substations.

In analyzing the mechanical effects of short-circuit cur-
rents in substations, we must consider in paricular the
following components.

- conductors with their accessories
- insulators
- supporting structures.

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

The short-circuit mechanical effects within the substation
depend, in particular, on the types of conduclors 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 systems, already presented in sec-
tion 1.3, are quite different in both cases.

As is usual for the analysis of complex phenomena,
some typical elementary representative arrangements
must be chosen. They do not represent all possible sub-
slation configurations but usually suffice for practical de-
sign purposes. The typical elementary arrangement
used in substations with rigid conductors is presented in
Fig. 1.6. 1t is part of a three phase busbar. A substation
is usually designed with similar modules. The number of
spans varies, and sometimes spans of uneven lengths
are used. In some cases it is also necessary to calcu-
late the forces in bus corners, A-frames and right-angle
bends. Problems dealing with the rigid conductors are
discussed in Chaplers 3and 5.

Fig. 1.6

Typical arrangement usad in substations with rigid conductors
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The design of substations with flexible conductors, as - Case A: horizontal strain bus connected by insutator

shown for example in Fig. 1.7, is much more compli- chains to steel structures (usually portals)
cated. The most common arrangements, three-phases . vapinal dr ;

in flat and parallel configuration, are presented in Fig. - Case B: vertical dropper between strained bus and
1.8. We distinguish here four arrangement cases, which apparatus

are discussed in Ch : i . . .
din Chapters 4 and 5 of this brochure - Case C: horizontal connection between components

- Case Dt jumpers connecting two strained conductor
sections.
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Fig. 1.7 Typical arrangement used in substations with flexible conductars
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Fig. 1.8  Flexible bus configurations defined by WG 23.02 for caleulation and tests

- case A: horizontal strain bus connected by insulator strings to steel structures
- case B: vertical dropper between sirain bus and apparatus

- case C: horizontal connection between components

- case D: jumpers connecting two strained conductor sections
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Typical dimensions of substations are presenied in

Table 1.2.

Table 1.2
Typical Dimensions of Open Air Qutdoor Substations

Rated Voltage (kV)

123 245 420

Substations with rigid
conductors
Bay width - (m)
Distance between
phases - a(m)
Busbars span fength
«£(m)

7-10 14-16 20-22

2-2.5 4 5.5-6.5

7-20 10-22 10-22
Substations with flexible
conductors
Bay width - {m}
Distance between
phases - a{m)
Busbars span
length £ {m)

7-10 20-22

2-2.5 4 5565

7-40 20-85
Bundled conductors
Number of sub-
conductors ng
Distance between
subconduciors

- &g (m)
Distance between
spacers - .£g {m)

2d-0.2 2d-0.45

2-8 2-30

The transition span between the terminating tower of an
overhead line and the line entrance portal of the substa-
lion is another specific case, not analyzed in this
brochure. The flexible conductors used in the above
listed cases may be simple cable or bundles, composed
of twa or more cables. Bundled conductor arrange-
ments are sometimes used to meet ampacity and radio
noise {caused by corona) requirements.

The mechanical effacts of shomt-circuit current in the
above arrangements depend not only on short-circuit
current conditions, but aiso to a great degree on the ge-
ometrical dimensions of the substations and various me-
chanical parameters which characterize the substation
components. These are briefly described below in
reference to conductors (rigid and flexible), insulators
(post insulators and insulator chains) and supporing
structures.

Rigid conductors {tubes) are usuvally made from
alurinum alloy of great mechanical strength and rela-
tively low electrical resislivity. Rigid bus conduclors
have typical outer diameters in the rangs 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 the substation maintenance. The tubes are
fixed to post insulators and apparatus by clamps, which
are of rigid, hinged-or sliding type. Because of their high
stifiness and low mass, rigid bus typically vibrates easily
(6,55].

The vibration mechanical frequency {. depends on span
length, tube dimensions and the type of fixation. The
lowes! significant mechanical frequency of rigid tubular
conductors is given for example in Fig. 3.6.

Sleel 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 substa-
tions to about 15 m for the 420 kV substations. n case
A, the full span length 2 between supports must be dis-
tinguished from the conductor span length .z, between
the end points of insulator chains. As well, the short-
cireuit current carrying span length, £¢, may be only a
part of the conductor length ..

Bundled conductors are composed of two to four or
more conductors placed with the distance between sub-
conductors a,, where 2d € 8, < 0.45 m. This distance is
maintained by spacers placed at intervals along the
bundle, and the distance between spacers “.4, ranges
from 2 to 30 m.

Strained conductors (case A) are usually designed with
an-jnitial stalic tension of relatively low value {in relation
to overhead lines) in the order of 10-20 N'mm2, 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 still lower tension, in the
order 1-2 kN; the sag in this case amounts 1o about 8%
of the span length, The rigid and flexible conductors in
case C are fixed on postinsulators. The main mechani-
cal parameters of post insulators are given in Table 1.3.
Some parameters, such as naturaf vibration frequencies
and damping, are rarely provided by manufacturers.
However, the most important parameter in the design is
the cheice of insulator cantilever strength.

Strained flexible conductors {case A} are connected to
the steel supporting structures {usually portals) with in-
sulator sirings or chains. These cansist of cap and pin
porcelain or glass insulators or long rod porcelain in-
sulators. Insulator chains may be single or doubled in
either parallel or V arrangements. The V configuration
etlectively reduces the horizontal deflection of the fixa-
tion point of the sirained 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.



Table 1.3
Post Insulators and Insulator Chains

Typical Data
Rated Voltage (kV)
123 245 420
Post Insulators
Height {m) 1-1.7 2.1-25 |3.15-4.5
Mass {kg) 35-200 | 120-400 | 250-650
Minimum failing load:
cantilever strength
(kN} |4-16 8-16 8-16
Spring rate (N/mm)|600-2500] 400-700 | 100-200
First natural
frequency {Hz) [20-40 7-10 4-5
Damping -
log decr {%) 0-10 0-10 0-10
Insulator chains
Length (m) 2 3 5
Mass (kg) 100-150 {120-180 | 200-300
Rupture strength
(KN} [70-120 | 120-240 | 240-530
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Steel supporting structures are typically of two types:
portals for strained conductors and columns supporting
post insulators or apparatus. These structures, usually
made from fatticed or solid webbed steel, are described
in section 5.3.2.

These structures are usually made from steel, lafticed or
solid webbed, and erected on concrete foundations (see
section 5.3.2). The mechanical behaviour of such struc-
tures is characterized by their spring constant and their
mechanical irequency.

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



2 TESTING AND MEASUREMENTS

2.1 introduction

As described in Chapter 1, high levels of short-circuit
current result in high mechanical stresses, displace-
ments, elc. on flexible, strained or rigid conductor sys-
tems, connections to and between apparatus and sup-
ports. These short-circuit effects are imporiant, and in
many cases predominate design requirements. The de-
sign engineer must ensure thal the substation design
covers the requirements that originate from short-circuit
conditions.

The calcuiation of dynamic stresses and behaviour (e.q.
displacement) of rigid and flexible busbars and connec-
tions according to the methods which are described in
Chapters 3 and 4 can be applied at the design stage of
substations, Most of these calculation methods have
been developed in countries participating in CIGRE
Working Group 23.02. The results of calculations in
some cases have been compared with the resulls of
measurements as given in [4,5,7]. Experience with cal-
culation methods and recommendations derived from
calculations, especially on rigid conductors, have been
given in [5].

In the case of {lexible conductors, the mechanical effects
of short-circuit currents are more complicated. Typical
arrangements are given in Fig. 1.8 and a number of cal-
culation methods in Chapter 4. The more accurate the
caiculation method, the smaller the factor of safety
needed to allow for uncertainty in calculation resulis. Ifa
substation design is based only on ldads and stresses
resulting from simple calculation methods, safety factors
on the maximum stresses will usually result in unneces-
sary over-dimensioning of the substation and conse-
quently to higher cost.

To supplement calculations, full scale tests on full scale
sections of the substation being designed can be per-
formed. In this way, designers can verify the required
short-circuit withstand capability of the substation, More-
over, in such tests the maximum stresses on bus com-
ponents can be measured, which can contribute to op-
timai dimensioning and reliable design. A review of the
various possible short-circuit testing arrangements and
measuring methods is given in this chapter.

2.2  Tests and Experiments

Design requirements regarding shori-circuit strength
typically leave the choice of lesting or calculation un-
specified. However, in the case of testing it is important
to distinguish between the two general types of tests,
namely proof tests and experimental tests, depending on
the objective pursued. :

221 Proof Tests

Proof tests are typically full scale tests on a substation,
or part thereof, usually performed in a testing laboratory
lo demonstrate the ability of the structure to withstand a
specific set of loads. No special measurements are re-
quired to achieve this purpose.
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2.2.2 Experlmental Tests

Experimental tests usually involve full scale tests on a
substation, or part thereof, generally performed in a test-
ing laboratory. Such tests are required for the davelop-
mant, proof of validity and application of calculation
methods. They 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 not sufficiently
numerous that the expenditure for generalized type and
proof tests, as in the case of component apparatus, can
be justified. If the decision between calculation or tests
was simply a question of the costs of applying the meth-
od, 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 the overall economic con-
siderations, taking 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 prognoslic un-
certainties and the immediate and long-term conse-
quences of failure(s)

While the use of calculation only, without supporting
tests, is cheaper in the short term, full scale tests lead to
a higher degree of design reliability and possibly lower
long term costs because:

(a) The true individual structural and thermal character-
istics of the components forming the assembly are
automatically fully represented in tha test setup.
The actual original elements can be used in the
tests, thus eliminating the inconsistency between de-
sign models and the “real” installation,

(b) The true individual structural and thermal withstand
limits of the components are also automatically
represented in the test setup (apart from statistical
fluctuations in these limits). This is, in fact, a para-
mount advantage compared to the theocretical ap-
proach, in which these limits are, in some cases,
rather uncertain or theoretical, or may depend on
specified conditions of application,

The advantages of testing to confirm, develop and vali-
date calculation methods are obvious. The objectives
for testing are obviously fulfilled in the case of the full
scale test; however, reduced scale laboratory testing is
sometimes carried out. General uncenainty remains
with laboratory model-tests (as with calculations) deriv-
ing from the unavoidable deviations between the model
and the full scale installation. These deviations result
primarily from the varations in the characteristics,
properties and limits of the actual elements and pars
lested, relative to those of the full scale design.



The obvious advantage of calculations is that the in-
fluence of parameter variations can be studied with sub-
stantially less effort and cost. The ulimate proof test or
calculation validation is, of course, on site testing, This
is difficult to carry out in practice; however, at least one
example is given in the literature [14].

2.2.3 Calculation and Experimental Tests

All calculation methods introduced for the short-circuit
design of bus systems, whether they are simple, madium
complexity, or advanced structural analysis methads
(FEM) require the results of:

(a) tests to assess the dynamic and static structural,
thermal characteristics and withstand limits of the
components

and, most important:

(b} full scale tests on typical substation arrangements
combined with extensive measuraments

- 1o prove the validity and limits of calcufation methods
through a variety of single cases covering the field of
application;

- to solve a problem which is peculiar to sophisticated
calculation methods (FEM), in that the correct de-
velopment of the modelling requires the experience
of calculations In comparison with measured values
from full scale testing.

For these purposes, a complete and very detailed set of
data describing the geometrical/struciure-mechanical
parameters of the complete installation tested and of its
individual components is absolutely essential,

1
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2.3  Types of Short-Circuit Tests

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

23.1 Phase-to-phase and Three-phase
Shonrt-Circuit

Both phase-to-phase and three-phase short-circuits can
occur in substations. As indicated in Fig. 1.4 (Chapter
1), equation (3.4) and {3.5), the maximum magnatic
forces on the outer phases generated by three phase
shart-circuils have the same time pattern as those gen-
erated by phase-to-phase shor-circuits, but they "have
higher amplitudes. Therefore, three-phase short-circuit
faults can be simulated by two phase short-circuit test-
ing. The equivalent value of line-to-line short-circuit cur-
rent to achieve the same force (equation 3.4} is:

lxo = ¥O.808 * ly3 = 0.9 * Ixa.

The factor for peak short-circuit current x is the same as
for the three phase short-circuit.

The maximum magnetic force on the middle phase (Fig.
1.4) is not the same as for the outer phases. Therefore,
if the forces acting on the centre phase are of concem, a
three-phase short-circuit test should be carried out to
test the middle phase. Such tests, especially on flexible
conductors, provide information on the interaction of the
phases and the dynamic displacements of the system.

A view of electrical testing circuit is given in Fig. 2.1.

Fig. 2.1
three-phase shor-cireuit
Circuit Components:

= Generator
MB =Master Breaker
MS =Maka Switch
PT = Power Transformer
L = Inductance
TO =Test Object
AB = Auxiliary Breaker
D = Disconnector

Measurements {Low {requency Osciliograph):

UL = Voltage Measurement
IL = Current Measurement
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23.2 Autoreclosure Tests

Unsuccessful autoreciosure leads to a second short-
circuit current which may result in a more severe test be-
cause the reclosure may occur before the dynamics of
the initial fault have damped out. The electrical testing
circuit for such tests and a typical lesting oscillogram are
given in Fig, 2.2 [4,18,58].

The duration of the first and the second shortcircuit, as
wall as the time between the two can vary. The worst
case (maximum stress) can occur when the first short-
circuit duration = 1/4 period of mechanical frequency and
time between the first and second short-circuit = 1 pericd
of mechanical frequency followed by a second short-
circuit duration = 1/4 period of mechanical frequency.

23.3  Short-Circuit Followed by a
Load Current Condition

This real possibility, in terms of substation operations,
can also be tested. This type of test is particularly

G WMB MS L PT
_/

———

:’1\\
Pl
T

| —

relevant for bundled conductor flaxible bus having large
span length with or without spacars, dampers etc. to ob-
serve the dynamic behaviour and effects on the conduc-
tors after fault clearing.

2.3.4 Phase-to-phase Fauit Followed by
Threg-Phase Shorl-Clreuit

In some cases, threa-phase shon-circuits do not occur
spontaneously, but start as a two phase short-circuit
which changes 1o a three phase short-circuit. This type
of fault can also ba simuiated in the testing laboratory.

2.3.5 Short-Clreuit Initlatlon and Duration

The initiation of individual short-circuils, their duration
and effects are discussed in seclions 1.3 and 3.5. The
worst case for short-circuit duration, in case of
autoreclosure, is given above.
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2.4  Testing Arrangements

An open air substation is a complex electro-mechanical
system which includes bus systems with flexible or rigid
coenductors, jumper 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 instru-
mant transformers. (Fig. 1.8). To determine the real
dynamic behaviour and effects of loads and stresses
due to the short-circuits, full scale lesting with very good
simulation of parts of the particular substations, including
its apparatus, is the most practical and reliable method
which can be recommended {24,25,30,31,81,83].

Figure 2.3 illustrates an example of a real test setup.
Machanical, electrical, thermal and power arc testing of
components can be carried out within such a test setup.
In addition, mechanical and electrical tesling of a partic-
ular piece of apparatus according to 1EC or other re-
quirements is aiso possible, Figure 2.4 illustrates the
testing of disconnectors according to [EC-129 [38], tak-
Ing Into account the dimensions of the particular design.

Testing, especially tull scale tests of simulated real parts
of substations, has become attractive with the develop-
ment of laboratory facilities having the capability to per-
form such realistic scale tests, Recent papers
(24,25,30,31,59,81,83] review the results of full scale
tests and compare them with calculations of the short-
circuit current stresses on conductors, structures and ap-
paratus. The authors report cn the extensive tests per-
formed on criginal parts of substations, measurements
of the dynamic stresses.

In addition to extensive tesis, References [25] and {31],
compare the results of various tests and measurements
with those from the calculations according 1o the ad-
vanced metheds. Their conclusion is that the most ac-
curate computer calculations can be carried out by ex-
pensive and time consuming advanced caleulation meth-
ods. However, they also note that tests are not cheap,
and that without appropriate 1ests, design principles for
economically viable substations cannot be established.

Fig. 2.3

arrangement

-View of a section of substation full scale test
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2. SKETCH OF TEST ARRANGEMENT

Fig. 2.4

Testing of horizontal disconnector and

pantograph disconnector according to IEC 129,
Figs. 5 and 7 {38}

2.5
251

Measurements
Methods and Equipment

The problems of measurement are mainly related to the
fact that, in order to sffectively carry out such measure-
ments, the multi-channel measuring systems (consisting
of transd_ucers of mechanical into elecirical quantities,
€.g., strain gauges, load cells, etc, amplifiers, recording
equipment and the required connections and wiring)
have to operate in an environment of very high elec-
tromagnetic interference. The intererence is produced
by the very high AC-short-circuit test currents, alterna-
ing voltages of some 10 kV and the well-known inter-
ference generated by making and breaking operations
on secondary equipment.

Practical experience {2,30] has shown that the simplest
method to avoid electromagnetic interferenca and estab-
lish potential separation between mechanical/electrical
transducers and follow-up units is to employ modulated
camier-frequency systems. A carrier frequency of 5 kHz
allows measurements of frequency components up to
about 1 kHz, which is usually adsquata.

21

Insulating the measuring equipment from the trans-
ducers, which may have to operate at high-voltage, is
not the only advantage of transformer potential separa-
tion that the carrier frequency measuring systems make
possible. Available amplifier and recording equipment is
generally not designed to be used under the extreme en-
vironmental conditions associated with short-circuit test-
ing. Usually in-line potential separation and inherent
channel separation are required to eliminate earth loops,
which form a potential source of significant electromag-
netic inlerference.

DC systems may also be used, but require a relatively
more complicated technology to achieve the same ef-
fect.

General guidelines which should be observed to mini-
mize interference 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

Magnetic and electrostatic shielding of transducers,
cable connections and equipment is generally not
too impontant for carrier-frequency operated in-
strumentation as this type of equipment is insensi-
tive to inductive phenomena of service frequency

Select suitable single earthing point(s) for measuring
circuit{s), screens and equipment. The selection
generally involves considering the circuitry of the
(multi-channel) equipment 1o avoid multiple earthing
points and earth loops

Select suitable wiring and cabling with respect to
conductor and screen arrangement, in terms of
cross-section and conductor arrangement {twisting,
weaving elc.)

Establish a suitable arrangement of measuring
cables, e.g. direction, disposal of excessive lengths
elc.

The measuring method and equipment according to {30]
is presented in Fig. 2.5. In addition, the arrangement il-
lustrated in Fig. 2.5C is possible. The measured signal
of a point at earth potential is transmitted via an isolating
transformer (Fig. 2.5A) and screened cable to the carrier
frequency amplifier and then to the Faraday Cage, in
which the measuring devices are located (Fig. 2.6}, The
isolating transformer provides protection for the equip-
ment. .

The measuring signal of a point on an energized part is
converted to a light signal and transmitted via the fibre
optic cable to the receiver in the screened cage for
demodulation and processing (Figs. 2.58 and 2.6).

The use of an additional isolation transformer instead of
optic fibre system is also possible. Both systems have
been tested in practice and are suitable for these pur-
poses. The measuring quantities are generally bending
stresses in the post insulators, steel supports and
tubular conductors in a rgid bus system and are
measured by strain gauges.
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{The specific measuring equipment illustrated
is provided as an example of a properly
functioning measurng system and not as an
endorsement of the paricular components.)
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Fig. 2.6 Inside view of a pan of a shielded room con-

taining measuring instrumentation

In the case of flexible conductor arrangemeants, the ten-
sions in {sub)conductors and insulator slrings are the
most important stresses. For this purpose a special
device, as illustrated in Fig. 2.7, can be built into the con-
ductor or insulator string. The measuring bridge is
placed in the device, The measuring equipment is
placed in a transportable Faraday Cage where the
sensitive digital apparatus is shielded from electromag-
netic interferance.

Displacement measurements are also an important
qQuantity, especially in the case of ilexible conductors.
Displacement can be measured by means of:

- elsctro-optical displacement transducer

- ultrasonic position sensors

- electrical displacement transducer

- accelerometer built into the tubular conductor

- high speed film photography

- high speed videography (about 1000 pictures par
second), which rmakes it possible to record bundle
pinch phenomena,

. VERY FAST TRANSIENT RECOROER
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STRAIN-CAUGE BRIDGE
SENSITIVE IN ONF DIRECTION

195

DIMENSIONS IN mm

Fig. 2.7  Device for measuring of tension in Flexible

conductors and insulator-strings

Finally, temperatures can be measured by means of op-
tical fiber based thermometers. This type of
thermometer measures temperature using optical techni-
ques and single nonconducting optical fibres between
the point of measuring and the instrument. The probe
consists of an optical fibre with a temperature sensor at
one end. The sensor is illuminated through the fibre
from a fight emitling diode in the instrument. The light
stimulales the sensor and emits fight with a wavelength
depending on temperature. . This wavelength is con-
verted into elecirical signals in an optoelectronic detec-
tor. The outputs from the instrument are analog voltage
or current signals compatible with RS-232C or IEEE-488
interfaces.

25.2 Data Registration and Processing

Measured data registered by digital recorders according
to Figs. 2.5 and 2.6 can be presented immediately by
UV-recorders or stored on disc in mini- or micro-
computers for subsequent processing and presentation.
(See also [30])

2.5.3 Measuring Points and Calibration

Measuring devices and strain gauge bridges should be
placed on conductors and components where maximum
stresses are 10 be expected and/or particularly on sensi-
tive locations where stresses cannot be easily predicted.
The measuring devices must be calibrated. The device
for measurement of tensions (Fig. 2.7) can be calibrated
in the laboratory and strain gauge bridges on post in-
sulators and steel suppors can be calibrated as il-
fustrated in Fig. 2.8.

Static and dynamic calibration of post insulators, both
separately and together with the steel supporting struc-
tures is necessary to obtain mechanical data such as
stiffness EJ and frequencies. Accurate values for these
data are necessary for calculation of dynamic stresses
and strength.
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As the post insulators are pardiculardy sensitive com-
ponents of rigid bus systems, 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]. From the static force Fy
‘according to Fig. 2.8 and displacement Yy, the static
stitfness of post insulators can be determined. Measure-
ment of the dynamic response force Fg, for which the
frequency may vary, can serve to determing the natural
mechanical frequency of the system.

If dynamic calibration is not possible, then the mechani-
cal frequencies of insulators can be determined from the
static calibration as follows., From static measurements
according 10 Fig. 2.8 we obtain

Fa

C-v

(2.1)

Y
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The static deflaction of a beam according to Fig. 2.9a
can be calculaled according to

Farg? |1
Yt =3E0. v (2.2
From equations (2.1) and {2.2), we obtain
Cy3 1
Blo = 57+ v (2.3}

The mechanical harmonic frequencies of a beam ac-

cording o Fig. 2.9a can generally be calculated accord-
ing to

Y3 EJ,
fo = 2xe m;

(2.4)
where
Jo = 5y * dhax (2.5)
mep -« Fha= .3 g
Substituting equations (2.3) and {2.6) in (2.4) gives
fo = %—E f%' (v+1+17) @7
where:

¥» = Eigen values according 1o Fig. 2.9¢
C = spring constant according to Eqn. (2.1)
M; = tolal mass of insulator column in kg

_dmin -
~ dmax
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 resuit of the lack of a plastic phase (yield) prior
1o destructive material elongation (strain} or {racture in
the case of porcelain,

Strain insulaters, 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 sub-
jected to bending loads in the case of short-circuit.
These are typically used in substations for rigid bus sup-
poris; but alsc disconnectors, breakers, arresters,
measuring transformers, transformer bushings and GIS
bushings.

The cross-sactions required to withstand a given bend-
ing load increase rapidly with the voliage 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 ol the high cost and limited strength capa-
bilities of post insulalors. This puts an increased impor-
tance on the need for accurate calculation techniques
and detailed knowledge of the materal properties and
mechanical characteristics of post insulators and their
suppart structures.
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Some modes of oscillation

c} Eigenvalues ¥, {(n=modenumber)

2.6.1 Structure-mechanlcal Properties
and Characteristics

There is no need o describe details of the assessment
of the properties, listed below, of the individua! structural
paris and their materials. These data are obviously in-
dispensable for modelling insulators:

%e;;g?gg;lt;orm )):» mass distribution
masses

Young's moduli

The static and the dynamic perdormance of insulatar
models can be checked against measurements of stiff-
ness and Eigenfrequency characteristics as discussed in
section 2.5. Only the case of the actual loading, i.e.
bending, need be considered. The measurements of
stiftness and Eigentrequency can, and should, be done
in the same test setup (Fig. 2.8). These may relate to
Just one value of displacement corresponding 10 one
value of static bending force applied. The value of this
force and of the corresponding disptacement shall be
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approximately equal to those applied in routine testing.
These measuraments can be done together by releasing
the insulator in the deflected position (first Eigenform) to
oscillate into zero position (first Eigenfrequency).

Similar measurements and tests on other components
and combinations of components subjected to dynamic
bending forces, for example steel columns, towers, por-
tals, cross arms, elc., are possible and are increasingly
usefu! the more complex the structure considered.

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 ipads and
stresses. Testing is of particular imporance in establish-
ing the strength of insulators, and the dynamic, as op-
posed 1o the static, nature of the short-circuit loading
must be considered. For most practical cases, the as-
sumption of quasi-static insutalor behaviour may be ade-
quate to allow operation within permissible bending
loads.



Beyond the quasi-static case, actual matarial stresses
must be compared with permissible values. Tests are
indispensable in assisting the development and proof of
methods {0 assess material stresses in insulators and to
find permissible values of 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 considerable
statistical variability. Therefore, the number of tests
needed to establish withstand values mus! consider
stalistical significance requirements.

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

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

{c} Material tests on specimens.

2.6.3 Type and Acceplance Tests on insulators
The only sirength data that the manufaciurer 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
resulls {35]. The statistical basis for the MBL is not
defined by standards, varies considerably, and is fre-
quently not provided by the manufacturer. The higher
the voltage leve!, i.e. the cost of an insulator, the oftener
this value is checked in acceptance tests on Individual
lots of insutators. These full-load acceptance tests give
a good indication of the quality control consistency
achieved and the maximum achievabls level of safety.
26.4 Special Tests on Insulators

Mechanical tests as described in [26,27,53], involving
exiensive strain-gauge and displacement measurements
and comparison of static and representative short-circuit
insulator loadings, can contribute considerably o the as-
sessment of insulator response to ditferent loadings and
the parameters that influenca it. Such studies on real in-
sulators, can support or confirm the applicability of
material specimen measurements. These tests have
brought forth important resuits that must have influence
on the further studies in stress assessment and the prac-
tical solution of the problem of strength assessment.
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Due 10 stress concentrations (usually at the points of
highest global stress), it is necessary to apply stress-
concentration factors (>1), which are particuiar to the in-
sulator type and location in the insulator, to derive dis-
crete stress values frem the bending moment and the
core diameter. Further static and dynamic tests, to
define sirass-concentration factors more precisely are
highly recommended.

265 Materlal Tests on Specimens

The costs of tests on full-size insulators, as describec
above, whether destructive or not, are so high that it is
evident that only the minimum requirad data will be ob-
tained. As with the application of other materals, e.g.
metals, designers have 1o rely to an extent on strength
values derived from tests on material specimens
[29,101).

2.7 Conclusions

The mechanical stresses caused by shor-circuit current
in substations can be caiculated according to various
calculation methods which will be described in sub-
sequent sections. Calculations methods are necessary
at the design stage; but for optimal and reliable design,
their accuracy should be confirmed by tests for the fol-
lowing reasons:

- The construction of a substation including its com-
ponents, apparalus, connections and fitlings is a
complicated mechanical system, which may be too
complex for accurate calculation.

- The data required for advanced calculations may not
be available.

Therefore, laboratory tests, especially full-scale tests on
sections of a real substation setup, are justified in some
cases. The values of the short-circuit loading and de-
sign strength can be varied and an optimal and reliable
design obtained. In addition, the electrical, ‘mechanical
and thermal testing of the particular components and ap-
paratus can be combined to reduce the total cost of the
testing.

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



3 RIGID BUS SYSTEMS

3.1 Introduction

An arrangement of rigid busbars in one plane is cam-
monly used in modem HV and EHV open air substa-
tions. The structure must be strong enough to withstand
the significant mechanical stresses created by short-
circuit current flow. These stresses appear in the tubular
conductors and in the supporting structures composed
of insulators and substructures,

The verification of calculation methods used for design,
and recommendations for proper design procedures
were the tasks of CIGRE 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 resulls
of a fult comparison between calculated and measured
values was presented in [4]. This comparison showed
salisfactory consistency of results thereby confirming the
accuracy of several calculation methods. Parametrdic
studies and conclusions regarding simplified calcutation
methods were published in [5] and computer aided ap-
proaches in [8]. The results of CIGRE WG 23.02 investi-
gations have been incorporated in IEC 865/86 [39].

3.2 Electromagnetic Shon-Circuit Force

For the dimensioning of HV and EHV arrangements, the
stress in the conductors and insulators of the outer
phases L1 and L3 (Fig. 3.1} resulting from a three-phase
short-cireuit is decisive [5]. The worst case time function
of the electromagnetic forces acting on conductors L1 or

L3 during a three-phase short-circuit per unit length Fi{t}
= Fist) is given by Equation 3.1a and for a phase-

lo-phase short-circuit F»(t) by Equation 3.1b, see also
Fig. 1.4:

Fuilt) = Fia(t) = C"iz§ i —‘?— -15 cos {2t - 21,)
+ eVticos(at-27,) -"r-g: COSmt]

+ e _\f_i‘ - %- cosZ‘rz]l

=Cey{t) = Crepalt) = Cheyag  (3.12)

! . 1 . .
Faft)=C' - %[—2 - %cos(2ml-2¥z) + 2e¥sin(wt-v;)siny,
+ e"“"sinzl’z]
= Cep(t) = Carg (3.1b}

where,

C= 25&- (V2ia)2. the reference force per unit length, (3.2)

Y, =arctan X/R, the impedance angle
X/R=reactance to resistance ratio

= L_X
= BR~eR (3.3)

L1 L2 L3
Q@i @i i
Faltd Rl Fla(t)

I la I a !

Fig. 3.1 Conductor arrangement and reference direc-

tions

The peak forces are proportional to the square of the
factor x for the peak short-circuit current (aquation 1.5).

The peak short-circuit forces per unit length are:
- Three-phase shon-circuit, conductor L1 or L3

' ‘ 3+2V3
FL1p = FL.'Jp = +3

C'x? = 0.808 C'@ (3.4)
- Phase-to-phase shont-circuit -
Fap=0.750 C' x2 (3.5)

- Thréé‘—phasé shart-circuit, conductor L2
Fiop = ~"g; C'x2 = 0.866 C' 2 (3.6)

The functions (3.1a) and (3.1b} can be broken down into
partial functions with ditferent mechanical eHects

e(t) = eop + explt) + ey{t) + eylt) ) (3.7)
steady state  decaying
where

€9

a constant term {arithmetic mean of e{t) in the
sleady state) .

€z, = undamped oscillation at double electrical fre-
quency

exponential term, decaying with time constant v2
oscillation with electrical frequency, decaying

with 1

€g
€u

1]

Figure 3.2 shows the components of the electromagnetic
force according to Egs. 3.1a and 3.7. The correspond-
ing force for the conductor L2 is given in Fig. 1.4a
(Chapter 1),

3.3  Dynamic Response of the System
The dynamic effects of the electromagnetic lorce can be
described with the aid of factors:

ve(t) | _ Stress in dynamic case
vo(t) { 7 Stress in static case

where
ve(l)=
Vo(1)=

lactor for insulator stress
factor for conductor stress
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Fig. 3.2  Worst case time functions of electromagnetic

forces (eq. 3.1a) related o reference force C’
according 1o eq. 3.2. Conduclors L1 or L3, RrX

=0.07

a) e, = constant term

b} ez, = undamped oscillation at double the
electrical frequency

c) ey = exponential term, decaying with
time constant v/2 (t=L/R) :

d) e, = oscillation with electrical fre-
quency, decaying with time con-
stant«

e) eLilt) = era(t) = &, + ezalt) + eglt) + eut)

For static reference values, the electromagneltic force is
assumed lo be constant and equal to its maximum mo-
mentary value. The maximum momentary vaiues of vg(t)
and vo(t) are characterized in the following paragraphs
by Ve and V. The dynamic behaviour of structures dur-
ing short-circuit, for a range of structural trequencies, are
Hlustrated in Figs. 3.3 and 3.4 due to the forces of Fig.
3.2.

If the frequency of the mechanical tundamental oscilla-
tion 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 ve(t) for line-to-line shom-circuits for the me-
chanical fundamental Eigenfrequencies f. = 1.7 Hz, 10
Hz, 25 Hz, 50 Hz, 100 Hz and 150 Hz. A comparison of
Fig. 3.3a with Figs. 3.3b 10 3.3g, shows that the time
function of the dynamic insulator stress is similar to that
of the acting force for only the higher mechanical funda-
mental frequencies f, > 150 Hz. For mechanical fre-
quencies f. 2 250 Hz, there is a practical coincidence of
Ihe two time functions and the maximum value of factors
VF and Vg are approximately equal (Ve = Vg = 1). For
low mechanical frequencies and frequencies out of the
resonance ranges, Vi <1 and V4 < 1. This comparison
also shows that even if the maximum instamaneous
value of the electromagnstic force occurs approximately
10 ms after the appearance of the fault, the maximum
value of the dynamic stress accurs for 1.<150 Hz much
later and depends on the mechanical fundamental {re-
quency.
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Fig. 3.3 - Elactromaganetic force per unit length for line-

to-line short-circuit F'p(t) related to the peak
value F'y (figure a) and coefficient ve(t) for dif-
ferent mechanical fundamental frequencies {e
{figures b 1o g). R/X=0.07, A=0.2 [1, Appen-
dix V]

In Fig. 3.3c, {. /1= 10/50 = 0.2. Forf, /= 0.185, there
is a resonance of the third harmonic oscillation with the
50 Hz term of the electromagnetic force. But the 50 Hz
harmonic oscillation is also excited for the valus f. / { =
0.2, which is close 1o the resonance value. Figure 3.3g
shows the 50 Hz resonance of the mechanical funda-
mental frequency. Because the term e,(t) of the elec-
tromagnetic torce is decaying, the corresponding factor
ve(t) also decays after it reaches its maximum value.

Figure 3.3f shows that for the 100 Hz resonance, where
the magnitude of the term ea.(t) is constant, the maxi-
mum instantaneous values of the factor vg{t) are fimited
to @ 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 electromagnatic force terms
of Fig. 3.2 are very differant and do not result from the
maximum instantaneous values of thase terms.



Figure 3.4 shows the factors Vg, for conductors with both

ands fixed, as a function of the ratio { / f during a three-

phase short-cireuit, for the phases L1 or L3, In order to

compare the different curves, factors V0, Va2e Veg: Vou
and V¢,0+g are related to the same siatic value as the
factor V,.” From comparison of Figs, 3.4 and 3.2, it is

clear that, especially in the low mechanical frequency

range (typically for HY and EHV structures 0.02 <f. /f <

0.2), the dynamic effect of short-circuit forces cannot be

estimated from the maximum inslantaneous values, For

example, {. /= 0.1 corresponds 10 V,0/Vo2e = 27.8 even
though the maximum instantaneous value of ezemax IS
grealer than ey, e¢/@aumax = 0.866.
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Fig. 3.4  Factors V, for dynamic stress of the conduc-

tors for the different time functions of elec-
tromagnetic forces of Fig. 3.2 {74].

a) Vg when only e, is acting,

V24 when only ea,(1) is acling

Vg when only eglt} is acting,

Vg when only egft) is acting

Vao+g When only e, + eg{t] is acting,

Vo when e} = 85 + 82,4{1) + g4t) + eu(t)
is acting

b)

c)
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Factors Vsn and Vg2, are independent of the ratio R/X.
The term epy(t) causes enhancements in the 100 Hz
resonance ranges.” "The effect of this lerm outside the
resonance ranges and {or low mechanical frequencies is
very small. Figure 3.4b shows the effect of the terms
e4(t) and e,(t) on the factor Vg and V,, for R/X = 0.07.
T?-nese factors depend on the ratio R/X. Fig. 3.4c il-
lustrates that in the range of the usual HV and EHV
structures and outside the rescnance ranges, almost all
of the dynamic stress is due to the terms eq + eg(t).
These results are also valid for the corresponding ?ac-
tors VE.

3.4 Calculation Methods

Bus structures with rigid conductors consist of parallel
conductors, supported by insulators and their substruc-
tures (that is, beams within the terms of mechanics), as
ilustrated in Fig. 3.5. Time varant electromagnetic
forces act on the conductors during short-circuits: and
the whole structure perdorms forced oscillations for the
short-circuit duration and free oscillations after the clear-
ing of the fault. Different dynamic deflections and
stresses (usually bending stresses) appear at every
point of the structure. The maximum bending stress in
the conductors and in the insulators is of particular inter-
est.

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 purposes.

- “advanced methods based on relatively realistic
model$, which are more cumbersome to use but
which can be used to give accurate results for com-
plex configurations

Methods of the first group are especially useful for hand
caleulation but are also somelimes programmed. They
are relatively easy and presently are the most commonly
used dasign methods. Application of the advanced
methods is computer aided. They are especially desired
in cases where more precise knowledge of busbars or
supporting structure response to short-circuit current
forces is required.

3.4.1 Simplified Methods

Description

These methods are modified static methods
[1.5,39.,45,49,56]. A simplified calculation can be per-
formed in the foilowing two steps:

1. Static Caleulation - for rigid supports, siress values
and deflections can be easily determined by well-
known static analysis methods. The electromag-
netic force per unit length is assumed to be constant
and equal to its absolute maximum according to
equations 3.4, 3.5 and 3.6.

2. Dynamic Caleulation - the dynamic stress values are
obtained by multiplication of the static stress values
with factors Ve for the insulator stress and Vg, for the
conductor stress; the deflection can be calculated in
the same way, il desired, using the factor V, for ap-
proximation (Ve and Vg were defined in section 3.3.).
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The parémelric studies carried out in [5] show that the
most important parameter for the calculation of the

dynamic short-circuit stress is the mechanical funda-

mental frequency. In the case of rigid supports, the me- -

chanical fundamental frequency . can be easily
determined from equation 3.8 or Fig. 3.6, whereas for

elastic supports, special computer programs are used,

In publications {75,84] a method is devsloped to calcu-
late the fundamental mechanical frequency in the case
of elastic supports, without computer programs, using
curves [B84]. As discussed in {5} conventional high-
voltage substations can be assumed to have rigid sup-
ports.

(12 /Q _r f_Ei
cEEZAN™ TR

(3.8)
where,
fe = mechanical fundamental frequency (Hz)
Y = factors according to Fig. 3.8¢

Figure 3.7 shows factor Vi as given by various authors.
To calculate the static reference values, the absolute
maximum of the electromagnetic force under the condi-
tions of a three-phase fault was used for all curves. Ac-
cording to equation 3.6, the maximum oceurs on the in-
ner phase 2. The factors Vg are similar to Ve [5]. Fig.
3.7 illustrates that the factors Vi become larger as the
mechanical frequency increases. Frequency indepen-
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Model considering the insulators and the

Forces and moments at the conductor sup-

dent factors, which are shown horizontally in Fig. 3.7,
are therefore unsuitable since they may lead to consid-
erable over-dimensioning or even under-dimensioning.

Multiphase autoreclosure at the optimally worst time with
respect to mechanical vibration of high-voltage test bus
increases the siress significantly as compared to the
case without autoreclosure [1,18,19). Such increases
range up to 85%. The results of parametric studies
covering the whole range of relevant mechanical fre-
quencies are given in [63]. The maximum stress in-
creases can be deternined with the aid of the factor V,.

dynamic stress with autoreclosure

Vi= dynamic stress without autoreclosure

Figures 3.8a and 3.8b show the factors Vf, V, and V,,
which are proposed in [5] and which form the basis of
the simplified method {ECBE5 [38]. The development of
this simplified caiculation method is based on extensive
parametic sludies using several numerical and analyti-
cal methods [5] and measurements [3,4].

The stress can be effectively reduced if the shon-circuit
duration is considerably less than half the period of the
mechanical fundamental frequency. Curves for Vg and
V, for practical use are developed in [77,82) and given in
[32,82].
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Fundamental Eigenfrequenciss f. of stiff
aluminum tubular busbars, fixed at both ends,
20 m long, as a function of outer diameter d,
[5]. Equation {3.8) is used to calculate f.

1 - smallest standardized wall thickness

2 - largest standardized wall thickness

Note: As the frequency is inversely proporional
10 the square of length 2, the values for other
lengths can be obtained from Fig. 3.6 by
simple conversion with #2. The fundamental
frequencies for different boundary conditions
can also be obtained simply; if the conductor is
supported at one end and fixed at the other,
the frequencies are multiplied by factor 0.689,
and by factor 0.441 if both ends are supported.
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Factors for calculation of dynamic insulator
siress resulling from three-phase short-circuit
according to varnious authors
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4 Proposed in [5] and included in
{EC 865/86(39]
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a) Factors VF and Vg, 0.035 < RfX<0.17,
kz1.6. Factors for R/X>0.17 are given in
{74]

by Facior V., {, is the dead time

c) Factor Y for calculating the fundamental
mechanical frequency by equation (3.8)

Calculation example

An example structure is shown in Fig. 3.9. The elec-
tromagnetic peak force and static stress are determined
as reference values for the inner phase, The dynamic
stress is calculated for the most heavily stressed outer
phases, L1 and L3, using the V factors (Vg, Vg, V).

The calculation for a three-phase shor-circuit is carried
out as given below:
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Fig. 3.8  Structure for the example

a) Twoe span arrangement

b) Model for rigid support structures

¢} Forces A,B on the top of the insulalors and

stress g in the conductor

Input data: o )
Symmetrical three-phase shor-circuit current lis
= 80 KA {rms}
Impedance ratio R/X =0.07
Tubular conductor
Mass per unit length m' = 7.84 kg/m
Modulus of elasticity  E = 7.0-104 N/mm?2
Outside diameter d, = 160 mm
Inside diamster di =148 mm
Span length £4=18m
Insulator 380 kV
Height h=37m
Support height hg=7.0m

Centreline distance of conductorsa=5m

a) electromagnetic peak force is calculated according
1o equations:

o = Bﬂ“‘ ofp 2 =
C S {(V2:k3 )2 = 512 N/m
X = 1.02 + 0,983 R/X - 1 81

Flop =0.866 « C'? = 1453 N/m

b) static stress (A, B, s according to Fig. 3.9¢) is given

by:

Ag=2 F

=g sz"t=9808N
By=2+2F - N

s = '8 sz‘.l—32693
J = 3’;—4- (do? - diY) = B62 cm#
w ==1__ 108cmo

do/2 =

545 N/mm?2
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c) dynamic stress without

three-phase autoreclosure s
calculated from:

'= 2.45 from Fig. 3.8¢

2 [EJ 7y EJ

!c=2__2. ] =2‘2’ .= 2.10 HZ (39)
! 2.10
?"-‘u = %5 =0.042

From Fig. 3.8a, f./ f = 0.042

Ve=0.36

Vg =0.31
Hence
Agyn=  Ag"Vp=3.5kN
Bayn= Bg'VE=11.8kN

Tdyn = Og*Vg = 169 N/mm?

The bending moment on the bottom of the first insulator:

Mdynh = A«d‘)m *hy = 13.0 kNm

The bending moment on the bottom of the first support:
Mayns1 = Adyn * hs = 24.5 kNm

The bending moment on the bottom of the middie in-
sulator:

Mayniz = Bayn * hy = 43.7 kNm

The b‘énding moment on the bottom of the middle sup-
port:

Mdynsz = den he hs = 82.6 kNm

d) dynamic stress caused by unsuccessful three-phase
autoreclosure. It can be seen from Fig. 3.8b that v,
= 1.8for {/f =0.042 andt, = 0.3 s.

The stress values Agyn, Byyn, Tgyn, Maynt1, Maynst,
Mayniz, and Mayns2 cal{:ulated uncrer ¢) above should
therefore be multiplied by 1.8,

3.4.2 Advanced Methods
General remarks

The application of advanced methods requires the use
of computers. The relevant computer programs are typi-
cally developed by specialists in numerical analysis,
rather than by HV and EHV substations design
engineers. Therefore substation design engineers re-
quire general information regarding which computer
methods may be applied and the corresponding results
le be expected; and computer specialists require brief in-
formation about the substation bus problems and recom-
mendations concerning the proper choice of the method
and programs,

In [8] mechanical and mathematical models of bushar
structures are presented, as well as a general classifica-
tion 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 fol-
lowing is a summary of [8] and [4].



Mechanical and mathematical models

Real bus structures can be reasonably modelled by a
frame consisting of bars, uniform (conductors, steel pil-
fars) or nonuniform {(support insulators), with distributed
or concentrated masses. Mechanical and electrical data
required in calculations and to characterize these bars
(stiffness, mass, Eigenfrequencies) are established from
their geometry and material properties, it known, and if
not, from experimental measurements,

it any data are missing, one may use as a first approxi-
mation, relations between traction, torsion and ben_dmg
properties corresponding to circular cross-sections.
Note that by neglecting some special effects (for exam-
ple, 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 ap-
proach.

Due to physical assumptions, real structures are
represented by a space frame consisting of a certain
number of simitar bars subjected to bending, tension and
torsion. In engineering practice, a whole space frame is
sometimes simplified to one beam [52]. 1n such a case,
the analytical approach is very efiective. Further, sub-
sequent simplifications may be introduced; for example,
one concentraled mass (ordinary differential equation) or
massless beam (static solution only]. The models form
a theoretical base for the simplified methods which may
be used 1o find a rough approximation of real results.

Solution approaches

Two basic problems of dynamic nature are usually con-
sidered:

1. Free vibrations where Eigenfrequencies and Eigen-
forms are required.

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

An attempt at a general classification of solution ap-
proaches is presented in Fig. 3.10 [8).

Finite element methods with step-by-step time integra-
tion 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
(ASKA, RAMSES, SAMCEF, SAP IV, STARDYNE) for
dynamic analysis of structures may be successiully ap-
plied for calculations of mechanical effects in HV and
EHV substation bus systems. Cost savings for analysis
may be achieved in practical design cases where can-
figurations and structural data are standardized and rela-
tively simplified, medium accuracy and specially criented
pragrams may be applied.

3.4.3 Calculation Approaches

Several programs which have been used by WG 23.02
are briefly described as follows.

ASEA, Sweden

Computer program SAP {V {80], is used to analyze the
superposition of modes of oscillation resulting from the
various natural frequencies of the mechanical system.
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Fig. 3.10 Approaches to transient problems

The physical model for the supports is comprised of
mags-spring elements. Conicity of the insulators is al-
lowed for.

ENEL, Italy

All elements of the system (conductor, insulators, steel
pillars) are assumed {o be ideal elaslic elements with a
uniform distribution of masses. The displacements of
the conductors and the insulators are calcutated sepa-
rately, using the method of finite difference approxima-
tion. At each time step, the displacements of the sup-
ports and the busbars at the connection points are con-
strained 1o be equal. The mode! of the supports consists
of cylinders for the insulator and the stee! pillar [72).

Imatran Voima, Finland

The structure is subdivided inte concentrated masses
and elastic bending springs. The "STARDYNE" program
is employed (which is similar to "SAP IV"). The model
for the supports comprises mass-spring elements. In-
sufators are considered to be cylinders.

KEMA, Netherlands

The differential equations of the coupled system (bus-
bars and supports) are solved numerically. The conduc-
tors are assumed to be ideal elastic elements with dis-
tributed masses and the supports are represented as
simple mass-spring elemeants.

Ontario Hydro, Canada

The structure is assumed fo be a beam mounted on
elastic supports. The masses of the system are as-
sumed to be concentrated on each suppor. The basic
frequency of structure is determined from the character-
istic data of the various elements by hand calcutation.



The design stress is determined by means of factors ob-
tained from the fundamental frequency of the structure
and the ratio R/L of the system impedance according to
[48].

Stemens, Germany

Step-by-step integration of the differential equations de-
scribing the maechanical system, using the "SAP IV" pro-
gram [90]. The model for the supports comprises a
suitable number of mass-spring elements. Conicty of
the insulators is allowed for.

SSPB, Sweden

The coupled system of conductor and supporls is de-
scribed as a two-mass oscillator. Only the fundamental
natural frequencies of busbars and Insulators wers taken
into  consideration. Steel support columns are
neglected,

Erlangen University, Germany

All of the components of the machanical system are
composed of a-suitable numbaer of concentrated masses
and springs without mass. The system is described by
means of transfer matrices [54]. The model for the sup-
ports comprises a suitable number of mass-spring ele-
ments. Conicity of the insulators is allowed for.

Liege Unlversity and TRACTEBEL, Beigium

All elements of the sysiem (conductor, insulaters, steel
pitlars) are assumed o be ideal elastic elements with a
uniferm distribution of masses. The finite element meth-
od was used. Transient analysis is carried out by modal
superposition. The compuler program used is
S.AM.C.EF.[100]. .

Louvain University, Betglum

The elements of the mathemalical mode! are ideal
elastic beams with a uniform distribution of mass and
concentrated masses. The vibration frequency be-
haviour of each element fs calculated analytically and is
usad to obtain the Eigenmodes of the entire system.

EDF, France

The plane structure formed by the assembly of busbars,
post Insulators, and lattice supports is divided into ideal
elastic beams. The beam bending vibration equation is
used, neglecting deformations due to shearing stress, in-
eria of rotation and damping. The solution is obtained
using finite diffarences, centered in space and over time.
The computer program used is VIBRAPORTIC, which is
briefly descrbed in [19).

All of these calculation techniques give good results {4].
They are primarily finite slement based programs. Ac-
ceptable results can be obtained with four element rep-
resentations 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 pos-
sibility of resonance exists. The typical data required for
calculations and an example of results are given in Ap-
pendix 1.

3.5 Parametric Studies

Parametric studies have been carried out by analytical
and numerical methods [5,32,74). The influence of elec-
trical and mechanical parameters on the dynamic shon-
circuit stress throughout the range of relevant mechani-
cal frequencies was determined, namely:
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the time functions of the electromagnetic forces
- short-cireuit duration
- unsuccessful autoreclosure

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

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

3.5.1 Eleclrical Parameters

The worst case time functions of the electromagnetic
forces of conductor L2 are very ditferent from conductors
L1 or L3 {see Chapter 1, Fig. 1.4). From the electromag-

netic forces and investigation of their dynamic effects, it
follows that:

- Inthe range f. / f > 1 (lypical of medium and low-
voltage busbars structures), the conducter and in-
sulator 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 considerably
smaller than that for L1 or L3. In the HV and ERV
substation range it is up to about 50% smaller, al-
though the momentary maxima of the electromag-
netic force are even greater for L2 than forL1 or L3,

- When the short-circuit duration Ty 5 0.1 s, phase 12
stress in the HV and EHV busbars range f. /1< 0.2
is always lower than phases L1 and L3 stress.

- The phase-t6-phase shor-circuit stress is somewhat
smaller than the three-phase shor-circuit stress in
the conductors and insulators of the outer phases L1
and L3. Measurement of phase-to-phase short-
circuit stresses is more convenient than for thrae-
phase shor-circuit stressas; however, the informa-
lion 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).

The time functions of the electromagnetic forces also
depend on the ratio R/X (equations 3.1a, 3.1b, 3.3). The
VE and V,; curves for A/X = 0.035 (x = 1.90), and R/X =
0.150 (x = 1.64) cover the usual HY and EHV structure
range.  Significant differences only arse in the
resonance ranges and only slight deviations occur out-
side these ranges {5].

Resonance enhancements can be reduced by restricting
the short-circuit duration. The stress outside the
resonance ranges can efectively be reduced only if the
short-circuit duration is considerably less than half the
pericd of the mechanical fundamental frequency.
Curves for Vg and V,, for practical use are developed in
[77.82] and given in [32,82].

In multiphase autoreclosure on HV and EHV test sta-
tions, considerable increases in stress, compared with
the case without autoreclosure, have been measured
[1.18,19]. Such increases range to 95%. The results of
parametiic studies covering the whole relevant range of
mechanical frequencies are given in [63]. Maximum
stress increases can be determined according to [39]
with the aid of the factor V, which is also given in sub-
section 3.4.1.



3.5.2 Mechanical Paramelers
Resonance damping and boundary conditions

The influence of mechanical resonances, mechanical
damping and boundary conditions at the ends of buses
can be summarized as follows [5]:

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

- Mechanical damping is only of major significance in
the resonance ranges; ouiside these ranges it is
very slight, even with the comparatively high
logarithmic damping decrement A = 0.2. For tubular
busbars the value A = 0.05 is appropriate [55]. Me-
chanical damping can be ignored apar from the
case of multiphase autoreclosure. In numerical cal-
culation methods, stability considerations may well
make it worthwhile to take damping into account;
however in this case, the calculation should be per-
formed with a small damping value so that any
resonance present can be discemed.

- Different boundary conditions for the conductor ends
cause shifts in the resonance ranges. Qutside these
ranges the stresses after only slightly.

Supports, number of spans and unequal distances

tnvestigations performed on typical high voltage ar-
rangements with different mechanicat properties of the
supports and different boundary conditions {5.61] show:

- Elastic supports cause a shift in the harmonic oscil-
lation resonances and a reduction of the resonance
enhancements as compared to the rigid support ar-
rangement. The siress outside these resonance
ranges, above all in the mechanical frequency range
fo /150.1, is not significantly influenced by the elas-
ticity of the supports.

- The maximum dynamic bending moment in the sup-
ports increases approximately linearly with distance
h [20]. For Fig. 3.5 the maximum bending moment
at the base of the insulalors is Amaehy 0F Brachy
and at the base of the substructures correspondingly
Amax(h + hz) or Baay(hy + hy).

- lnvestigation shows that the influence of the number
of spans n is not large if n > 3; therefore mu'tispan
arrangements can be suitably represented by three
spans.
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- Arrangements with unequal distances between sup-
ports can gengrally be treated with sufficient ac-
curacy if all spans are assumed to have the largest
occurring distance between supports. Thereby, at
most, the end insufators are stressed as severely as
the inner insulators. Very short distances between
supports, measuring less than 20% of adjacent dis-
tances between 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 ac-
cording to [39] is feasible and expedient for design pur-
poses in most cases. This method is based on ex-
tensive parametric studies using numerical and anaiyti-
cal methods and was verified by measurements in HY
and ERV substations carried out by WG 23.02. The ap-
plication of the IEC B65 method is easy and the ac-
curacy for most practical struclures is adequate.

Advanced methods are nesded mainly for:

- parametric and sensitivity studies

- optimum design of standard structures

- computations for unusual structures

- computalions 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 structure.  When
structural data are accurately known, high and controlled
caleulation accuracy may be achieved. However, in
practical situations, data for foundations, insulators and
joints are not well known and additional measurements
may be needed to ensure accurate final resulis. Gener-
al purpose program systems for structural dynamics may
be adapted for bus system design, and as well, varous
specific, less costly programs have been developed
which allow fast computations for cases which are not
too complex.

Users of advanced calculation methods must recognize
that the assumed boundary conditions for the bus sys-
tem and other structural data are inevitably imprecise
and that this can cause considerable deviations in cal-
culation results for mechanical frequencies and the
stresses. In order {o achieve reliable results, the model
data should be varied within the range of possibie inac-
curacies. In practice, typical substations have a large
number of bus arangements; therefore, such sensitivity
studies are costly and inconvenient even with modern
computing equipment. This demonstrates the practical
advantages of simplified methods such as the IEC 865
calculation method.



4 FLEXIBLLE BUS SYSTEMS

4.1  Introduction

The analysis of flexible busbar systems is much more
complicated than that of rigid bus systems because
these structures experisnce significant displacemants in
response to the short-circuit forces which depend on the
displacements of the conductors and this results in a
highly nonlinear behaviour. As well, the complete con-
ductor, insulator and support structure system must be
considered in the analysis. During the 70's, the mem-
bers and experts of WG 23.02 began development of
methods, (for example using finite element methods) to
caiculate the dynamic response of flexible busbar sys-
tems to short-circuits. In addition to the use of advanced
methods, exiensive efiorts wers 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 conductors have
been developed which ditfer very significantly in terms of
the models used to represent the bus systems, the
numerical calculation techniques, their capabilities and
complexity. Most of the calculation methods use com-
puter programs, which present different options, pos-
sibilities and computer requirements. The methods are
divided into four classes, namely, simple, medium, ad-
vanced and bundle pinch. For aach of these methods,
definitions, range of application, required data and gen-
oral results are described in the following paragraphs
and Appendix 3.

The typical bus configurations 1o be analyzed have been
classified as described in Section 1.4 and Figure 1.8:

- Case A: horizontal strain bus connected by insulator
strings to steel structures

- Case B: vertical connections to span (droppers)

- Case C: connections between components (similar
to case A, but with shorter spans and lower static
tensions)

- Case D:jumpers

A simplified representation of the so-called pure cases A
and C is illustrated in Figure 4.1.1.

4.1.1  Simple Method

This class of calcutation methods uses simple analytic
representations of bus shont-circuit effects which can be
accommodated with hand calculation and/or pocket cal-
culators. They give maximum values and no information
about fime history or evolution of the phenomena.
These methods require only general data, for example
span langth, static tension, distance between phases,
structure stiffness, cable mass, short-gircuit current and
duration. These methods may be derived for spans

longer than 20 m from (or are extensions of) the IEC
method.

Cases C, D, and pure case A (no droppers) can be ac-
commodated. These methods typically provide only the
swing out tension, falling down tension, and a maximum
tension to be considered for dimensioning. An envelope
of displacements is available (not the trajectory) allowing
for a rough, conservative approximation of the clearance
between phases.
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Fig. 4.1.1 "Pure" case A or C (see Fig. 1.8)
{without droppers and the supports being con-
sidered as massless springs)

4.1.2  Medium Msthods

Limiting the complexity of the problem by reducing the
number of degrees of freedom or making simple approx-
imations, allows mathematical models involving the solu-
tion of a system of a few differential equations using
step-by-step time integration. This is the first type of me-
dium method. The calculation can generally be per-
farmed in a short time on a personal computer, with a
modest memory (a few lens kB) requiremant. Because
of the approximations inherent with these methods,
several imporant limitations remain,

Bus configurations can also be representad by a simple
system involving time and space integration. This is the
second type of medium method. In this case, the cal-
culation requires more computer storage space and
computation time, depending on the mode! and on the
complexity of the method used.

Medium methods can accommodate “pure case A", C
and D bus configurations. The short-circuit duration is
taken into account. Tims-integrated mathods give a
time-history of tensions and displacemonts for the mid-
dle of bus spans, while time and spacs integrated meth-
ods give more detail. Droppers {case A+B) can only be
considered as added masses and bus systems which
deviate from the pure case A cannot be represented. As
a result, resonance problems betwesen conductors and
suppoils are generally not detected [10]. The results are
approximate, but can be adequate depending on safety
factors, the conservatism used and the structure.

General structural data and time-history information
{short-circuit duration, time constants, reciosure, efc) are
required. As well, heating rate and expansion coeffi-
cients can be taken into account. The general result ot
these types of methods is a more quantitative time-
history of tensions and displacements which permits
clearance calculations and an improved understanding
of the phenomena,

4.1.3 Advanced Methods

Another approach is the accurate modelling of the struc-
ture using finite elements for the conductors and sup-
porting structures. Using such methoeds to compute the
dynamic response of the structures, including their non-
linear behaviour, it is possible to obtain highly accurate



results, limited only by the degree of detail used in the
modelling and the availability of refiable basic structural
data. As with the rigid bus case, with some adaptations,
several general purpose finite element programs can be
used.

The calculation typically requires a minicomputer with at
least 300 kB of memory and one hour CPU for a typical
caleulation running on a 1 Mips (million instruc-
tion/second) machine. The main restriction is the cost.

These metheds can be applied 10 any structural con-
figuration and forcing function including, for bus design,
cases A, B, C, D as well as case A+B, Space and time
integrations can be performed to any degree of ac-
curacy, limited only by the computational fime 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 ef-
fects in a global calculation. This subject is discussed in
greater detail in section 4.4. The main limitation of ad-
vanced methods is the availability of accurate structural
data. For example, the stiliness of apparatus or exact
tength of droppers, etc, are sometimes difficult fo obtain.
In addition, for the general design situation, the struc-
tures 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. The typical
data required includes, for example, configuration data
for the bus, droppers, support structures, connections,
matlerial elasticity, mass, heat capacity, expansion coeffi-
cients, time variation of short-circuit cumrent and so on.
Nondestructive measurements on partly installed struc-
tures can improve the situation, by giving better knowl-
edge of such parameters including the sliffness and
dynamic behaviour of the components of the structure.

Tha time history of tension and displacement for all com-
ponents of the structure (cable, supports, droppers, ap-
paratus) are obtained. Step-by-step computations pro-
vide sets of structural data for the complete structural
response as a function of time and the views of the
deformed structure which facilitate the understanding of
exactly what happens to bus systems during and after
short-circuits.

4.1.4 Bundled Conductor Pinch Effect Calculation

As with other aspects of bus analysis, a range of meth:
ods is used to analyze bundled conductor pinch effect,

using simple, medium or advanced methods [12,108).

Because pinch effects occur more rapidly than swing ef-
fects, following initiation of a short-circuit, pinch effacts
are commonly 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 eHect
can also be calculated at the same time as swing effects
# an advanced method is used. In this case the com-
puter time will be increased; but the whole_problem will
be sclved 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 particularty
important factor is the equivalent dynamic spring rate of
the hardware connections, support insulators and appa-
ratus. Empirical values can be used. As with the pre-
viously described short-circuit eHect calculation meth-
©ds, bundle pinch calculations require similar data,
namely, stifiness of supporting structure, cable mass
and elasticity, number of subspans, bundie spacing,
short-circuit currant.
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The primary resuits of bundle pinch effact calculations
are peak tension in the conductors and the compression
forces on spacers.

The following sections provide more detailed dascrip-
tions of simple, medium and advanced methods for
swing effect calculations. In addition, bundle pinch ef-
fects are described and finally, a parametric analysis is
provided to give insight into the interrelationships and
sensitivities of design parametars.

4.2
4.2.1

Simple Calculation Method
General Information

Stranded conductors, as used in substation bus sys-
tems, are assumed to have no flexural strength and are
therefore normally under tensile force only, in static equi-
librium with the load imposed by their own weight. As
Iong as gravity represents the only load, the conductor of
span L1 is on the vertical xz plane on which the anchor
points Ay and B, are located (Fig 4.2.1 ). The smaller the
sag b, the larger the tensile forces P and Q. For the
simple method of calculating mechanical short-circuit ef-
fects, this premise also applies to very short spans and
large conductor cross-section. As well, bundles with two
subconductors per phase (Fig. 4.2.3) are assumed 1o
behave approximately the same as single conductors of
double the cross-section and mass for swing effect cal-
culations. These calculations are not affected by bundie
pinch. (Bundle pinch calculations are described in sec-
tion 4.4.)

N

M~

Fig. 4.2.1 Nearly horizontal spans of flexible conduclors
{single or twin} in side by side three-phase con-
figuration

The simple methed of calculating mechanical short-
circuit effects is based on the configuration illustrated in
Fig. 4.2.1. The shor-circuit loads act in the horizontal y-
direction and cause the spans 10 swing out of the verlical
xz plane. Because of the inertia of the bus system, the
response of the bus is much slower than the time func-
lions of the short-circuit forces (Fig. 1.4). Therefore, for
the simple method, the shor-circuit loads can be
represented by the mean values of the shor-circuit
forces:



.

Ling-to-line shornt-circuit load
.
F'=327 & (1+m)

Three-phase short-circuit load on outer conductors L1,
L3

Fo=0.75+ Jélg:—a 3 (1+m)
Three-phase short-circuil load on centre conductor L2

Fmn —0

F and F, are of the same value because typically 1y =

(¥372) lka. Since Ho = d4r+107 Vs/Am and taking 1J=1 Nm
the common formulae (in N/m) for practical use is

Fo=0.15& (1+m)ya

and one obtains a short-circuit load/dead load ratic of

re OISIAM8 (4 ¢ am) (4.2.9)
{gamsng)
In(4.2.1)
i.'a - Three-phase initial symmetrical short-circuit.
current in KA.
m= Factor from Fig. 4.2.2,
o= Minimum of r, if the short-circuit current appears

without the decaying component ipg of Fig. 1.1.

The reference time T for taking m from the figure is
T =Ty if Ty < T4

T =T/ if Ty >T/4 or Ty, is unknown

Ty1 is the short-circuit duration; at repeated short-
circuits it is the duration of the first current flow
T, is the pericd {in s} of pendulum oscillation of a

span with sag b, (in metres) and load ratio ro:

Tr = 1.78 by (1+r,2)025 (4.2.2)
Tha arrangement shown in Fig. 4.2.1. is clearly a very
much simplified representation of the real structures
which are iliustrated in Fig. 1.8 and classified as Case A,
Case C and Case D. The short-circuit behaviour of
these real configurations can be subsiantially influenced
by the mass and stifiness of their characteristic com-
ponents: steel structures, insulator strings, post in-
sulators, connected apparatus etc. The simple method
of caleulating mechanical shod-circuit effects takes into
account these considerations by adjusting the basic
ideas to represent individual substation sections, result-
ing in "Adjusted Simple Methods™. At the present time,
such work has been completed for connections be-
tween components (Fig. 4.2.3), (that is for Case C).
Case C is important in the substation design field be-
cause:

- Normally the post insulators andfor apparatus
represented by Case C are the mechanical weak
points of substations resulting from the refatively low
allowable bending stress of such equipment.
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Fig. 4.2.2 Factor m, the DC (aperiodic) component contri-
bution fo thermal effects [39] and shor-circuit
loads of flexible conductors. x factor for peak
shont-circuit current, see equation (1.5)

- Many expenments were necessary for development
and verification of the simple method. Case C in-
volves few parameters and is bounded by the post
insulator strength for maximum span lengths of
about 20 m. These simple configurations are rela-
lively easy to test with acceptable costs.

- Although the simple method for Case C is not
recommended for Cases A and D, until adjusted ver-
sions have been developed, designers may wish to
use this method with suitable caution in specific
cases. The significant errors which might occur

through the use of this approximate approach may
be acceplable in some cases if the cost of high
safety factors is not too great, or if the conse-
quences of structural failures in the form of ductile
ylelding (as opposed to brittle porcelain failure in
Case C) are acceptable.

Detail X

without s-¢

B S |

[ . ‘
&

¥

spacer

—— ]

i duting s-¢

12

2, =20d3nd!, = 0a,,
Y 20d<ay=25dand 1, =702,

Fig. 4.2.3 Connections between components {case C).
Actual application range of the simple method:
1.2 components whose elasticity is covered by
a standard elasticity constant S=10% N/m.
Almost horizontal span {4, | < 15
Almost paralfel conductors |2, | < 8°
Eithar single or twin conductors corrasponding
1o detail X



For pure Case C (Fig. 4.2.3.) some additional remarks
are beneficial;

- The span length 2. is only indirectly limitod by the
mechanical loads alfowed for components 1, 2.

- With the recommended spring constant S=105 N/m,
the simple method always provides reliable results.
That is, the use of this value obviates the necessity
of determining the elasticity values of the com-
ponents; but the support components are assumed
to have some elasticity. The simple method is ad-
%usted to comply with Case C using the elasticity S
47).

- Detail X, shown in Fig. 4.2.3 illustrates a twin con-
ductor bundle for Case C. Designers must estimate
bundle pinch forces in such configurations to estab-
lish that the peaks in force at the beginning of a
short-circuit caused by pinch effect (indicated by t,
in Fig. 1.5} are smaller than the subsequent swing
forces determined by equations 4.2.6 and 4.2.13 (in-
dicated by t; and 4 in Fig 1.5). This is typically the
situation for Case C because of the amount of slack
allowed in connections betwean apparatus.

4.2.2  Physical Description
Rigid pendufum

During phase-to-phase or three-phase shod-circuits two
of the spans (for example, L1 and L2) swing away from
each other. Assuming that they remain evenly shaped
and retain their paraboia fairly closely (Fig. 4.2.4a), they
can be considered to act like rigid pendulums (Fig.
4.2.4b) with a period of oscillation (for small angles 3
and constant sag b.) given {104] by:

T= 562 vEan
T=179b. (4.2.3)
withb.inmand Tin s

During the shor-circuit duration Ty a maximum angle
8=8 is attained and the distance between the centers-of-
gravity a; is greater than the static phase spacing a
and consequently the mean short-circuit force as calcu-
lated with equation 4.2.1 is reduced.

The oscillatory motion thus establishes a mean short-
circuit load/static load ratio of

T kyr (4.2.4)

& and ky in Figs. 4.2.5 and 4.2.6 are obtained by the tri-
al and srror method. Should the value Tiy/T lie outside
the range depicted in Fig. 4.2.5 (in accordance with the
caption), the designer should note that the T curves can
be extended symmaetrically (mirror image) about the a.

However spans during short-circuits do not behave fike
free, ideal pendulums; they sustain radial displacements
for some time within the & range. For this reason, de-
signers should assume to be conservative, that for very
long duration shont-circuits, not depicted in Fig 4.2.5, the
maximum decay angles &y, in accordance with Fig 4.2.7,
will be attained on or after termination of the current flow.

Note that the designer must decida whathar Tx1 is the
duration of an individual shorl-Gircuit (for example in an
experiment} or the upper bound of the durations to be

3$

b}

dss

G g 0y

Fig. 4.2.4 SpansLi, L2 side-by-side and their simple
method images (rigid pendulums) during line-
to-line short-circuit. (A three-phase short-
circuit produces in the spans L1, L3 of Fig.

- 4.2.1 the same angles 5.)

fék .
1
T N
1 F=10047 L P !
150°] 00,5 : , N

N

Fig. 4.2.5 Dec

ay angle &

located on an t-fine, if the normalized
short-circuit duration Ty,/T is within the
Tia/T range of the T-line (& occurs at cur-
rent breaking moment Ty,)

corresponding with a boundary marker 4, if
Ty is unknown or the normalized short-
circuit duration T, /T exceeds the Tid/T
range of the -line (& occurs before current
breaking)
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Fig. 4.2.,7 Maximum decay angle &,

expected in a substation. For an individual Tii, read 5p,
at the 7 line intersection with Tue/T. An extreme T,
represents the worst case it Ty/T is on the left hand side
efthe 7 line vertex. For extreme Ty and if Tyy/T is on the
right hand side of the F fine vertex, the worst case is
represented by the &, of the 7 line vertex. When Tks is
unknown, multiply the Ty,/T value of the 7 lina vertex by

the T of the structure.

If the resulting Ty is shorter than

the conceivable shont-circuit durations, use the §,, of the

 line vertex.

Otherwise assume a realistic extreme

value for T, for diagram usage.

8m is the decisive parameter for span motions,

When §m < 70°, the span passes through the first
reversal point from which it returns to the steady-
state position with damped oscillations {Fig. 4.2.8a).
During or on termination of the current flow, the

radial load is at a maximum (g,m;n, coss + Fosing +

centrifugal force), which causes both maximum

lensile force Fy and maximum sag b that are caley-
lated in accordance with the following paragraphs.
The surdace area required for span motions is
depicted {right side of Fig. 4.2.8} but without a time
factor because the simpls method of calculation
does not permit time parameterization of the location
curves,

- For 70° < 5y < 180°, the span drops from the posi-
tion indicated by 8. The tensile-force oscillations
intrinsic to the span continue roughly in the direction
of the suspension points {Fig. 4.2.8b). When the
span reaches the bottom of its descent, at i the
tensile forces attain their maximum value Fr (eq.
4.2.13). The span continues to oscillate; but suc-
ceeding force peaks are generally smaller as g
result of damping.

- For &y > 180°, the short-circuit forces have imposed
such a high velocity on the span that it rotates once
or several limes prior to dropping (Fig. 4.2.8c). At
the bottom of the dascent tensile-force peaks of ap-
proximately the same order as the maximum drop
force Fy may occur at approximately equal intervals
corresponding to the span natural frequency. i
these intervals coincide with the duration of the peri-
ods of the support structures {for example, com-
ponent 1 in Fig. 4,2.3), the tensile forces can be ac-
centuated by resonance. (This effect has been ob-
served in experiments.) The simple method of cal-
culation cannot furnish more precise (quantitative)
data on this aspect because the method does not
permit calculations as a function of time.

Maximum tenslie force during short-clreuit:

If the Vau'splace'ment angle on termination of the short-
circuit & < arctan r, than the additional load reterred to
the gravitational load attains a maximum value of

@ =3(rsin & + cos & - 1). (4.2.5a)
if &2arctanr
¢ =31+ - 1) (4.2.5h)

The radial load ¢ causes maximum tensile force during
the short-circuit given by

Fi =%z Fa(1+qy) (4.2.8)
where
kz = 1.00 for single conductors {n=1) .
kz = 1.10 for twin conductors (n=2) (in accordance with

Fig.4.2.3)
Fqy = static conductor tension
= see Fig. 4.2.9

Experiments have confirmed that insulators, support
slructures and connected apparatus will experience
lensile forces during shor-circuits as calculated from
equation 4.2.6, although for the conductors themselves,
tensile peaks up to 1.5 F, can occur. Therefore, cor-
responding ratings for these bus components should be
established.

To obtain y from Fig. 4.2.9, the span factor { is required:

Myne2)2 1
- (Qamyng s} ] (42.7)
24F3 1148+ 1N AE




where (insofar as not previously explained) +¥

- N | 10 T : i Py e ]
A; = subconductor ¢ross section ' R m
Equation (4.2.6) and Fig. 4.2.9 are based on the well 08+ T V AT M,’/ i
known change-of-state equation for a span if the radial 06— DO 7“ < a // RSLE:
:?]:td_ changes from Rgy = gam;ng in Ri= gam;ns(1+g)so 04! I /éﬂ%’g :T?—"'/’:T i
) ) [ oL J LTt * {
| L o ]
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f—r
while on the curve lengths of the parabolas
L3 2
= = F - T -
L=<+ A (FJRY) Lag=t+ 24(F /Ry 19. 4.2.9 Factory
The following then applies
2 . =
P2+ 9(240) 2 + (1420) v - {(2+9) =0 Maximum sag during the shor-clroult:
so that y can be determined analytically (under the The sag by required for Fig. 4.2.8 is
proviso that y>0).
u 02 ba = Cr Cp b, (4.2.8)
a
t P The factor Cr is an empirical value established from
bcm 6% tests and covers the change in the shape of the conduc-
fJ ( om0 A~ tor curve. The following applies:
(f? ’P" \\ | ///
L Mt Ce=1.05 fr<0.8
~d— T—— Ce=097+01r H0B<r<1.8 - {4.2.9)

Ce=1.15 ifrz1.8

a) Oscillations of the span at 8, 70°

The factor Cp allows for sag increases caysed by elastic
and thermal elongation of the conductor and is calcu-
lated by -

Co=v1+2 (¥ (e, + e) (4.2.10)
8 \ b
The elastic elongation may be éalcuiated from

o= (F-Fo) (GaE + —5) (4.2.11)

For thermal elongation the following applies:
. (Mo
g = (nsAs) TB (4.2.12)
The vaiue for T is as required for Fig 4.2.2 and the
values of the malterials are as follows:

f = 0.88x10"13 m¥/(kAZs) Copper conductor

p=0.27x1012 -~ Al aluminum conductars
¢} Rotations of the span at &, 180° ACSR with As/St > 5
B=0.17x10-12 ~ ACSR with A#St <6
Fig. 4.2.8 Short-circuit location curves in the centre of the Maximum Tensile force after the short-circuit:
spans (depicted for the left-hand phase L1 of
two adjacent phases L1, L2) and determination When &, > 90° oscillation (Fig. 4.2.8b) or rotation of the
ot the surface area required {depicted for the span (Fig. 4.2.8¢) terminates with dropping of the con-
right-hand phase L2). ductar. On termination of the drop, the potential energy
HiH locus during  and
locus after current flow Epot = (9amins.£) {2b/3) 2sin? (0.55,,)
toi i, trinstants of conductor force peaks
(Figs. 1.5 and 5.3.1) is canverted into elongation energy
be, by initial static sag be, maximum sag by,
according to Equation (4.2.8) E.. 1 {3 L FRur F2
B, 8m. 81 decay angles, & according to Fig. s = SR AE 5 Ffenr F3)

4.2.5, 5, according to Fig. 4.2.7, §; = arctan 7
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That is, the theoretical tensile force Fyny caused by the
drop is based on the assumption that at the instant of
peak tension, the span is at rest (its kinelic energy is
zero) and the strain energy can be equated to the poten-
tial energy. Application of the faclor { given in (4.2.7)
results in

Fiany = Fst Y148 sin3 (0.5 8q)

Since additional kinetic energy is generally available at
the start of the drop, (that is the velocity at 5q is not
zero), tensile forces greater than Fighy were observed
during experiments. A safety factor is therefore added to
Frany. S0 that the equation for the tensile force caused by
span drop becomes

Fi = 1.2 Fy Y1+8C sin%(0.76,-36°) (4.2.13)

for &5, > 70° and with &, = 180° for rotation.

Fi is to be used (uniike Fy) for all components of the
span.

4.2.3 Applications

The simple method presented above provides estimates
of the maximum tensions and displacements of a bus
system caused by short-circuits. The calculation steps
should be carried out sequentially in the numerical order
of the equations and diagrams as given. In principle, the
simple method requires the same data (including the
short-circuit duration) as any other method.

The short-circuit duration Ty depends on the. system
protection time, which is a variable depending on system
design requirements and statistical effects that occur
during the service life of a substation. [n practice, de-
signers commonly assume that shorl-circuits occur with
variable durations and estimate the "worst case” from
analysis of historical operating records. If the short-
circuit duration Ty is not known, the simple method pro-
duces the worst case result comesponding to the
specified short-circuit current level. This corresponds to
[39] which deals with:

- the evaluation of Fy for a single conductor with a
maximum radial load ¢ given by equation 4.2.5b

- the evalualion of F; on the basis of equation 4.2.13:

Fi=F T+, if 0.6<r<2 {(4.2.13a)
Fi=Fe {1487 ifr> 2 {4.2.13b)

Finally, consistent with the 1EC Standard, designers
should consider the span lemperature rangg because

- The tensile forces F; during a short-circuit are maxi-
mal for the coldest conductors. These maximum
forces should be determined for the lowest tempera-
ture for the substation.

- The higher the span temperature the higher the
span displacements and tensile forces after the cur-
rent flow. Therefore high ambient temperatures and
corresponding conductor temperatures (typically
60°C) are considered appropriate [39,41].
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424 Example

Flexible busbar connections with two aluminum conduc-
tors, steel reinforced, (ACSR 560/50 mm?2) per phase
are planned for a 245 kV outdoor substation. The span
length is +=11.5 m and the horizontal phase spacing
a=3m.

The conditions depicted in Fig. 4.2.3. detail X are fulfilled
with a12 = 7 ¢m center-line distance between the sub-
conductors and with one spacer al the mid point of the
span.

The anchor points at each span end are insulators on a
steel substructure, that is, in accordance with Fig. 4.2.3,
with a stiffness of S=105 N/m.

The steady-state maximum tension per phase at -5°C,
with ice load, is 2000 N, so that at -20°C the tension is
1465 N and at 60°C it is 1220 N,

Regarding the short-circuit level, the following applies:

- the three-phase symmetrical short-circuit current
(rms) fa =40 kA :

- the factor for peak short-circuit current x = 1.8

- the mechanical short-circuit stresses are to be
determined for an unknown short-circuit duration
Txs, as well as for Tyy = 0.05 5, Ty; = 0.16 5 and Ty
=0.8s.

The {ollowing data are also available and are necessary
for the calculation:

Con_duéior cross seclion  NgAg = 1.224103 m2
ngmy = 3.91 kg/m
E = 6.20+10'% N/m?2

c=043m/0.52m

Conductor weight
Young's modulus
Sag -20°C/60°C

Supplementary calculated variables: ’

Temperature in °C: -20 60

o Eq (4.2.1) 2.09 2.09
Tyins Eq (4.2.2) 0.772 0.849
Tins Eq{4.2.3) 1.18 1.28
4 Eq(4.2.7) 2.92 5.06

Table 4.2.1 demonstrates that for short-circult durations
0.255 < Ty < 0.32 s, the drop of the span leads 1o the
worst case tension Fy = 9430 N. Therefore, insulators
with ralings exceeding 10 kN, with no safety factor pro-
vided, are necessary according to [38]. At 0.193 s after
initiation of the shon-circuit, the maximum swing force
{6920 N) occurs. Therefore, the connectors for this bus
shouid be rated on the basis of 1.5 Fyy.,/2 = 5.2 kN per
conductor.

425 Future Extensions

As already mentioned, test results for the verification of
simple methods for applications in the field of Case A
and Case D would be desirable. However, in the ab-
sence of this, designers must recognize that the simple
method is not a universal tool like the advanced calcula-
tion methods.



Table 4.2.1
Tabular compilation of the Calculations Performed for the Example

Shont-circuit duration
Tyins: unknown 0.05 0.16 0.80
Conductor temperature
in deg: ° -20 60 -20 60 -20 60 -20 60

T Fig. 4.2.2

Eq. {4.2.12) 0.193 0.212 0.05 0.05 0.16 0.16 0.193 0.212
m Fig. 4.2.2 0.232 0.211 0.800 0.800 0.280 0.280 0.232 0.211
r Eq.(4.2.1) 2.57 2.53 3.76 376 2.67 2.67 257 2.53
Ty /T, T Eq. (4.2.3) A A 0.042 0.039 0.136 0.124 0.678 0.620
& indeg Fig. 4.2.5 132 130 9 7 51 43 132 130
ky Fig.4.2.6 0.860 0.840 0.980 0.980 0.914 0.910 0.860 0.840
T. Eq. (4.2.4) 2,21 2.13 3.68 3.68 2.44 2.43 2.21 2.13
$nindeg Fig. 4.2.7 >1801 >1802 75 66 164 141 140 139
span curve Fig. 4.2.8 rotation falldown pendulum  fall down fall down

. 527 5.16

Eq. {4.2.5 5.27 5.16 1.73 1.35 5.1 4.66
i l-fllg( 4.2.9) 0.63 0.71 0.74 0.83 0.63 0.73 0.63 0.71
Frin N, Eq. (4.2.6) 6920 6290 3670 2850 6790 5880 6920 6290
byinm, Eq. {4.2.8) 0.75 0.81 0.61 0.67 0.74 0.79 0.75 0.81
Frin N, Eq. (4.2.13) 8680 9430 2180 - 8440 7940 7270 7750

A = final value of f-curve according to Fig. 4.2.5 reéding rule
1=0205< Ty <0.30s
2=025s5<T,;<032s

The aim for Case (A+B) is to integrate into the pure
Case A, all of the influences caused by portals, droppers
and insulator strings. The representation of droppers
(Case B} wili not be detailed sufficiently that details on
their tensions and displacements will be calculated; but
their Influence on the main span will be included to some
extent. In the present state, it has been established that
single insulator strings have only a small influence on
the current method and therefore its application is ac-
ceptable for such Cases A,

For Case D, no such extensions are planned for the fu-
ture, because such configurations require, in particular,
data on the space required for conductor motion. This
can be determined faify accurately with the current
simple method; but an additional space reguirement
must be imposed, which would be determined by the
motion of the insulator strings of Case A or at least cal-
culated by an approximate method. Excessive space re-
quirements can easily be avoided, (for exampie, by rais-
ing the loop weight [18)). In general, the tensile forces in
configuration D do not have much influence on the
tensile force maxima of configuration A. Therefore apart
from the effects on the lower level equipment connected
by droppers, in practice it is not essential to calculate the
tensile forces of configuration .
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4.3  Medium Calculation Methods

4.3.1  Infroduction

Between the hand calculations of simple methods and
detailed modelling of advanced methods, is a wide
range of computational techniques termed, "medium
methods™. These methods can be subdivided in two cat-
egories:

1. The first category is characterized by methods which
avoid space integration and reduce data require-
ments by making simple assumptions about the ge-
ometry of the cable before, during and after short-
circuits.  Several methods, based on pendulum
models (for example, distributed and concentrated
pendulum models), fall into this first categery. They
are called pendulum models or "time-integrated
methods”,

2. The second calegory is characterized by methods

which accommodate time and space integration. By
accepling some limitations concerning the modelling
of connections between cables, droppers, and so
on, it is possibla to design methods which perform
space as well as time integration. They are less
general than advanced methods, bacause they can-
not include each component of the structure in as
much detail as designars could require. Saveral
specific programs fall into this second category, for
example, CONEX and SACS/DACS. They are
called “time and space integrated methods™.



The main objective of medium methods is to raduce
engineering and computer raquirements and therefore
costs, while maintaining adequate accuracy of results for
design purposes. The convenience of medium methods
is obtained at the expense of calculation precision,
flexibility for analysis of special arrangements and
availability of detailed resufs for connections, supports,

8ic. Table 4.3.1 summarizes the medium methods

presently available,

The types of bus configurations solved by medium meth-
ods are the pure Casa A type as described in section
4.1. This problem is a dynamic noniinear problem; the
nenlinearity referring mainly to two aspects, namely:

- the substantial deflactions of the bus, including con-
ductors and string insulators

- the dependence of the magnitude of short-circuit
force on the relative positions of the short-circuit cur-
rent carrying conductors,

4.3.2 Time Integrated Methods

Time integrated methods are mainly based on pendulum
models. As shown in Fig. 4.3.1, the span, including con-
ductors, strain insulators and supporling structures, are
transformed into a simple elastic pendulum with 2, 3 or 4
degrees of freedom. The differences between the vari-
ous methods involve the number of degrees of freadom,
whether the mass of the pendulum is distributed along
the pendulum arm or concentrated at the end of the
pendulum arm and whether the equations are integrated
1o give the complete time-history or integrated only dur-
ing short-circuit and then balanced to give maximum ten-
sion. In all cases, the results are presented in the form
of time-histories of tensions and displacements at the
middle of the span,

Distributed pendutum

This model (PENDO2), which has been described in
{78], is gaining general acceptance and has been
adopted in simplified form for slack conductors by IEC
865 and VDE 0103 [39,41]. See section 4.2 and Appen-
dix 3 for application of a simple method of calculation.,

Model and assumptions:

- Each point of the conductor is assumed 1o receive

the same resultant force.

- Representation of the length variation of the caten-
ary during a short-circuit event is & central part of the
model.

= The mass of the pendulum is distributed uniformly
along the fength of the pendulum arm,

Integration of the dynamic equations:

- Time integration is performed only until the first max-
imum peak of tension is reached. Then an energy
balance gives the peak tension for the {all of the bus
span. Therefore, the complete trajectory and time
history of tension of the span is not available.-

Concentrated pendulum

Several models based on concentrated pendula have
been designed, as shown in Table 4.3.1. One of these
[13] has bean usad ior the parameter analysis of shon-
circuit effacts presantad in section 4.6.

General assumptions:

- The shape of the conductor span is assumed to be a
parabola throughout its motion,

- The stitiness of the pendulum arm is a function of
the tension in the cable.

- The electromagnetic force is assumed 1o be that cre-
ated by two conductors of finite length, located at the
instantansous position of each gravity center, and to
act in the diraction definad by a line joining the
gravity centers of the two conductors,

- The conductors are assumed to ba incompressible,
which implies that the lowest value of the tension is
limited to zerc.

SWINGT
Model and assumptions:

- The model and equations have been described in

[69]

- Figure 4.3.1 shows the pendulum with two degrees
of freedom:
b = sag of the parabola
& = swing angle

- The concentrated mass is located at the. radius of
gyration of a suspended parabolic representation of
the span, which is 2/3 of the sag of the span.

- The mass of the pendulum consists of the mass of
the cable and a certain part of the mass of the strain
insulators. It is calculated from the initial sag and
tension using the following farmula

M=8bF,/g,. (4.3.1)

Fig. 4.3.1 Two Degrees of Freedom Pendulum



Table 4.3.1

Synoptic View of Available Programs
{Medium Methods)

A1 designation

A2 developed and
available from

CONEX

EDF
Paris
France

PENDO2

Univ
Erlangen
Germany

PENDBL

Tractebe!
Brussels
Belgium

PENDULUM

Univ
Liege
Belgium

SACS/DACS

ASEA AB
Vasteras
Sweden

SWINGT

Ontario
Hydro
Canada

A3 references

Ad data generation
i=manual
2=automatic
3=intaractive

AS time descretiz
1=explciit
2=implicit

AB time step
C=manual
1=automatic

A7 damping
O=no
1=yes

AB output
1=printed
2=graphic

A9 source code
1=FORTRAN
2=PASCAL

A10 core memory

B1 mass
1=concentrated
2=distributed

B2 elements

1=axial force only
2=elastic plastic

3=linear plastic
4=unextensible insulators
S=sce heating

B3 displacements
1=large (nonlinear)
2=small (linear)

B4 space discretiz
1=finite elements
2=finite differences

C1 supports model
1=arbitrary shape

2=truss, full structure
3=reduced to frame
d=reduced to spring & mass
S=reduced 10 spring

D1 electric forces
1=distributed
2=phase-phase

interactions
3=autoreciosure

D2 static loads
1=gravity
2=ice
3=wind

(8]

1.2

1.2

1
600-1200K

1.2
135

1.2.3

1.2

[78]

‘very low

1,3

1.2

1.2

tel

1,2

1.2

80K

1,356

1.2.3

12,3

(9

1.2
1

very low

1,35

4.5

1.2.3

1,23

(9

1,2

1.2

250K

13

123

1.2.3

(69]

-1,2

80K

1.3

1,2,3
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- Because the frequency of swing-out motion is as-
sumed to be low compared to the natural frequency
of the structures, the structures are represented by
mass-less springs.

- The mass of the span is connected to a fixed pivot
point by a nonlinear spring, representing the rela-
tionship between tension and sag. Assuming that
the conductor remains in a plane and maintains the
shape of a parabola throughout the motion:

F=Fg+ (8/3.¢) (b2 - b2) / (LAE + 1/8) (4.3.2}

- Swing equilibrium gives the first equation. It de-
scribes the rotational equilibrium between inertia of
the concentrated mass, located at 2/3 of the sag =
F(sag and the second derivative of swing angle), the
gravity load = F(swing angle) and the short-circuit
load = F{time, sag and swing angle):

23M(bE+28D)=-Mg,sins + F, 4rcoss  (4.3.3)

- Spring equilibrium gives the second equation. It de-
scribes the equilibrium between inertia of the con-
centrated mass = F(second derivative of sag), the
spring force = F(sag), the gravity load = F(swing
angle), the short-circuit load = F(time, sag and swing
angle) and the centrifugal force = Fithe first deriva-
tive of the swing angle):

2/3M (b - b 82) = Mg, cos5 + F, 4 sing - BoFle (4.3.4)

Integration of dynamic equations:

- The set of equations, as described above, consisting -
of two second order ordinary differential equations
and one nonlinear algebraic equation, are solved si-
multaneously using the Runge-Kutta-Gill method,

PENDBL
Model and assumptions:

- The model [9] is similar to that used by SWINGT,
with the addition of the representation of thermal ex-
pansion of the conductors under short-circuit current
heating.

- Two pendula are used to model two phases. This
gives 4 degrees of freedom and 4 differential equa-
tions, but allows for different characteristics of the
two phases (for example, initial tension or sag) or
level of anchoring points and therefore for nonsyn-
chronous motion of the two phases and vertical
components of the shont-circuit forces.

Integration of the dynamic equations:

- The set of equations, as described above, consisting
of four second order ordinary differential equations
and two nonlinear algebraic equations, are solved si-
multaneously using the Runge-Kutta method of the
sixth order with Fehiberg automatic step size control.

PENDULUM

- The model and equations have been described in
[9,105). Figure 4.3.2 shows one phase of the
pendulum with 4 degrees of freedom as used in
PENDULUM. Different swing angles for the conduc-
tors and the insulators and support structures
defined by a mass and spring systam (instead of a
simpla spring) are reprasarted.
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This modal can represent two different phases if the
data for each are nol identical. [t includes a new
pendulum arm, which makes it possible to take the
insulator chain into account and include the rota-
tional inertia effacts of the span.

The parabola of the cable (without the insulators) is
assumed to remain in a plane, which rotates from
the vertical plane, as in the other pendulum models,
but in this model, the end points of the conduciors
can also move on a circular locus.

The insulator chains are assumed to ba inextensible
and their conductor connection ends can move on a
circle. This movement can be described by one de-
gree of freedom, namely the angle of rotation, rela-
live 1o the plane of the pendulum. Thus, the length
ol the arm is constant.

The anchoring points can include both mass and
stiffness, allowing for a correct reproduction of the
frequency of the first symmetrical Eigenmode of the
supporting structure. It is difficult to include the ef-
fect of other phases in this stiffness.

The model, with separate degrees of freedom for in-
sulators, may be very sensitive to resonance prob-
lems batween the conductors and insulators, which
results in overestimating iensions in cerain cases.
If the length of insulator chain and tha mass of struc-
ture are set to zero, this model reduces to the
PENDBL model.

Integration of dynamic equations:

A sel of three nonlinear, fully coupled, second order
diffefential equations must be solved. This number
increases to five if the inertial effect of supporting
struclures is included. The equations are integrated
using an "impraved™ fourth order Runge-Kutta meth-
od with an automatic step size control.

4.3.3 Space and Time Integrated Methods
SACS/DACS

Model and assumptions:

The method has been described in [9) and consists

of two analyses:

- SACS includes the static analysis of a flexiblg
cable suspended at each end

- DACS performs a dynamic analysis for a two
phase short-circuit on the same suspension bus

Figure 4.3.3 shows the 3-dimensicnal calkulation
model. The nodes are assumed to remain in a
plane perpendicular to the axial direction of the
suspension bus at its initial position.

As a result of portal elasticity, the model assumes
that an axial movernent of the plane can be super-
posed.

The strain insulators are always located between the
first two or tast two nodes of the spans.

The suspension bus can be simulated by about 20
different component parts, each having its own char-
acteristics. In fact, the discratization can be finer (a
100 calculation node array is recommendad).
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Fig. 4.3.2 Four Degrees of Freedom Pendulum

VERTICAL
DIRECTION

HORIZONTAL

LONGITUDINAL

DIRECTION

T (23
72

i DISTANCE BETWEEN SUSPEMSION POINTS |
i L

0 i

- HORIZONTAL 23
LONGITUDINAL
HORIZONTAL DIRECTION
CROSS
DIRECTION
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- Concentrated masses can be located al nodes to
simulate droppers.

- Elasticity of insulators and suspension bus is in-
cluded. Flexibility is assumed to be infinite.

- Horizonlat and vertical loads are supported, allowing
for wind and ice loading calculations.

integration of dynamic equations:

- The time-history response in two diractions is com-
puted using a fourth order Runge-Kutta method with
an adaptive time step or by a modified Euler back-
ward method. Reduction of the time-step can be ob-
tained by using a mean value for the shor-circuit
current time function.

- The short-circuit forces are calculated by integrating
the contribution of each part of the electrical circuit
at each time step. i the sag is small, an approxima-
tion can be made by neglecting the displacement of
the conductor during the period of current flow,
which resufts in a slight loss in accuracy.

CONEX

Model and assumptions:

- The model has been described in [19]

- The conductors are assumed to be perfectly flexible.

- The suspension hardware is assumed elastic and
flexible,

- The dead end support is simulated by an equivalent
mass and spring.

- The method includes energy dissipation due to air
friction and to friction forces between the strands of
the conductor.

- Thermal expansion of the conductor resulting from
its heating during short-circuits has been introduced.
This heating is assumed to be adiabatic.

- The equations include:

- dynamic representation of the conductor under
external and internal (friction) forces

- conservation of mass (related to elongation of
the stressed conduclor)

- representation of the elasticily of the matedial, in-
cluding thermal expansion of heated conductors

- dynamic representation of bending and lorsion
of the towers (supporting structures).

Integration ot dynamic equations:

- The system of equations is hyperboliic. - Care must
be taken to maintain stability of the numerical meth-
od, in relation {o time and space increments and to
propagation velocity of longitudinal waves in the
conductors.

- The time-history response of the structure is calcu-
lated for a two phase shori-cireuit using a finite dii-
ference method. The method is explicit in time for
each point of the conductor and implicit for the in-
sulator stings and partal frames.
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4.3.4 Calculation Procedure

Set of Data

For the first type of medium maethods, the data set is
reduced 1o characteristics of components, dimensions of
structures and parameters of shor-circuits. For the sac-
ond type of metheds, more information must be given for
the geometry as a result of the extended capabilities of
these methods. Appendix 3 gives an example of the ra-
quired data for the first typs of medium method. The
data required by the second type of medium method are
very close to those required by advanced methods,
depending on the capabilities used.

Interactivity and User Friendiiness

As a resuit of the simplification of calculation methods, it
is possible to obtaln programs which run interactively
and which allow for easy, computer-aided, data entry.
Thus, medium methods are simple 1o use, results are
obtained at low cost and in a few seconds (for first type
of methods), and designers can perform several calcula-
tions to get the worst case or 1o test 'the design
sensitivity. Space and fime-integrated methods (section
4.3.3) may also be used in a similar way, although with
higher cosls.

Graphlc Enhancements

Certain programs (for exampla, PENDBL) provide im-
mediate illustration of the trajectory of the cénductors
{Fig. 4.3.4), and of the clearance between phases {Ap-
pendix 3). A plot of the variations of tensions in the con-
ductors can also be displayed (Appendix 3}, which clear-
ly indicate the maximum values. These features are im-
portant, because they give the designer tangible know!-
edge of the dynamic behaviour of the bus conductors
under short-circuit conditions. A plot of the results is al-
ways motre effective than a list of numerical values.

Set of Results

As mentioned in section 4.3.2, for time integrated me-
dium methods, the results are limited to mid-span dis-
placemants and the tensions of the conductors as a
function of time. For space and time-integrated meth-
ods, mora information can be obtained, as a result of the
extended capabilities of these methods. Appendix 3
gives a typical example of the results obtained from the
first type of methods.

4.4 Bundled Conductor Pinch
Effect Calculation
441 Introduction

Normal or emergency ampacity, and (in HV and EHV
systems) corona loss and radio noise requirements typi-
cally can only be satisfied for flexible bus systems
through the use of more than one conductor per phase.
Traditionally, the number of conductors per phase, con-
ductor size and bundle spacing, for such bus systerns,
have been determined primarily from ampacity and radio
noise specifications. Two, three and four conductor per
phase designs are typical in HV and ERV systems. As
is well described in Chapter 1 of this brochure, currents
flowing in conduclors generate forces acting betwean
the conductors. For bundled conductor systems, the rel-
atively close bundle spacing and typically large short-
circuit currents can result in very significant conductor



Static pull : 1.65 kN
Haximum tension 13.31 kN
Corresponding time : 1.329 s
Initial sag ; 0.970 m
Max., displ. left 0.359 m
Max. displ. right : -1.393 n
Hax. displ. down : -1.620 m
Hax. displ, up : 0,040 m
Hinimum clearance 0.645 m

Fig. 4.3.4 Example of output from PENDBL
Ikz =294 kKAfor0.8s

forces. As illustrated in Fig. 4.4.1, the forces acting on
the conductors cause a rapid acceleration of the conduc-
lors towards each other until they clash together. This
rapid pinching together of the conductors causes an ef-
fective shortening of the conductor length available for
the bus span which results in a rapid increase in con-
ductor tension. This rapid increase in conduclor tension,
which occurs typically in the range 10-50 ms after fault
initiation, is transmitted to the span support points (in-
sulators, hardware and support structures) as an im-
pulse loading. Figure 4.4.2 shows a typical oscillogram
of a short-circuit current waveform and the correspond-
ing phase tension. The support structures respond
dynamically to this rapid increase in phase tension and
interact with the bus span in a complex fashion depend-
ing on their mass, stitiness and other parameters. Com-
ponents of the increased tension are also applied to any
bundle spacers which may be present [48]. For EHV
substations, bundie 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. In lower vollage substations, phase spacings
and bundle spacings are typically reduced and as z
result bundle pinch tensions may not be the dominant
factor.

Of concern to designers ara 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 concemns, a num-
ber 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
methed to determine bundle pinch tensions is through
full scale high-current testing {e.g. 30]. Uniortunately,
the cost to camy out such tesling for the range of bus
configurations encountered in practical substation de-
signs, makes this approach impossible. As a result, de-
signers have resorted 1o a number of simplified and ap-
proximate methods to estimate bundle pinch effects.
Several of these methods are briefly described in the fol-
lowing section.
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4.4.2 Calculation Methods

Calculation methods fall into three broad categories,
namely: standardized recommendation, simplified and
advanced calculation methods. These three approaches
will be discussed in the following paragraphs. Because
of space limitations, full detail cannot be provided.
Readers interested in detailed presentations of these ap-
proaches are directed to 1he references.

Standard Methods

The only known standard dealing with bundle pinch is
the German Standard VDE 103 [41]. The methed is
based on experimental evidence and simplified analysis
and is applicable {0 slack conductors supported on pin
type insutators. The standard cannot be applied to all
cases. Evaluation of the literature or measurement is
suggested for non-standard cases.

Simplified Methods

A number of approaches have been developed to
represent, in simplified form, the highly complex pro-
cesses acting in the bundle pinch efiect. The first ap-
proach can be broadly categorized as the static balance
method. Methods such as Atwood et al [46], Serizawa
[5Q], the EDF recursive technique and a static balance
method developed at the Instytut Energetyki in Warsaw,
Poland fall into this category. In these methods, the
electromagnetic forces acting on the conductors are
resolved according to the pinched bundle configuration
and balanced with the phase and conductor tension
components. Recursive or iterative techhiques are used
to establish the bundle configuration parameters (for ex-
armple, the length of conductor in contact and conductar
tension) for which the electromagnetically induced forces
are balanced with the conductor tension. These meth-
ods may or may not include simplified representation of
the support structures, insulalors and hardware. The
simple static balance method is described below.
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Fig. 4.4.2 Oscillogram of a typical bundie pinch tension

Simple Static Balance Method

The simple static balance method involves the following Based on mechanical relationships or Hooke's Law:
simplifying assumptions. 1. The response of the con-
ductors is instantaneous. Thal is, tha dynamics of the Fea = Fgr + EA{a2y)

phenomenon are neglected. 2. Joule heating and

acoustic energy losses are neglected. 3. The flexibility where
and dynamic interaction of support structures and in- Fen
sulators is neglected. 4. The conductors make contact Fa
during the short-circuit, 5. The subconductors assume a
parabolic shape (see Fig. 4.4.1) in the ponions of the A
subspan In which the conducters do not make contact, ot
The tension in the subconduclors can be estimated s
using the following two approachas.

Elactromagnetic force, N

Static tension in one conductor of bundle, N
Young's Modulus, N/m?2

Conductor cross-section, m2

Change in length of the conductor, m
Subspan length, m

o b

The electromagnetic force is estimated using the classi-

Based on the electromagnefic forces: cal Ampere relationship:
F OF = 2202 g,
Foi=cosa "2y

£0



Based on the parabolic shape of the non-con{acting por-
tion of the subspan (see Fig. 4.4.1):

d a -L\2
-2 ()

The electromagnetic force is oblained from:

arc tan 1/%‘£

where i is the peak shor-circuit current in KA and agd,L
and a are defined in Fig. 4.4.1

L
Fm= { dFm=02i2
m g O * EEa)

a.-d

[2 E -
2 L+§=2%2
L2+—a'5%2
2
Fs1=0'4"‘[' 2

(as-d) vd(as-d)

2E N
Fsz=Fst+7;A [4L2+i%—032 - ]

These two equations can be equated and solved for the
unknown quantity, L, and the conductor tension calcu-
lated from:

COS =

arctan a—S—f (4.4.1)

and

(4.4.2)

Fi=2F,sina=2F,

Energy Balance Method

A second simplified approach involves a balancing of
energy at the insiant of maximum bundie pinch. The
Ontario Hydro method [g9] falls into this category. In this
method, the conductors are assumed to lie in & horizon-
tal plane. The strain energy in the conductors, plus the
kinetic and potential energy in the supporting structures
at the instant of maximum bundie pinch is equated to the
energy expended on the bundle during the pinch by the
electromagnelic forces. The resulting non-linear equa-
tion is solved for the distance to the point of contact of
the conductors by Newlon's method. Assuming that at
peak tension the conductors adopt the parabelic and
linear profile shown in Fig. 4.4.1, and that the work dane
on the linear section of the conductors is dissipated by
the impact, the work done on subspan i by the elec-
tromagnetic forces during bundle pinch {neglecting cur-
rent offset) is given by:

Ry
W -8 H z

o g2

dy dx
2y J

The change in kinetic and potential energy of each sup-
port structiure at the instant of maximum bundle pinch is
given by:
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1 1 R S
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Where x(t.} is the displacement of the structurss at the
time of impact, (estimated by modelling the support
structures as simple one degree of freedom spring-mass
systems subjected to a forcing function derived from ap-

“proximations of the force cbserved in tests). x%is the in-

itial static displacement of support structure n, Mn is the
effective mass of support structure n and SS9, is the stiff-
ness of support structure n. The maximum displacement
of the structure can be found by equating the potential
energy al the instant of maximum displacement to U",.
The equivalent static load on the structure is calculated
simply from the maximum displacement and the static
stiffness of the structure. The increase in strain energy in
the conductors in subspan [ resulting from tension is
given by:

Ly
2
2

2
ul -J T~ Fa®
¢ 2EA

0

and resulting trom bending is given by:

L
o 17FJ)-2d4 J‘

. B ;2 ¥
0o 1+ — (&
12

2
Y- C (e,d/2)

An expression for the maximum tension Fpinterms of L
is obtained by equating the increase in length of the con-
ductor caused by the increase in tension, to the increase
in length required by the parabolic and linear profile (as
shown in Fig. 4.4.1), while taking account of the change
in span lengih caused by the deflection of the support
structures. Finally the equation:

2 Mgy ) .
T U T (U4 U - Wi=0
n=1 1! n=1 ¢ B @

where ng, = the number of subspans |

is obtained by equating the change in the sirain energy
in the conductors and the kinetic and potential energy in
the structures at the instant of maximum bundle pinch to
the work done by the electromagnetic forces. This equa-
tion can be solved by Newton's method for L, which is
subsequently used to obtain the peak conducter tension
using the expression described in the previous para-
graph. This method, as it is presently used, is somewhat
conservative as it neglects energy dissipated as heat
and noise and energy absarbed by the span raising in
response 1o the increased tension. The compressive
load in bundle spacers is also obtained from the geome-
try of the conductors in the vicinity of the spacers as il-
lustrated in Fig. 4.4.1.



Recant studies have also shown that it is necessary to
include in the analysis the strain energy absorbed by the
suspension insulators and hardware. This assembly is
modelled by a simple massless spring having a dynamic
stiffness (based on measured data) of 5250 N/mm. Fig-
ure 4.4.3 illustrates a composite comparison of
measured varsus calculated results [86].
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Sq = 5250 N/mm s
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Fig. 4.4.3 Measured versus calculated peak conductor
tensions for Ontario Hydro 1974 test results
[86). 330 mm bundle spacing, 61 m span. Sq
is the dynamic stitiness of the insulator string
assembly. The number beside the symbol * in-
dicates the number of subspans. Fault cur-
rents range from 13 kA to 50 kA but are not
identified on the plots. Peract comelation be-
tween measured and caleulated results exisls
for points on the solid diagonal. The dashed
lines indicate + 11 kN deviation from the solid
diagonal,

Solution of Dynamic Equations

The third simplified approach invelves solution of the for-
mal dynamic equations of motion of the bundle conduc-
tors. Each conductor in the bundle is assumed o form a
parabola in a rotating plane, both before and after pinch.
In contrast to the previously described models, this ap-
proach represents a two parameter, or degree of free-
dom, model. This method was first developed in [85] but
abandoned apparently as a result of numerical in-
stability, Recently this approach has been successiully
pursued using the unconditionally stable, Newmark time
integration procedure (79]. Numerical solution of the
dynamic equations provides the conductor tension and
contact distance as functions of time. Also, the equi-
librium values of the conductor tension and contact dis-
fance have been deduced in static form from the
dynamic equations.

Advanced Methods

The final approach for calculating bundle pinch eflects is
the use of advanced detailed calculation methods. Early
work on this approach was reported by Schaffer [51].
The conduclors were modeted as elastic strings with
uniformly distributed mass which were represented for
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short-circuit conditions by a set of nonhomogeneous hy-
perbolic parial differential equations. By means of
space and time discretization, a system of coupled, or-
dinary differential equations of second order is obtained
which is solved by numerical integration. Finite element
analysis leads to the same set of equations for the case
of lumped masses. The space and time increments may
be selecled to satisty numerical convergence require-
ments. Calculated maximum bundle tensions ustng this
approach agree within 30% of measured values except
for cases with reduced spacing and relatively few
spacers, where small absclute differences in low tension
peaks result in relatively large deviations.

The use of modern finite element analysis is particularly
suited for detailed dynamic analysis. Although the use
of such methods is very cumbersome, they are needed if
the complexity of the phenomenon is to be adequately
represented. The use of such methods will allow, for ex-
ample, the accurate and detailed modeling of the con-
ductors, the connecting hardware and the support struc-
tures. Because of the nature of the forces, the rapid
movement of the conductors and the resulting impulsive
loading of the support structures, detaited medeling of
the dynamic response of the conductors, hardware and
support structures and their interactions is necessary.
Work on the development of such models is being
carried out in several countries: however, only limited
results have been produced to date [12],

Although the development of advanced methods includ-
ing analysis of bundle pinch efiects is neetled, thair
ultimate use as practical design tools will probably be
limited. Techniques such as finite element analysis ars
very powerul and with effort such techniques can be de-
veloped fo represent very accurately the response of
specific bus configurations (see also Section 4.5). The
use of such techniques typically require substantial
amounts of detailed structural and mechanical data
which is difficult and expensive 1o obtain at best or im-
possible to obtain at worst, for future arrangements for
which designs are being made. And iastly, as indicated
above, the use of such advanced methods is presently
very cumbersome and therefore time consuming and ex-
pensive for practical design purposes. '

443 Application

The application of bundle pinch calculation techniques
would be best illustrated through detailed numerical ex-
ample. However, most calculation techniques (even the
simplified methods) are performed by computer pro-
grams. Tharefore, the application of these calculation
techniques will be illustrated by a numerical example
using the Simple Static Balance Method and by the
results of parameter studies.

Simple Static Balance Example

Configuration Data:
Caonductor ACSR 54/19
Diameter d=0.0356 m
Cross-section A=995x10% m?
Young's Modulus E=7.033x1010 N/m2
Bundle spacing a,=0.381 m
Length of subspan £,=18.796 m
(there are three egual subspans in a span of
56.388 m)
Initial tension Fg=13970 N
Peak shor-circuit current =100 kA



Inserting these values in equations 4.4.1 and 4.4.2 and
equating gives:

131605 L ¥1.7+0.0298252
= 13970 + 7446089 {¥ 2 + 0.0258352 -L)

This equation is solved for L giving L=0.975 m. Using
this value in either equation 4.4.1 or 4.4.2 resulls in the
subconductor tension Fg= 127000 N. The normalized
peak tension Fy/Fg =9.09 and the force acting on the
support F=2 F, sin a = 250100 N.

Parameter Studies

Although simplified methods, by definition, are some-
what approximate depending on the specific simplifica-
tions made in their development, they are adequate for
the purpose of investigating the sensitivities of the
phenomenon to parameter variations. Such a study was
recently reported {12] in which the EDF recursive meth-
od and the Ontario Hydro energy method were used. As
well, an additional study using the simplified dynamic
model [79] with the same data as in [12) has been
carried out. Apart from the parameter sensitivity aspect
of these studies, it is also interesting to compare results
for the various methods. Four conduclor sizes, two
bundle spacings, five subspan lengths, three sets of
support structure data and three current levels were
selected. The reader is referred to [12] for details of the
parameters and results of the sensitivity study. Figure
4.4.4 compares the results of the two methods in [12]
and the results of the method in {12] for these data. This
figure illustrates the ratio of peak bundle pinch tension to
the pre-fault static tension, Fo/Fs, as a function of the
number of subspans. For bundle conductors with wide
conductor spacing and for shor-circuil current greater
than 80 kA (peak), difierences are less than 30% of the
maximum value. Figure 4.4.5 illustrates typical com-
pression forces as a function of number of subspans for
the four conductor sizes.

Figures 4.4.4 and 4.4.5 iliustrate typical resufts for
bundle pinch tensions. The ratio Fp/Fs, for wide bundle
spacings, ranges from about 4 to as high as 20 depend-
ing on the short-circuit current, the number of subspans
and the type of conductor. The ratio increases as the
number of subspans increases; although as the number
of subspans is increased, eventually a maximum F/Fg
will occur beyond which, if the number of subspans is
further increased, the ratio F/Fy decreases. This effect
(not normalized) is illustrated in Fig. 4.4.6. If the bundie
spacing is reduced, the ratio Fp/Fg ranges from about
1.5 10 6, again depending on the shor-circuit current, the
number of subspans and the type of conductor. Clearly
the ranges of the ratio F/F indicate that peak tensions
generated by bundle pinch can be significant. These
peak tensions act directly on the conductors, the con-
necting hardware and the support insulators and these
components are required to have ratings exceeding
these peak instantaneous loads. The loading of the sup-
pent structure (described in section 5.3.2) resuiting from
these impulsive loads is highly complex. Generally the
strength rating of components in the support structures
can be reduced if analysis is carried out to include con-
sideration of the dynamic response of the structures.
4.4.4 Conclusions

In general terms, theoretical and experimental studies
indicate the imporiance of bundie pinch effect in regard
to bus hardwars and support slructure loadings. For
fiexible bus spans, reduced spacing belween sub-
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conductors, consistent with therma!l and ampacity re-
quirements, is recommended. In addition, it is recom-
mended that as few bundle spacers as possible be
used, consislent with the maintenance of adequate con-
ductor separation under maximum load current condi-
tions. (Maximum subspan fength can be delermined
from static analysis, including consideration of conduc-
tors slicking following short-circuits.) in addition to the
thermal considerations, subconductor contact under
normal load conditions is undesirable because the
alternating electromagnetic forces resull in a vibration
which produces arcing and radio noise.  For flexible
jumpers, two approaches are suggested; either allow
adsquale slack 1o accommodate any possible pinch ef-
fect or provide enough spacers that significant pinch is
prevented.

4.5
451

Advanced Calculation Methods
Introduction

The occurrence of shor-circuit currents in substations
with flexible conductors leads to large transverse con-
ductor motions. These motions cause an increase in
eonductor tension, resulting in dynamic loadings on
savaral components of the bus structure. For severe
short-circuit  conditions, extrame conductor motions
result which lead to highly nonlinear dynamic behaviour.
As described in the previous sections, designers have
the oplion of considering testing and simple or medium
calculation methods., However, in some cases there is a
need for more detailed results which leads to the pos-
sibility of using advanced dynamic nonlinear simulation
analyses. These analyses can be used for cases A,
A+B, C, D (as illustrated in Fig. 1.8) and can provide the
designer the possibility 1o evaluate relatively easily,
stresses and strains anywhere in a substation and for a
range of substalion parameters and configurations. This
capability contrasts with simplified methods and experi-
mental testing, where detailed studies are restricted to a
limited number of locations and configurations.

This section provides a guide for design engineers on
the application of advanced computer methods for the
evaluation of mechanical etfects of short-circuit currents
in HV and EHV substations. Specific attention is given
to the following:

- calculation of electromagnetic shomt-circuit forces by
advanced analysis

- modeilling of conductors and structures

- computer methods for simulation of electrodynamic
behaviour of flexible conductors

- examples of application.
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State-of-the-Art In Advanced Compuler Calculfations

In recent years, the detailed analysis of complex struc-
tures has become possible through the use of digital
computers operaling on discrete models. However, pre-
cise evaluation of the mechanical effects (displace-
ments, stresses) caused by short-circuit currant in sub-
stalions with multiple, flexible conductors is not a trivial
problem. It cannot be solvad in a satisfactory way by the
direct application of any of the presently available gener-
al purpose computer programs, although thesa can pos-
sibly be adapled, e.g. ADINA [97], NONSAP [53]. SAM-
CEF {100] has the capability of direct application using
the submodule SAMCEF-CABLE, which was produced
spedifically for suspended cable analysis by the program
developer. As well, some attempts have been made to
prepare special purpose programs for the examination of
shert-circuit effects (for example, STANAN [60]). An ad-
vanced computer-aided approach allows for a much bet-
ter simulation of the real structure ({through more
detailed physical modelling and more powerful mathe-
matical analysis) than is the case for any simple method.

Application of advanced calculations costs.belween 1
and 2 CPU hours on a medium sized mainframe com-
puter. As well, the modelling, data preparation and
structural representation for analysis by advanced pro-
grams involves a significant investment in engineering
time. The overall cost is justifiable, depending on the
relative significance of mechanical shon-circuit effects in
the design of any specific substation.

4.5.2 Short-Circuit Forces In Advanced Analysis

The electromagnetic force acting between any two cur-
rent carrying elements (including elements in the same
conductor) is calcllated using the formulas 1.6 to 1.8.

In a finite element context, the spatial distribution of
forces can be calculated numerically in a consistent
manner on the basis of the shape functions utilized to
construct the mechanical model, as described in {98).
The finite difference approach [60] may aiso be used.
Integration of the forces Is done by taking into account,
for single conductors, the spatial distribution of forces,
which is dependent on the motion of the cable and which
undergoes relatively slow changes compared with those
of the time distribution. Thus the spacial distribution
need not be updated at each step of the time-integration
process. The elementary contributions resulting from
remote elements decrease in proportion to their distance
and it is possible to stop the integration when the relative
incremental contribution becomes less than a given
{olerance.

Short-circuit current data needed for caleulation of the
short-circuit forces are described in section 1.2. In addi-
tion, a definition of the short-circuit current path is re-
quired.

For bundle conductors, the short-circuit farces depend
on both conductor-to-conductor and phase-to-phase in-
teraclions. The conductor-to-conductor electrodynamic
forces are particularly important in this case because of
the relatively close spacing and they depend on the ac-
tual configuration of the bundle during the shart-circuit.
The conductor motion within a bundle changes relatively
fast in comparison to the intarphase motion. Hence for
the description of the short-circuit current the harmonic
tunciion, given in Chapter 1, must be used and an ac-
celerated updating of the short-circuit forces during the
time integration should be applied.



4.5.3 Modeiling of Conductors and Structures

Brief Descriptions of Typical Real Structures

Typical flexible bus configurations include strain buses
with single or bundled conductors, insulator strings, steel
towers or gantries, apparatus (insulators, connectors,
drop leads, hardware and so on), substructures and
foundations. For a more detailed description the reader
is referred to section 1.4 of this brochure. The buses are
secured to the sleel structures by insulator stings and
the individual spans are supparted such that axial move-
ment is parmitted. The strain insulators are either of the
cap-and-pin type (glass or porcefain} with many ele-
ments, or they are of the longrod type {porcelain) with
few elements.

For steel structures, the lattice type predominates over
the solid-web types. The bases of supporting structures
which only have 10 bear vertical foads may be hinged.
The foundations are designed to meet all given loads but
they do not remain motionless in the earth if large short-
circuit forces occur, Relerring to the apparatus, the
reduction in stifiness caused by coupling links should be
noted. For instance, a complete insulalor assembly is
more elastic than the porcelain column. For optimum
calculation accuracy, the availability of measured data,
such as deflections and spring conslants, is imperative.

Mechanical Model Used in Calculations

For calculations, the actual structure mentioned above is
replaced by an ideal representation, called a mechanical
model. It consists of bars, cables and possibly rigid
bodies. Two kinds of bar elements ara distinguished,
namely truss and beam elements. Truss elements are
straight bars which are only subject to axial forces (ten-
sion or compression). Their connections are hinged.
Beam elements can transmit arbitrary forces and mo-
ments (that is, besides axial forces, they may be sub-
jected to bending and torsion forces). In calculations,
truss elements are characterized by cross-sectional
area, mass density, Young's modulus and Poisson's
ratio. In the case of beam elements, torsional and bend-
ing moments of inerlia are also needed.

Conductors and Insulators

Conductars play the key role in the success of any me-
chanical model of a substation. Under the influence of
short-circuit forces they display a strong nonlinear be-
haviour including large displacements and rapid
changes of shape in the neighbourhcod of spacers.
Conductors are modelled by tensioned cables that may
be considered as a chain of cable elements of the re-
quired order. Insulators are represented by a chain of
figid or semi-figid bodies. Jumpers and droppers, if con-
sidered, are also modelied like cables or assumed to be
concentrated masses. Usually multiple conductors are
considered in detail with their motion restricted by
bundle spacers represented by truss elements.

To save costs, calculations for bundle conductors can be
done in two steps. In the first step all bundle delails are
incorporated and the analysis is continued until the
bundle pinch effects are finished. (For a more detailed
description of this phenomenon one is referred 1o sec-
tion £.4.) In the second step, the bundle is replaced by
an equivalent single conductor and the relatively slow in-
terphase conductor motions are analyzed. Note that for
the transition from step 1 to 2 special purpose options for
the ramodelling of the program are needed. Due to a
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lack of comparison between experiments and calculation
results of phase-to-phase bundle interactions, this may
be the subject of further work.

Droppers

Experionce with finite element analysis indicates that in-
teractions of the shor-circuit current forces between
conductors and droppers are important for an accurate
description of the electrodynamic behaviour of droppers,
For calculation of these interactions, two methods are
recommended:

1. Account for all electromagnetic forces arising be-
tween all the elemeants within the short-circuit current
path. In this case the interactions of elements within
the same conductor are also considered.

2. Include only the forces arising between the elements
in a cable segment "consisting of a group of ele-
ments within a conductor or dropper* and all the ele-
ments in other segments within the shor-circuit cur-
rent path. In this case the minor effect of the forces
arising between the elements within the same con-
ductor or dropper can be neglected.

Porlal Structures

A real supporting structure is represanted by a space
{rame {structure composed of beam elements) or trusses
(structure composed of truss elements). As a result of
the relatively small displacements, structural motion may
be described well in ferms of linear theory, contrary to
the nonlinear theory necessary in the case of conduc-
tors.

As with modern design of portal structures, the mechani-
cai properties are delermined from finile element
analyses. The substructure slifiness and mass matrices
can be subtracled from these analyses. This approach
leads to a reduction of the size of the finite element mod-
efling of the substation. For existing portal structures,
the supporling stiffness matrix can be derived from the
measured flexibility matrix which can be added as a sub-
structure sliffness matrix. By adding lumpsd masses,
one can fit the frequencies of the substruciure to those
of the existing portal structurs.

Apparatus

The stifiness properties of connected apparatus only
slightly atfect the dynamic behaviour of the conductors.
Hence apparatus can be modelled by rigid boundaries.
The stress and strain caused by dynamic loading on ap-
paratus can be determined from separate calculations,
in which the calculated loading history is used as input.

General Features of Mechanical Mode!

A reasonable electromechanical model of a substation
should represent not only large displacements of cables
{nonlinear theory) but also temperature and damping ef-
lects, various boundary conditions {for example,
clamped and free-supported), the type of foundation for
the supporting structures, service conditions such as the
type of short-circuit, duration of shon-circuit current, mul-
tiple reclosure, actual shor-circuit electromagnetic
florces and so on.

A very important problem is the exact system loading
caused by electromagnetic shor-circuit current forces,
including conductor-to-conductor interactions. These



electrodynamic intaractions essentially depend on the
actual configuration of conduclors. In this way elec-
tromagnetic and mechanical effects ars combined. Por-
tal structures can be modelled with finite elements.
However, these can be replaced for analysis purposes
by simpler equivalent substructure representations. The
theory and calculation methods in the general case of
nonlinear dynamics of structures are described in [95-

97].
4.5.4 Simulation ot Electromagnetic
Dynamic Behaviour

Initial Conditions Static Solution

The electrodynamic behaviour initiates from static equi-
libium cenditions. Hence the sagged conductor and
droppers must fulfil these conditions. Before application
of the short-circuit forces, the static equilibrium condi-
tions must be determined from static nonlinear analysis,
usually performed by FEM or special purpose programs.

Discretization

Practically all calculation methods may be implemented
by a computer. However, advanced computer ap-
proaches require preliminary discretization of the prob-
lam being considered. That is, the actual structure has
to be represented by a mechanical model which results
in a discretization by finite elements, as discussed in
section 4.5.3. In this way, the problem expressed in
terms of differential or integral equations is replaced by
another problem described in terms of algebraic equa-
tions involving discrete quantities (hrumbers). The
dynamics of structires deals with both space and time
discretization. At the present time, finite alement meth-
ods or finite difierance methods are generally- applied
for spatial variations, while time discretization is usually
performed by various forward integration methods {for
example, [B8] and {95)). These are so-called uncondi-
tionally stable solution methods. In most programs op-
timal values for time integration parameters are included
as default values.

Ku + C + Ml = R(t) {4.5.1)
and where K = K{u), C and M are respectively stiffness,
damping and mass matrices, u and R displacement and
force vectors.

Time Integration

Various step-by-step methods are usually applied to ob-
tain numerical solutions of the above equations, Al each
step, a nonfinear boundary value problem, formulated as
a system of simultaneous nonlinear algebraic equations
must be solved. The time step must be selected in coor-
dination with the smallest period of interest in the struc-
ture. As the fundamental frequency of the short-circuit
current force is two times the power frequency, the time
step size has to be about 1/10 of the time period of these
forces. Hence the time step will be about 1 ms. How-
ever, in substations with single conductors, the lowest
Eigenfrequencies, which are excited by short-circuit
forces are about 1 Hz. For bus systems with such low
natural frequencies, the mechanical response is only
slightly affected by the high short-circuit current force fre-
quencies. This allows simplification of the calculation of
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the shont-circuit forcas, as has been indicated in Chapter
1, Eq. 1.10. This process permils a considerable in-
crease in time integration step, which can be raised to
0.01 s to follow the actual force. A detailed description
of numerical solution procedures of finite element meth-
ods is presented in [85].

Summary of Advanced Method Capabililles and
Drawbacks

For the user, the important questions are: "What are the
capabifities?" and "What are the problems with the ad-
vanced computer approach?” its main advantages are:

- The capability to consider relatively complax models
precisely enough to get satisfactory agreement with
actual conditions.

- Satisfactory solutions may be obtained in cases that
are not predictable by any simple methods {and by
experiments if they are possible), such as for struc-
tures of a new type or structures with a significant
change of parametars.

- Results may be obtained as a function of time for
any quantity wanted, (for example, displacements
u(t), stresses oft) at any required point of the struc-
ture). This is not possible for any other calculation
method,

- Resulls may be presented in graphical fornr suitable
for any design engineer; in well-equipped computer
centers, interactive technique may also be applied.

On the other hand thers are some clear disadvantages
of the advanced computer approach:

- Computation of dynamic problems may be ex-
pensive. Satisfactory resulis may require times in
the order of hours of CPU use for a contemporary
mid-size computers.

- Results are not available immediately.

- A laborious and time-consuming task of initial data:
preparation for each problem is required. This may
sometimes be decreased i mechanisms for auto-
matic data generation are available.

- Advanced computer programs are highly complex
and not likely to be understood in detaif by most de-
signers. Therefora treatment of such programs as a
"black box" risks a certain amount of abuse and
misuse.

- Therelore, engineering experience is required for
critical evaluation of the final results.

4.5.8 Programs In Practical Use

This section describes some of the most-advanced com-
puter programs which have been adapted and used for
numerical analysis of mechanical eHacts in substations
resuiting from short-circuit currents. A typical mechani-
cal model, more or less common to these programs, is
shown in Fig. 1.8. Table 4.5.1 can be used to compare
these programs on the basis of their assumptions, dis-
cretization methods and ranges ot capabilities.



Tahle 4.5.1

Comparison of Advanced Computer Programs Analyzing. .

Mechanical Effects of Short-circuit Currents in

Substations with Flexible Conduciors

Program Name

SAMCEF-CABLE

NONSAP

ADINA

STANAN

General informatlon

Data generation:
Manuale1, Auto=2

Time dfscr:
Exple1, Impls2

Time step: optional = 1

Darnping:
Optional=1, No=0

Results (output):
displace siresses at
any point = 1

Code Fortran = 1

Core required

1.2

1.2

256 kB

250 kB

1.2

12

350 kB

450 kB

Conductors and Insufators

Mass:
concentrated (lumped) =
distributed {consistent} = 2

Elements:
transmit axial forces
only = 1

Material:

optional, e.g. el-plastic = 1
linear elastic = 2

insulators not extensible < 3

Short-circuit heating:
optional = 1, no = 0

Arrangements per phase:
single=1, duplex=2
mulliplex=n, with spacers=3,
with collapse during SCx=4
jumpers=5, droppers=6

Displacements
large=1, smali=2

Space discr:
finite elements=1
finite diference=2

1,2

23

1.2

1,2

1234
5.6

1.2

1,2

1,2

1.2.n3
4,586

1.2

1,2

23

123.4

Supporting Structures

Solid web structure:
arbitrary shape=1
truss full structure=2
reduces to frame=3

Space discretization:
finite elementsa
finite differences=2

123

1,23

123

Elecirodynamic Forces

Distributed = 1
Phase to phase = 2
In bundle = 3
Unsuccessful
autoreclosure = 4

1234

1.23.4

1234

1.23.4

Other Loadings

Static:
gravity « 1
cee2
ground = 3

Oynamic:
e.q. earthquake = 1

1.23

1.23

123
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Although most general purpose structural analysis pro-
grams may be adapted for the analysis of bus systems
under short-circuit conditions, the general purpose pro-
grams SAMCEF and ADINA are applicable without pro-
gram modifications. Options for user supplied loading
subroutines are available and users can add specific
subroutinas for the calculation of the short-circuit forces.

Sources for Programs

1. Program name: SAMCEF
University of Liege {Belgium)
Adaption to short-circuit problems
Sponsored by TRACTEBEL
References [7,79,105]

2. Program name: NONSAP
University of California Berkeley (USA)
Adaption to short-circuit problems
N.V. KEMA (The Netherlands)
University of Erlangen and
University of Karlsruhe (W. Germany)
References {80,93)

3. Program name: ADINA
M.LT. Cambridge (USA}
Adaption to short-circuit problems
Siemens (W. Germany)
ASEA (Sweden)
N.V. KEMA (The Netherands)
Reference {7]

4, Program name: STANAN
Technical University of Cracow {Poland)
Adaption 1o short-circuit problems
Energoproject (Poland)
Reiference [7]

4.5.6  Preparation ot FEM Model

The elsctrodynamic behaviour initiates from a static
equilibium condition. This condition can be determined
from a nonlinear static analysis, This can be performed
by special purpose programs. However, when such pro-
grams are not available, the following procedure is
recommended. :

initial Conditions Determined from FEM Analyses

Model each conductor and its insulators as a stretched
string fitted between the supporting structures, as shown
in Fig. 4.5.1. Then fit the droppers as stretched strings
between its connections to the cenductors and the appa-
ratus. To allow for non-zero transverse stifiness, an ini-
tial pre-stressing is appiied. To satisfy equilibdum with
respect to this pre-stressing, additional forces are ap-
plied at the ends of the conductors and droppers as
shown in Fig. 4.5.1. Subsequently, the gravitational
loads are incrementally applied, and at the same time
the additional forces are removed.

Next, the desired sag and curvatures of the droppers are
established by appropriate contraction or expansion of
the conductors and droppers. For this procedure, a fic-
titious thermal expansion can be used. The procedures
recommended above can be well supported by
preprocessors, which are available for most general pur-
pose programs. This simplifies the work significantly.
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Fig. 4.5.1 Stretched string model which serves as a basis
for FEM analysis for determination of the initial
static equilibrium conditions

Recommendations for FEM Modelling

Based on experience with advanced analyses of elec-
trodynamic behaviour of flexible single conductars, the
following recommendations for the modeliing of conduc-
lors and droppers are suggested. Conductors should be
discretized with approximately 20 nodes. Discretization
of the insulator chains depends on their length refative to
span iength. Droppers can be discretized by 6 nodes.
Designers can use either three-dimensional truss ele-
ments or higher order elements, The necessary data for
the mechanical properies of the conductors and In-
sulators are well documented in Appendix 3.

457 Applications

In order o verify the capabilities of the numerical meth-
ods, comparisons between tests and analyses have
been carried out. In the first case the substation tested
by Laborelec has been analyzed with ADINA, SAMCEF,
STANAN and NONSAP [7]. The required set of data for
the analysis of this problem is given in Appendix 3.
Some special aspects should be noted. First, STANAN
cannol take droppers into consideration, and second, as
a result of the lack of beam elements in the nonex-
tended NONSAP program, the portal structure stifiness
has to be modelled by mass-spring systems. In spite of
these simplifications, a satistactory agreement betwaen
the experimental results and those determined by the
numerical methods was obtained.

Some interesting results, for exampie conductor motion
and conductor tension at midspan, are shown in Figs.
4.5.2 and 4.5.3. Some results of more specific interest
for the design of substations are given in Appendix 3.

In the second case, a substation tested by EDF was an-
glyzed with some medium and advanced methods
{SAMCEF and NONSAP). The calculation resulls have
been described in [10]. Due to the very limited data for
the portal structures, they had to be modelled as mass-
spring syslems. Hencs, identical assumptions for tests
and calculations were not possible. As well, there were
some differences belween measured and calculated
sags which may be ascribed to limited data for the actual
lest-span. These differences are clearly significant from
the very beginning of the conductor motions, as is’
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Fig. 4.5.2 Conductor displacements al midspan of Laborelec substation, as presented
in [7]. Experimentat curves (drawn lines) with the diverging bands of numeri-
cal results. 1 west conductor, 2 east conductor, 3 portai structures

Fig. 4.5.3 Tension in east conductor of Laborelec sqbsta~
tion, as presented in {7]. Thin lines experimen-
tal curves. 1 ADINA, 2 SAMCEF, 3 STANAN

shown in Fig. 4.5.4, and these continue throughout the
final results, as shown in Fig. 4.5.4 for conductor motion
and Fig. 4.5.5 for tension at midspan. For this specific
case, the results illustrate the significant influence of the
modelling and the data used for the calculations. This
sensitivity may also be apparent in testing. However, to
reveal these sensitivities, extensive testing is required.
Hence advanced analysis can be applied to reveal these
sensitivities and can be used as a guide for the selection
of locations in a test configuration to be monitored during
testing.
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Parameter Analysis

Introduction and General Parameters

The aim of this parameter study is to give design
engineers a good qualitative and hepefully intuitive un-
derstanding of how short-circuit phenomena are in-
fluenced by the respective physical and electrical param-
eters. Readers new lo this field, may be able to obtain a
better understanding of the phenomenon by not focusing
on a specific case with specific data; but attempt to get
an overall view of the influences of various parameters
by understanding what happens whan they are varied.
For example, a parametric study on the choice of sub-
span length ean be very instructive, The analysis de-
scribed in this section is the result of numerous calcula-
tions based primarily on medium methods for singte con-
ductors and experimental tests for bundle conductors.

The paramater analyses have been limited 10 the follow-
ing two items (Case A, C, D according to Fig. 1.8):

- phase-to-phase interactions {cases A and C, ex-
cluding pinch effect), effects on tensions (section
4.6.2) and deflections (section 4.6.3)

- bundle pinch eHfect (section 4.6.4)

Nota that for Case D (jumper) clearance is developed in
section 4.6.3 and bundle jumper in section 4.6.4.

The approach is mere qualitative than quantitative;
nevertheless, it provides useful guidance to the design
engineer, The parameters that have been considered
are listed in Table 4.6.1 below.

Table 4.6.1
Parameters Included

Current parameters:
- rms shonr-circuit current magnitude
- network time constant
- duration of shont-circuit
- autoreclosure

Conductor parameters;
- initial static {ension
- (sub)span tength
- interphase distance
- subconductor separation
- number of subconduciors
- Cross section
- mass
- elasticity modulus

Supporting structure parameters:

- anchoring structure stiffness {spring constant)
‘ - dynamic spring constant (bundie only)
! - spacer stitiness
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As conductor heating is always associated with short-
circuit current flow, this effect has been included in the
analysis,

Results of importance for the designer are:

In cases A and C: swing-out tension °F;, falling
down tension "F{", and deflections

- For bundled conductor configurations, only the maxi-
mum pinch tension "Fy" is discussed.

For the general purposes of parameter analysis, inde-
pendent consideration of each of the parameters in
Table 4.6.1 is awkward because of the compensating in-
teractions between the parameters. Therefore, more
general undimensional parameters have been intro-
duced by salectively grouping related parameters from
Table 4.6.1. A very limited number of dimensionless pa-
rameters gives a better understanding of the interactions
between the parameters. As a result of numerous dis-
cussions, dimensionless parameters were identified for
single conductors: Py, P,, P3 and P, [13]; and three for
bundles: Py, (a specific case of Py}, P, (the same as for
single), and Py {106). These factors are described in the
following paragraphs.

The Force Factor

Shart-circuit forces can cause relatively high accelera-
tion in comparison with the forces of gravity depending
an the magnitude of shont-circuit current. The ratio be-
tween the forces per unit length (short-circuit and gravi-
tational forces} which is equal to the corresponding ac-
celeration ratio, is defined as the first parameter (the
force factor): -

Py = FQ Im'g,

(4.6.1}

where Fy =0.2 2 /a  {or = 0.15 [34%/3a) {(4.6.2)

The parameter Py is identical to r, defined in section
4.2.1 without any asymmetry influgnce.

The factor Py is only valid {or inter-phase affects. For
example the weight is the total weight per unit length of

one phase: an equivalent single conductor is assumed
{m' = ng m').

For bundle configurations, the eHects between the sub-
conductors of one phase are given by a specific case of
P4 indicated by P,s:

Prs = Fog/(m's gp) {4.6.3)

where Fag = 0.2 (lka/ng)2 » ¥ (ng-1)/d {4.6.4)

with ny equal to the number of subconductors (ng>1),
and d equal to the diameter of the bundle:

d = ay/sin (m/ng) {4.6.5)

in practice, Py values are in the range 0 1o 6 and Pis
values are in the range 0 to 100.



The Nelwork Faclor

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, t. This
value is fixed by the network. Obviously, t is an inde-
pendent parameter. The dimensionless time parametar
P, is obtained using the frequency of the current which
leads to:

l P2=m

Although P is independent of the asymmetry level of the
current, the current wavelorm asymmetry is an important
parameter. The cument waveform asymmetry is
dependant on the angle of tault initiation which, in prac-
tice, is an independent, statistical parameter. For practi-
cal design purposes, the conservative assumption of
maximum asymmetry is usually made.

(4.6.6)

Values of P, are typically in the range of 5 and 50 (x
from 15 to 160 ms). :

Short-circuit Duration Factor

For phase-to-phase interactions, the short-circuit dura-
tion is an imporant parameter. As described in earlier
sections, phase-lo-phase shortcircuits (worst case) can
induce significant low frequency displacements. The fre-
quency is relaled to the oscillation period of the
pendulum model of the span. In situations like case A or
C. this frequency may be given by the simple pendulum
formula: ’

pendulum frequency = 0.56 / ¥be. (4.6.7)
that is, a period of T = 1.79 vb¢ {4.86.8)

The maximum swing out of the cable is 2 function of the
duration of the short-circuit and the period of osciflation
of the busbar. This leads to a natural choice for the next
parameter P which is simply given by:

Py = I.}L (4.6.9)

For sags between 0.5 and 2 meters, T ranges from 1.25
1o 2.5 seconds. Values of Pa lypically range between
0.015 and 0.3, sometimes higher; but the maximum
stress increases until Py reaches a maximum of 0.25,

The Structural Factor

The response of the structure to the applied force is not
obvious. Thers is a complex relationship between sag,
tension, span length, mass and stiffness of conductors
and the anchofing structure. In order {0 determine the
structural behaviour of the complete bus system, a
simple appreachis taken:

In the case of phase-to-phase interactions, the increase
in langth of the conduciors can be deduced in two ways
(expressed as an equivalent single conductor per
phase).

61

ﬁom elasticity:

L= i + (F-Fs,)lE_A] {assuming no heating) (4.6.10}
from parabola geometry:

£=Lg+267b2l-2 (F-Fg)/S {4.6.11)
{S is the spring rate of supporting structure)

thus (F-Fg) (LJEA + 2/8) = 2.67 bedl 4o (4.6.12)
Thus the next parameter, Py, is given by:

Py = 100 S b2f[Fg Lo (S L/EA + 2)] (4.6.13)

Note that for case A, £, is the length of cable only {ex-
cluding the insulator strings). In the P4 calculation, £
can be taken as the span length of the cable busbar.
Recalling the simple sag-tension relationship:

be = M'Qn £o2/(B X Fst) (4.6.14)
There is a ciose connection between P4 and the "span
factor” defined in section 4.2.2. In a physical sense. Py
is a ratio between two stifinesses, namely:

- the intrinsic stiffness of the cable in series with the an-
chors: 1/{£,/EA + 2/5)

- the exirnsic stiffiness resuiting from the initial condi-
tions, mainly the ratio sag to span:

Fey Lo/De2 = 0.125 m'ga (Lo/Oe)? (4.6.15)
In practice, anchoring stiffnesses range between 10°
and 5-106 N/m, and values of parameter P4 are between
15 and 300.

Bundle pinch effect

A similar development leads to similar equations {written
for one subspan using per subconductor data) from the
elasticity refationship (see (4.6.10)) and from the geome-
try:

2 =N+ -2 (FFe) (15¢ + 1/S2) (4.6.16)

{where Sg = longitudinal stiffness and S; = spacer stiff-
ness)

9 = {8, - dg¥sin{n/ng) (4.6.17)
As described in [48], the increase in tension is propor-
tional to the current. In fact, the forces ingcrease with the
square of the current; but the length of the conductcrs
not touching {and thus the effective length centributing to
{he force), decreases simultaneously. The combined ac-
tion of increasing the force and decreasing the free
length, give a simple proportionality relationship between
current and lension. Therefore converting this formula
to:

(Fpi - Fs/(M's Gn £s) propartional to ¥Ps (4.6.186}



Ma:king the same derivations as for Parameter Pg4, and
taking equations (4.6.10, 4.6.16 and 4.6.18) into ac-
count, we derive another new dimensionless parameter,

M's Gy £2 (L/EA + 2/Sy + /S, )/g2 (4.6.19)

in order to cover the range of general use the new pa-
rameter, Ps is defined by:

Ps = 200 [m's gq 24,2 (/EA + /54 + 2/5,)

* sin(r/ng)/(a,-dg)?]0 233 (4.6.20)

{Note that ¢ has been replaced by (4.6.17).)

Physical interpretation of Ps is the same as for P, except
that in the "extrinsic™ stiffness, the sag is obviously re-
placed by "¢* and the span by the subspan. In practice,
values of P5 are between: :

05..10 20 ....100  200....500
jurmper substation overhead line

Normalized tension and deflection

The increase of tension is the main concern for the de-
sign of the structure. For phase-to-phase interactions,
FiFg {with F = F, or F() has been selecied as the basis
for normalization. Because pinch effect is not a function
of initial static tension, normalization in this section for
bundie pinch efiect is based on (Fpi = Fa)(m's go £5).

Ancther design value for the substations is the °
clearance. It can be easily deduced from the following
normalized deflection: Y;,/ be.

Exampie of caleuiation

in the foilowing paragraphs, the parameter values for a
typical example bus configuration are calculated.  In
later parts of this section, the example is continued to il-
lustrate specific aspects of the variation of parameters.

Data:

245 kV substation

span langth - 40 m (excluding insulator string)

twin bundle 2x400 mm2 ACSR, a,=0.15 m,
ds=0.03 m, le=10m

weight m’y g, = 15 N/m per subconducior

interphase distance:a=35m

sag of cable busbar b, = 0.6 m _

caleulated static tension Fy, = 10 kN!p}lase

anchoring stiffness: 8 = 1 MN/m (spring constant)

equivalent dynamic spring: S4 = 10 MN/m

short-circuit current: ks = 40 kA rms

time constant: t = 60 ms

duration of fault: 0.2 s (with maximum asymmetry)
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Parameter values for inferphase efiects:

Fo=0.2 » 40%3.5 = 91.4 N/m and m'gn=2+15 = 30 N/m
Py =91.4/30 = 3.0

Pz = (2r+50)-0.06 = 18.8

Tk=025 and T=1.79x¥06=1.39s

P3=0.2/1.38 = 0.144

£ S/EA = 40 + 105/(6x1 010-2:400x106) = 0.833 MVN

Py w100+ 105+ 0.62/[10000 + 40 « (2 + 0.833)] w 31.8

Parameter values far bundle pinch efect;

Fos = 0.2 x (40/2)%/0.15 = 533 N/m and m; » g, = 15 N/m
Pys = 533/15 = 35.6

P,=18.8

P3 and P4 do not apply for pinch effect:

<5/EA + 2/Sq + 2/S; = 10/(Bx10'? « 400x10-6) + 2/107 + O
=617x10% nvN

Mg g X £s2 /{8 - dg)2 = 104.2 kN
Ps = 200 {104.2x10%617x10-%)0.33 = g

4.6.2 -Effects on Mechanical Tensions

A quaiitative approach can be used to determine the ei-
fects on the conductor tension caused by variations in
electrical and physical parameters. These effects ars il-
lustrated by famiiies of curves given in Figs. 4.6.1 to
4.6.3. '

Parameters : |, a, m', Heating, T,

The combined interaction of the first four parameters (I
a, m', heating) are included in P4, the most imporant pa-
rameter. As a result, all of the curves in Figs. 4.6.1 1o
4.6.3 describe the effect on Py (abscissa) caused by all
of the other parameters.

Obviously, P, should be as low as possible {because a
lower Py implies a lower normalized tension). From the
definition of Py, an iricrease of fault current fevel of a fac-
tor 1.25 {for example from 40 1o 50 kA) can be fully com-
pensated by an increase in the interphase distance or
phase conductor weight by a factor of 1.56.



Fig. 4.6.1 Effect of force factor (P4) on normalized con-
ductor tension for several short-circuit duration
factors (Pa)

R Fi {falling down}
— F; (swing out}

Fig. 4.6.3 Effect of force factor {P1) on normalized con-
ductor tension for several natwork factors {P3)

Fig. 4.6.2 Effect of force factor (P4} on normalized con-
ductor tension for several structural factors (Pg)

1f the product Py x P3 (input energy) is lower than 0.35
{this value can be found in Fig. 4.6.1), the faling down
maximum tension is higher than the swing out maximum
tension. Both maximum stresses are of the same order
of magnitude for a very limited range of P, where a cir-
cular movement of the cable does not give any falling
down effect,

Figure 4.6.4 illustrates the effect of Py (relative time
duration of the fault). Swing out maximum F;, for a given
P, (relative short-circuit force), increases with the time
duration of the fault until this time is equal to a quarter of
the pericd of the pendulum osciliation of the cable bus-
bar. Beyond this value (P3 = 0.25), a saturation effect is
apparent. This is logical because at this moment, the
cable has just reached its maximum horizontal displace-
ment limited by elasticity. ! the short-circuit duration is
grealer than T/4, natural movement of the cable is dis-
turbed 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 developed in section 4.2 (see example in table
4.2.1).
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FParameter : t

For a given shon-circuit force (P4 fixed) there is an in-
crease of the swing out stresses when the power system
tima constant increases, as illustrated in Fig. 4.6.3. The
increase is the result of increased input energy. In addi-
tion, as indicated previously, swing out tension is sig-
nificantly affected by the extent of the current waveform
asymmetry. The natwork time constant varies at dif-
ferent locations in the power system. At a given location
in the network, network time constant and P, are fixed:
but the teve! of asymmetry depends on the time of initia-
tion of the fault, ~ As stated earlier, the time of short-
circuit initiation is an uncontrolled statistical parameter
for which designers typically make the conservative as-

sumption that in all cases maximum current offset oc-
curs,

Parameters : 5, Sy, b, Fyand 4,

The structural parameter P has a fundamental rela-
tionship with the fall of span maximum tension (Fig.
4.6.2). The ratio between the fall of span and swing out
maximum (Fy / F,) decreases very quickly with P,. High
anchoring stiffress is generally not recommended. If
necessary for other purposes, anchoring stifiness can be
balanced by high initial tension. Increasing P4 (for ex-
ample by using a higher anchering stifiness) also has a
sensitiva effect on the swing out maximum tension. For
Py = 4, an increasa in anchoring stifiness of 100%
resuils in an increase in swing out stress of about 25%.
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The ratio of sag to span also has a significant influencs
on Py If this ratio is held constant, Py remains quasi-
constant independent of the span length. In such casas,
span length has no influence on the normalizeg stress
{see example in section 4.6.5).

Autoreclosurs

The problems associated with unsuccessful
auloreciosure cannot be studied in detail by simple
methods because the response varies depending on the
new initial conditions at the instant of autoreclosure,
The span movements can be amplified if autoreclosure
occurs during the swing out or limited If i appears after
the swing out maximum. The worst case occurs when
autoreclosure coincides with the maximum separation
speed. Crfical cases are then:

Te+ty<025T and
075 T<Te+t,<1.257
(where t; = dead time)

In general, the efiects of autoreclosure are smaller for
flexible bus than for rigid bus; tension and deflections
are not usually amplified by a factor of 2.

4.6.3 Effects on Deflections

These effects are illustrated qualitatively in the curves
given in Figs. 4.6.5 to 4.6.7. Increases in effective sag
are the result of conductor heating, elasticity of the con-
ductors and anchoring siructure and changes in the
span geometry. For case A, movement of the bus is
strongly infiuenced by the presence of droppers (con-
nections to apparatus). For case D, the initial static ten-
sion may be very low, and thus P4 may be considered at
the highest value. Clearance is simply given by:

a-2Y,

where Yi, is the inwards deflection of the span at mid-
point. Recalling that b, is the sag of the cable only {ex-
¢luding the insulator string), real clearance will also be
reduced by the movement of insulator strings.

In general the influence of Py, P32, P3 on deflections is
similar to that for the swing out maximum F. Figure
4.6.5 illustrates the significant influence that the duration
of the short-circuit has on deflections; deflections can be
amplified by a factor of 3 between a very short and a
very long fault. A very long fault time could, for the pur-
poses of parameter analysis, be equivalent to a normally
cleared fault followed quickly by unsuccessful
autoreclosure.

The hypothesis that maximum inward movement is
limiled 1o the initial sag (Yibe < 1) is not correct. As
with mechanicai tension, the structural factor P4 refates
to clearance effects; an increase of Py (i.e. a more rigid
slructure) will fimit the displacement and increase the
stress.  But the benefit in clearance caused by an in-
crease of Py is much lowar than the increase in stress
(fall of span) for the same modification of structural
stiffnesses.

Autoraclosure effects can clearly amplify the displace-
ment and critical cases are the same as for tansion.



Fig. 4.6.5 Sensitivity of relative displacement to force fac-
tor {P4) for several short-circuit duration factors
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Fig. 4.6.7 Sensitivity of relative displacement to force fac-
tor (P} for several network factors (P2)
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4.6.4 Plnch 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 constants for the
two phenomena. The bundle pinch phenomenon has
been described in section 4.4, This section describes
the parameter sensitivity aspects of bundle pinch.

Paraméter sensitivity

This study is based on the sensitivity of the peak value
of the bundle pinch tension, Fy, as a function of the pa-
ramelers which influence it (see Table 4.6.1). As dis-
cussed earlier, dimensionless parameters for bundie
pinch effect are reduced to only three values: Py; (shor-
circuit force factor}, P2 (time constant) and Ps (structural
factor). As far as a qualitative approach is concerned,
the effect of P> can be included in P4, as in seclion
4.2.1, by the factor m.

Figures 4.6.8 and 4.6.9 illustrate influences on the de-
sign Fy; value in two sets of graphs which give the same
information in two diflerent ways. These figures have
been obtained from tests and calculations based on four
different conductors and four ditferent subspans. Be-
cause of the close connections betwesn tests and cal-
culations {12,106], the parametrical approach can give
good results, Figurs 4.6.8 shows the linear relation be-
tween peak force and current. This is a justification a
posteriori of the choice of Ps. Figure 4.6.9. gives the
same information for a wider range of P, which also
points out the non-contact zone. The dotted line is the
border between subconductor contact and non-contact.
For low Pys {low short-circuit force) contact between
subconduciors does not occur. But this current level is
more an overload than a shon-circuit and for these
cases designers should refar to [22]. For a given short-
cireuit force, the maximum peak will occur at the border
line. This is logical because the border line corresponds
1o conditions for maximum force action {shertest contact
length). On crossing the border into the contact zone,
there is a rapid decrease of the peak force because tre
contact length increases very quickly and the effective
length contributing electromagnetic force decreases pro-
portionately.

Configurations in substations can typically falf in the
dangerous zone of high peak tension. Jumpers, be-
cause of the very short subspan length, are generally
designed in the non-contact zone. Overhead lines are
typically designed with a very large Ps and contact will
always occur. Substation busbars {case A} or connec-
fions between apparatus {case C) are in between.
Hence, this problem should be given careful considera-
tion in design.

The optimal choice of subconductor separation and sub-
span length is not obvious. Some examples are given in
section 4.6.5. As a first, very rough approach, the rela-
tive overstress (Fy - Fy) increases with the ratio ag/.s.
This ratio has a critical value corresponding to critical
values of Ps. Limiting consideration to only a specific a,
or £, is ineffective as only the ratio is important. In the
example of section 4.6.5, the ratio a2z, must ba lower
than 0.02.

An increase in the number of subconductors, all other
data unchanged, increases the stress for the phase,
Heating of the conductors resulting from the short-circuit
current does not influence F, because the temperature
increase is usually negligible before the time of peak
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Fig. 4.6.8 Normalized pinch effect tension as a function
of force factor (Py) for several structural factors
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Fig. 4.6.9 Normalized pinch effect tension as a function
of parameter sensitivity

tension. Shor-circuit time duration
infiuence on bundle pinch because peak tension usually
occurs before Ty, Autoreclosure causes the same gf-
fects as the first fault, but the autoreclosure pinch effect
must be superimposed on the interphase effact to obtain
the total phase tension. Thus, coincidence of unsuc-
cesstul autoreclosure with maximum swing out or tall of
span time will cause a very significant increase of the
stress as shown in Fig. 4.6.10.

(Tw) generaily has no

66

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 inler-
phase effects. However, in some cases, unsymmetrical
subspan lengths can cause additional effects. This is
represented in Pg by Sy 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 stalic spring rate. It is aiways a larger value than
the stati¢ spring rate and it is also indirectly a function of
the current. Sy is alse dependant on the inertial be-
haviour of end points of the subspan. Forcass C, it can
be considered to be infinite; but for case A, S;is a func-
tion of the inertial behaviour of the connecting hardware
and insulalor string. An estimate of the order of mag-
nitude of S4is 107 N/m.

4.6.5 Applications

The qualitative effects of variations of parameter values
¢an be easily deduced from the grouped parameters de-
scribed in the previcus sections. Thus a good apprecia-
lion for the design sensitivity can be obtained. The fol-
lowing examples are based on the data given in section
4.6.1,

Interphase interaction

Figures 4.6.1 to 4.6.3 can be used as correcting factors.

Referring 1o saction 4.6.1 {example of calculation), the

245 KV substation busbar is characterized by:
Py=3.0;P»=18.8; P3=0.144; Py=318

Figure 4.6.1; F/F,, = 2.4 for Py=3.0,P;=0andP, = 15.

Because the busbar has another P; and P,, Figs. 4.6.2
and 4.6.3 can be used as correcting factors:

Finally F/Fg = 2.441.2-1.3 =374
The factors 1.2 and 1.3 are the relative increase values

of F/Fy according 10 Fig. 4.6.2 (P,=15 10 P,oat.f) ang
Flg 4.6.3 (Pz:O 1o P2=18.8).



Qualitative influences can then be deduced:
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mg gq = 20 N/m Fg = 7.5 kN/conductor

Fig. 4.6.10 Taension in a twin bundle ACSR 2x587 mm?2
{ds = 0.0315 m} according to the calcula-
tions by Mlodzianowski

Bundle pinch effect

The influence of an increase of the mass by 20%,
keeping the sag constant, resulting in a modified
weight = 18 N/m (inslead of 15) leads fo: P; =
3.01.2=25,P;=188;P3=0.144; P, = 31.8/1.2=
26.5 correcling factors are deduced from Fig. 4.6.1

{0.2) and 4.6.2 (0.9). The comecled F/Fy =
3.74x0.9x0.9 = 3, a decrease in relative stress by
20%. Because Fg had been increased to keep sag

constant, the final absolute stress is modified by
3x1.2/3.74 = 1. Thus, the increase of mass, keeping
sag consfant, makes no modification of the stress
which has to be supporied by the anchoring struc-
ture.,

The influsnce of an increase of the span length, by
20%, keaping the ratio of sag to span (b./.¢) constant,
leads to: a modified span length = 48 m (instead of
40). Py =3.0;P2=18.8; P3 = 0.144~N2 = 0.131; cor-
rected Py = 25 (equ. 4.6.13). The correcling factors
are negligible, thus Fy/Fg is not affected. Because
Fs had to be increased by 1.2 1o keep the ratio of
sag to span (bJ.¢) constant, the final absolute stress
is increased by 20% in comparson with that of the
initial structure.

The influence of an increase in initial static tension
by 20% leads to: a modified static tension = 12 kN
{instead of 10 kN). Py, = 3.0; Pp = 18.8; P3 =
0.144xv1.2 = 0.158; P4 = 31.8/1.23 = 18. The cor-
racting factor resulting from P3 is negligible. The
correcting factor resulting from P4 = 2.5/3.0 = 0.83
(Fig. 4.6.2) which means a decrease by about 20%
in the relative stress (Fy¢Fg), but the increase, by the
samae 20%, in initial static tension gives no change in
the final absolute stress F.

The influence of anchering stiffness: modified sprng
constart = 0.5 § = 500 kN/m. Only P4 is modified:
P4 = 19. The comecting factor = 2.5/3.0 = 0.83. Be-
cause nothing, other than S has been modified, this
factor can be directly applied to the absolute stress.
Thus a reduction of 50% in anchoring stiffness gives
about a 20% reduction in swing out maximum
stress. Fig. 4.6.2 also shows that the fall of span
maximum tension increases very quickly with Py,
thus a flexible structure is favoured.
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Case D corresponds with very short spans having very
low mechanical tension. [n these cases {very low Ps),
there is generally no contact. Thus Ps must be adjusted
to as low a value as possible by the correct choice of a4
and 4. Figures 4.6.8 and 4.6.9 give F {that is, for

Fs=0}. Forthe same example as sarlier but with .z, = 0.4
m (jumper} and as = 0.4 m, the calculation of P5 gives
6.6, from which Fp; = 2 kN/subconductor is abtained.

Cases A and C must be considered ditierently from that
of jumpers (case B}). For cases A and C, coniact is ad-
vantageous because it results in lower stresses. Thus
Ps must be chosen as high as possible. This is based
on Fig. 4.6.9, which illustrates that values of Ps in the
critical range between 20 and 50 should be avoided.

The same 245 kV substation as described in section

4.6.2 is used lo provide an illustrative example for

bundle pinch parameter analysis. P;s = 35.8, Ps = B0,

asymmelry nol taken into account. Figure 4.6.9 gives a

relative overstress: (Foi-Fal/(ms gn £5) = 75, that is an ab-
solute maximum pinch (per subcanductor), namely:

Fpi=75x 15x 10 + 10,000/2 = 16250 N

Modification of the structural data gives the following ef-
fects:

- Theinfluence of an increase in a5 of 100%:
modified subconductor distance = 0.3 m (instead of
0.15m). Py3=35.6/2=17.8; Ps = 47.
modified normalized tension = {Fy-Fe)/(m's g, £) =
170
which results in an increase in the relative stress
{(FerFst) of 170175 = 2.2.

The influence of a decreass in ag by 100%:

modified subconductor distance = 0.075 m
Pis=2x356=71,Pg=154

moditied normalized lension = (Fpi-Fad/(M's gn Z5) =
40

which results in a decrease by 40% of the relative
stress.



- The influence of an increase in subspan length by
50%:
modified subspan length = 15 m (instead of 10 m)
Pys=35.6;P5 =116
modified normalized tension = (FpirFs/(m's Qn £s) =
50
because .4, has been increased by 50%, the relative
stress (Fp-F ) is unmodified (50x1.5 = 75).

- The influence of a decrease in subspan length by
50%: .
modified subspan length = 5 m
Pu = 355, PS = 44
modified normalized tension = (Fu-Fa)/(m's go £s) =
280
Which results in an increase in the relative stress by
about (280x0.5)/75 = 1.87.

These examples illustrate that a decrease in subconduc-
tor separation is compensated by an increase of Py and
Ps. The overall effect is a fimited reduction in bundle
pinch tension. Nevartheless, subconductor separation
should be chosen as small as possible to maintain
separation for ampacity considerations {minimization of
mutual heating) and the subspan langth should be
chosen as long as possible. The combined selection of
a; and £, must ensurs bundle separation under normal
maximum load conditions. In the example, the ratio .£./a,
must be greater than 50 to avoid the critical range of Pg,
For example, a,< 20 ¢cm and Ls> 10 m, Acceptable de-
sign in this specific case might be a, = 20 cm and 4 =
10 mora, = 40 cm and .4 = 20 m and 0 on. in practice
45 is sometimes constrained by dropper connections and
ag must be coordinated.

4.7  Conclusions

A brief summary of the calculation methods which have
been described previously in this section is given in
Table 4.7.1. The reader should refer to sections 4.2 to
4.6 for mare detail.

471  Parametric Approach

The parametric approach can provide a very good
qualitative understanding of the effects of data varia-
tions. This approach can illustrate how far a particular
design is from the dangerous zones {e.g., high fall of
span tension for phase-to-phase effects, and maximum
pinch effect due to critical subspan length for bundles).

4.1.2 Recommendation for Use in Practical Design
Chapter 5 gives generalized guidelines for design. The
following paragraphs describe practical procedures for

the application of the methods of calculation detailed in
this section.

Statlic analysis

Static analysis includes the calculation of stress levels
and sags resulting from the tensioning of the flexible
conductors. An advanced method for static analysis
may be used to facilitate the analysis, giving tension and
lengths of cables taking into account the deformation of
the cable and of the supporting structures, and the in-
fluence of any other connacting hardware.
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Evaluation of risks of resonance effects

Calculation of Eigenfrequencies of portal structures and
apparatus along with calculation of Eigenfraguencies of
cables and insulators and the comparison of these fre-
quencies forms the basis for avoiding resonance prob-
lems. The estimation of the frequencies of the cable can
be perlormed using formulae derived from medium
methods (these formulae are given in Appendix 3) or
from an advanced caleulation. The Eigenfrequencies of
the siructures are more difficult to predict; but advanced
methods offer the best chance of success. In this case
the accuracy of prediction is strictly dependent on the
accuracy of the data used for the caiculation.

In both cases, it is necessary to take into account the
tack of precision in Eigenfrequencies for a non-linear
structure and that caused by uncertainties regarding var-
iations in temperatures, ice loads and tmprecise struc-
ture data. The reader is referred 1o [5] for a similar situa-
tion with respect to rgid conductors.

It no resonances are possible, the design can continue
with simple, medium or advanced methods, depending
on the desired level of the accuracy {simple or medium
at the first stage, advanced it necessary the final stage).
if resonances are possible, the structures may be
modified 1o avoid resonances, and then new calculations
are carried out (best solution). Alternatively, the design
may be continued with advanced calculations methods.
In this case, precaulions must be taken to determine the
existence of resonances. (Such resonances are clearly
evident in time evolution plots.} The use of Simple, Me-
dium, Advanced and Bundle Pinch calculation methods
follow the sequences described belaw:

Simple calculation methods
1. Determine slectrodynamic forces.

2. Usa simple formulae to evaluate tha stress levels in
conductors.

3. Calculate the stress levels in structures, adding
dynamic siresses to the already calculated static
stresses.

4. |f the stresses are above acceptable values, the de-
sign may be medified and a new calculation carried
out or a more advanced calculation may be used to
obtain more confidence and more detailed informa-
tion.

5. Arough and pessimistic estimation of displacements
must be done to check clearance.

6. For more detailed studies, such as the evaluation of
stresses on apparatus, droppers, elc, use an ad-
vanced method.

Medium calculation methods

i. Use medium method calculations to obtain stress
levels in conductors and conductor displacemeants
and clearance.

2. Determine stress levels in  structures, adding

dynamic siresses 1o the previously calculated static
stresses.



Table 4.7.1
Summary of Calculation Methods

Simple Time- Time+Space Advanced Methods Bundle Pinch Effect
Methods Integrated Integrated {medium methods only, for
Medium Medium advanced refer to column
Methods Methods to the left)
Costs
data set data set data set data preparation can ba data set preparation is
preparation preparation preparation extensive depending on easy, except for the
is easy is easy is easy the detail included in the above-mentioned problem
model {spring rate of connected
apparatus)
no computer computer computer computer time +1 hour cpu computertime 15 s cpu
time time
+10 s cpu 43 min cpu
enginesring engineering engineering engineering time: 1 week engineering time: 1 hour
time: 1 hour time: 1 hour time: a few
hours
Resuits
only maxi- time- time- time-histories of tensions maximum values of pinch
mum ten- histories of histories of at each point in the cables, | tension and compression
sions tensions at tensions at connected hardware and forces on spacers in one
midpoint of several supporting structure phase
the cables points in the i
cables
envelape of time- time- {ime-histories of displace-
displacement histories of histories ot ments at each point in the
displacement displacement cables and supporting
of midpoint at several structure
of the cables points in the
cables
Limitations
case C, cases C, D casesC,D cases A, A+B,B,C,Dand | for phase-to-phase be-
"pure case and "pure and "pure other arrangements haviour, advanced method
A" is pos- case A" (no case A" {no is required
sible but not droppers) droppers)
recom-
mended

suppors are
defined by
stiffness (no
mass)

rough preci-
sion,
depending
on the case,
generaily
conservative

supports are
defined by
slifiness
(sometimes
the first
mode is also
included)

fair precision
depending
on the case

supports are
defined by
stiffness and
mass giving
first mode of
vibration

fair preci-
sion,
depending
on the case

dynamic model of sup-
poris with mass, stiffness
and accurate modslling

good precision, if all me-
chanical data are precisely
known and no resonance
problem arises

fairly good precision
{(same comment as about
data preparation)
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3. Evaluate stress levels in conductors, insulators and
structures and examine conductor motions.

4. ltthe stresses are above acceptable values, or if the
displacements exceed maximum allowed values, the
design may be modified and the calculations
repealed. Altematively, advanced calculations may
be used, to obtain more confidence and more
detailed information.

5. For more detailed studies, such as the evaluation of
stress on apparatus, droppers, etc, use an advanced
mathod.

Advanced calculation methods
1. Design an accurate model {e.g. finite element
model) of the structure, including the conductors, in-
sulators, connecting hardware and suppon struc-

tures. This latter component can often be reduced
to a linear super-element to save computer time,

Calculate the static reference egquilibrium position
(before shont-circuit).

3. Calculate the short-circuit response of the structura,
obtaining stresses and displacements at each node
in the model, including the cables, supporting struc-
tures, apparatus, elc.

4. If the stresses are above acceptable stress levels
and/or the conduclor displacements exceed maxi-
mum tolerated values, the design should be
modified and the calculation repeated.

Bundle pinch effect calculation

1. If bundled conductors are used, determine peak ten-
sion in conductors due to pinch effect and compres-
sion forces in spacers.

2. It the stresses are above acceptable stress levels,
the design should be modified and the calculations
repeated.

4.7.3 General Remarks

Design of a new structure

Avoidance of resonance problems is desirable for new
structure design. If resonances exist, simple and me-
dium caiculation methods may nol give the correct
results. The formulae given in Appendix 4 can be used
in prefiminary studies to detect resonance problems, and
parameter analysis as given in Section 4.6 can facilitate
the identification of suitable structural modifications.
Parameter analysis given in section 4.6 can be of great
help in determining how bus designs can be effectively
modified.

Uprating of exisling 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 modi-
fications.

tn some cases, depending on technical requirements
and cost/benefit considerations, uprating may be limited
to avoid any modification, by accepting the evaluation of
the existing structure and fully utilizing the revised rating.

70

Paramelric approach

This qualitative approach can give information concern-
ing the sensitivity of designs to data variations and to
provide correcting factors to be applied 1o calculation
results. In this way, the results of data modification can
be quickly estimated from curves. Alternatively, the
determination of the modification of parameters needed
to obtain a desired modification of the structure
response c¢an be established, The use of dimensionless
parameters facilitales direct interpretation of data inter-
actions.

The choice of an advanced method

Of the computer design methods presently available, ad-
vanced analyses offer much more capability than any
other calculation method. Droppers, structures, appara-
tus and s0 on can be included which, depending on
specific circumstances, may be of great importance for
the designer. However, in some cases there is consig-
erable sensitivity of the final results to the data used in
the calculations. These sensitivities are also apparent in
experimental testing. Hence, advanced computer
analyses can be applied to reveal these sensitivities and
can thus be of assistance for experimentaf testing.

In future work, designers should obtain a better under-
standing of the structural detalls and their inflvence on
the final results. With this experience, attention can be
focused on the important details of the data needed for
modeling and on the reduction of data requirements. An
advantage of advanced methods is that results may be
obtained for any member of the structure, for both

"stresses and displacements, as a function of time. |f

structural tests are to be carried out, these resulls can
be used as a guide for the selection of locations to be
considered for measurements during testing. Advanced
methods are not simple, but several computer programs
are presently available, which offer the technical capabil-
ities required for analysis of ‘structures with flexible con-
ductors. The designer must be experienced in tha use
of advanced methods.

As far as bundled conductor systems are concemed,
more applications of advanced analyses are needed to
validale these methods. This may be a subject for future
work.

The development of pre- and post-processors facilitates
the application of the advanced analyses by reducing
engineering time needed for data preparation and analy-
sis of results which will be improved continually.

Finally it is emphasized that the accuracy of the calcu-
lated results should be confirmed for each individual
case and that the responsibility for using the results
remains with the user.

Thanks to the steady improvements in computer
hardware and software, a shift to the more advanced
methods has to be expected. For example, some years
ago, computer time was considered 1o be relatively ex-
pensive. Today, for the same cost as that for an ad-
vanced calculation at that time, it is possible to buy a mi-
cro/mini computer capable of performing the calculation -
in a reasonable time. Moraover, in the near future, de-
signars will have to consider coupling catculation meth-
ods and CAD (Computer Aid to Design) systams to
reduce the amount of engineer time required to prepare
advanced calculation data. Several such applications
are currently being introduced.



5 GUIDELINES FOR DESIGN

5.1 Introduction

The mechanical phenomena, which are a consequence
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 phencmena influence the design arrangements
and machanical strength requirements of substation
components. In particular, the mechanical strength of
apparatus, insulators and conductors and of the sup-
porting structures have to be considered. In addition, in
substations with flexible conductors, conductor displace-
ments and the resulting reductions in electrical
clearances can be significant. This chapter of the
Brochure provides guidelines for design with respect to

arrangements, mechanical Ipads 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 me-
chanical short-circuit effects, indicate the following gen-
eral considerations.

- In the case of high short-circuit currents, rigid bus
systems are reialively easy to design and result in
effective substation designs including apparatus
connections with lengths exceeding a few meters.

- Al possible mechanisms for the initiation of
secondary faults should be limited. Therafore,
insulator-tube-clarmp arrangements for busbars and
nigid connections must be designed such that a
*domino-effect” will ba avoided in the case of a post
insulator failure, The possible risk of secondary
faults caused by reduced flexible conductor
clearances are discussed in section 5.4,

- 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).

In the following sections some aspects of the most com-
mon arrangements are described.

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 shont-circuit are discussed. However, for practical de-
sign, the final solution must also satisfy other require-
ments such as limitations caused by conductor displace-
ments {section 5.4) and sag variations, corona and radio
noise (RIV) requirements, companent slandards, re-
Quirements associated with other load combinations,
control equipment principles and so on. Questions of
special interest centre an swing-out tensions and bundle
pinch forces.
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Swing-out Tenslons

Concerning swing-out tensions {F; and Fy), the reader
should note that in certain cases savings may be pos-
sible if the maximum short-circuit duration for design
purposes is low (for example, 0.3 5). Such a value
could be accepted if the appropriate locai back-up and
breaker failure protection exist. In addition, the static
tension and the rasulting sag are important design vari-
ables. If, for example, the sag is 3.5 m, then the period
of the equivalent pendulum oscillation will be:

1.79+¥35 =3.35s (eq. 4.6.8 of section 4.6)

and from the same section, P3 is obtained:;

0.3
335 = 0-090

P3 =
From Fig. 4.6.4 the effect of these key design parame-
ters on Fy is apparent. Also as a result of the specified
conditions Fy is not expected to be a limiting considera-
tion in this example,

Bundle Pinch Forces

Suitable spacings, between conductors and between
bundle spacers, are important factors for the lmitation of
pinch tensions. Generally the distance between spacers
should be as large as possible, while maintaining con-
ductor separation under maximum operating current
conditions [22,34,67]. The other possible solution for
minimizing 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.

The spacing between subconductors may be wide {for
exarmple, 450 mm at 420 kV)} for short-circuit levels up to
40-50 kA rms as the resulting low number of spacers
reduces costs and corona and RIV problems. However,
for higher shor-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 2 bundle
results in several advantages:

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

- Heavy conductors result in iower pinch forces than a
lighter conductors [12).

- Ampacity requirements can be salisfied with fewer
subconductors of heavy size which is consistent with
reducing pinch tension (section 4.6).

- 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
lerminations, T-connections, and so on, are simpler.



The static tension has very little influence on the pinch
tension as indicated in reference [12] and section 4.6,
Furthermore, increased static tension allows distances
between bundle spacers to be increased, which raduces
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 combinations and
clearance requirements resulting 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 requirements
exist, a static tensfon 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
shont-circuit load case).

5.2.2 Connections to Apparatus

The following aspects refer to both rigid and flexible con-
nections. In swilchgear 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 knewn. The
allowable loading depends on terminal strength, clamp
strength, the terminal-connection-clamp arrangement,
the strength of supporing insulators, the design of isolg~
tor bearings, current paths in the apparatus, dynamic
characteristics and so on. In most cases, often as a
result of standards, the stalic withstand strength or the
highest static loading, which will not cause maloperation,
Is given by the manufacturer as well as the salely factor.
Higher acceptable loadings in the case of shod-circuits
can be estimated based on reduced safety factors. If no
information is available concerning an acceptable
dynamic peak loading, up to 3 kN at the outmost 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 me-
chanical effects of short-circuits is to use information
from tests on realistic apparatus-conductor configura-
tions (for example, according to {38] for isclators). In this
way, very difficult configurations, such as pantograph
isolators connected to busbars, can also be carefully de-
signed.

Some additional effects to be taken into account include:

- When slack bundled conductors are used as con-
nections {case C, Fig. 1.8), it is very important that
the subconductors be spaced closely in order that
thaey can touch each other etfectively 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 resuits
[12).

- In the case of rigid conductors connacted to appara-
tus with fast operating mechanisms, (for example,
circuit-breakers) the influence of switching forces
should aiso be considered bacause the short-circuit
forces and switching forces might appear simulta-
naously.
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- Depending on the apparatus-conductor configuration
and phase-fo-phase distances, the relative influance
of angle forces may require consideration in cal-
culating terminal loadings. The method described in
Appendix 2 can be used to estimate angle forces as-
sociated with right angle bends.

5.2.3 Droppers to Apparatus

Droppers connecting a span 10 apparatus balow (Casa A
+ B illustrated in Fig. 1.8) is an imporant but difficult ar-
rangement from the design point of view. Forces on the
terminals of the connected apparatus, as well as {he dis-
placements of droppers must be considered for the
range of temperatures appropriate for the span. The re-
quired position and length of the droppers to satisfy
static and dynamic demands must be delermined. As
well, designers must recognize the increased tendency
of droppers to swing if the droppers are connected to
isolators having terminals which are journaled in bear-
ings. Calculations for specific dropper connections are
presently possible using advanced methods. Therefore,
no parameliic 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 ot V-string insulators and by ¢hoos-
ing a suitable static tension. The droppers in such ar-
rangements can be designed so that the risk of flash-
over, as well as of violent dropper stretching due to span
motiofis, can be avoided [66]. In some countiies, a mini-
mum 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 droppérs may be significant, a
specific check is necessary (Fig. 5.2.2). Figure 5.2.3
shows how a dropper connection 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 proximily of earthed structures frequently neces-
sitates the use of means for restricting jumper displace-
ment to avold secondary faults and conductor damags.
Suitable means include additional weights, V-string In-
sulators for the span, vertical insulators, pinch-limiting
spacers or combinations of thess solutions. Vertical in-
sulators are effective, especially vertical V-string or post
insulators. The disadvantage is that mare insulators and
their associated leakage paths are introduced, which In-
creases the risk of insulator flashover especially in con-
taminated areas.

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

Single insulator strings and additional jumper weights
provide an etfective and cheap design, which also mini-
mizes 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.
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Fig.5.2.1 Dropper 1 has the highest tension and is Fig. 5.2.2

connected to the top of the post insulator
supparing the ling trap. In this way no ter-
minals of the apparatus will be overstressed
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Fig. 5.2.3
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Two parallel droppers with narrow spacing
cause short-circuit load components which
must be considered. This example refers to
the connection of a current transformer

450

The connaction of a dropper to a span can
be arranged such that it has the effectof a

flexible spacer in the span
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Additional jumper weights introduced o limit
conductor swing can be so arranged that the
pinch effect can be reduced and some exira
clearance obtained due to reduced conduc-
tor size. As an example 2x 40 kg has been
used in many cases

53 Loads

Conductors in outdoor switchyards are not only in-
fluenced by shor-circuit forces, they may also be af-
fected by other external forces such as wind, ice and
earthquakes, Mechanical design must be based on
several loadcases which include the relevant load com-
binations. Some of these excluda shert-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 savaral indications that

short-circuit forces need not be combined with wind and
ice:

- The probability that ice and snow coatings can with-
stand vibrations due to a short-cireuit is very low.
Furthermore, experence indicates that ice and
heavy snow loads are much less frequent on substa-
tion conductors than in other applications.

- Wind load and shont-circuit load both vary in time, in-
dependently of each other. As well, the direction of
wind varies. There are no mathematical procedures
available for a true or reasonable combination of
short-circuit and wind loads. (Although probabilistic
methods may be possible.) Theraefors, no equivatent
static load-case can be formulated and short-circuit
test results cannot be transferred to any other load-
ing condition,
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- The shon-circuit loading may depend on very spa-
cial effects which eannot easily be combined with
other loads. .Examples include the consequences of
unsuccesstul autoreclosure which may be of consid-
erable importancs 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 waight and wind
ioad depend on rigid or flexible conductar charactar-
istics but are roughly of the same order, The short-
circuit load is the decisive factor for design in mod-
em installations for I > 31.5 kA, Uy < 420 kv.

Based on these reasons, designers typically accept
shor-circuits as a separate load case {particularly if the
short-circuit caleulation gives results on the safe side) for
the mechanical dimensioning of fiexible as wall as rigid
busbars and connections. "

5.3.1 Conductors and Insulators

Loads on Insulators

The calculated dynamic force acling perpendicular to the
top of a post insulator, Fy for rigid conductors and F,, F;
or Fy; for flexible conductors, must not exceed the mini-
mum failing load. Limits on acceplable loading as low
as 70% of the minimum failing loagd, {that is the loading
used for rouline tests of post insulalors) are preferred by
some users. If the forca 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 Insutator units are type tested with
that load to verify the withstand mechanical strength in
case of a disk crack.

Conduclor Stress

. As a consequence of the theory of plastic deformation,

the caiculated tubular-conductor stress must not exceed
1.35 - 1.50 limes the yield point {Rpo2) for bending
depending on the ratio between conductor wall thickness
and diameter [39).

Flexible conductors in strain bus systems are not ex-
pected to be significantly overstressad in the case of a
short-circuit. Howevar, in exceptional cases, a check o
ensure that 70% of the breaking load will not ba ex-
ceeded, is recommended. The reason for this recom-
mendation is that some margin is necessary to take into
account reduced conductor strength in the anchoring
points. Some users prafer a lower allowable stress
(~55% instezd of 70%). Subconductors in sfack bundle
connections may be permanently deformed at the

spacers in the case of a shor-circuit if the design is un-
suitable.

Loads on Conductor Hardware

Connectors, clamps, Spacers and other arrangements
for terminating conductors are directly exposed to the full
force amplitudes generated by short-circuits. Thersfore,
their dynamic loading will not be reduced by the fitering



stiects which reduce the effective loadings for support-
ing structures, rigid bus post Insulators and so on (Fig.
5.3.1). For this reason, a factor of 1.5 is taken into ac-
count in the calculations, if the maximum tension in the
conductor is determined according to formula 4.2.6.
Also, the use of conductor hardware with a sufficlent de-
gres of toughness is recommended. For connection
clamps manufactured from aluminum alloy, type test
specification of the percentage elongation after fracture
according to [44] is recommended, (for example, Ag =
min 2% for a separate cast-to-size piece). For a
machinad 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 com-
ponents such as tension clamps, spacers, and so on,
should have a good toughness value down to the loweast
temperature which may be experienced.
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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 conduclors

and insulator strings

Peak 1 - bundle pinch effect

Peak 2 - span motions within the short-

circuit duration

Peak 3 - span motions subsequent to the

short-circuit

Smoothed tensile forces applied to the

structures )

Soil loading further reduced by foundation

inartia

b)

¢}

Short-circuit design recommendations for connection
clamps include:

- The connectors must not apply excessive forces to
apparatus terminals.

- Connaction tongues of conneclors should be so ar-
ranged that the eflective saction modulus for the
case of a short-circuit loading is as large as pos-
sible.

- Short-circuits must not give rse to permanent
deformation, cracks or failure of the connectors.
Howevar, parmaneant deformation of flexible pars
can be accepted if such deformation does not affect
the function of the connectors.
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- Permanent deformation, cracks of failures must not
occur in connecters 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 mechani-
cal bearing parts of tube connectors, whether during
normal operation or during shon-circuils. 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 ter-
minal in the event of a short-cireuit,

- Connectors should be so designed that tubes cannot
fall out of them in case of a short-circuit.

The short-circuit withstand capability of conductor
hardware, and especially of spacers and connection

clamps, should be verified by tests under relevant condi-
tions.

5.3.2 Supporting Structures

Infroduction

There exist two main kinds of supporting structures in
outdoor substation:

1. poral 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 usually from steel, latticed,
bolted or welded or solid webbed, and srected on con-
crete foundations {15]. Thelr design is typically carried
out'by civil engineers. T

Based on national or company standards, all substation
supporling structures are designed for existing and/or
probabilistic combinations of different loads: dead loads,
conductor tensile loads, thermal loads, ice, wind, reac-
tion forces from circuit breakers [28]. These loads ap-
pear during normal substation operation and thersforg
adequate factors of safety are usually available. How-
ever, the structures may also be subjected to the excep-
tional load caused by short-circuit currant.

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 meel the shod-circuit
current load. Reduced safety faclors, approximately
1.00, are considered 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 cur-
rent German Standard [41] states that according to their
experience, strength calculation of porial structure sub-
jected to shorn-circuit forces is not necessary. This
recommendation for design was justified by the follow-
ing:

- thers have been no recorded destructions of struc-
turas,

- shortcircuit current levels have besen moderate in
the past,

- there was a lack of verified calculation methods,



However at tha presant 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 cur-
rents, 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
verily the structures for short-circuit current loads.”

In the calculation procedures dascribed In Chapter 4, the
problems of analysis of supporting structures are associ-
ated with:

- the selection of a general mechanical model for cal-
culation of mechanical effects of short-circuit cur-
rents in the substation, and in

- the stress analysis which concludes all calculations.

The problem of stress analysis of foundations {or substa-
tion supporing structures working under short-circuit
conditions has not been considered by WG 23.02 to
date. However, adequate engineering precision can be
oblained using the general routine approach. That is,
the foundations ars subjected to lcads transmitted
through the supporling 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 Chapler 4.

Support structure modelling

The properties of the supporting structure have an es-
sential influence on the short-circuit current mechanical
effects in the system: conduclors-insulators-structures
(C1S). For example, stiff structures generally lead to
higher forcas and the more elastic structures result in
reduced forces (seclion 4.6). Consider now the problem
of modelling the supporting structures, (lhat is, how to
formulate a calculation model which is adequate for the
real structure). The modelling Is orented to two goals:

- caleulation of short-cireuit current forees in which the
whole CIS modal is considered,

- stress analysis in which the supporling structure
alone is involved,

In the most advanced methods of analysis, these goals
are achieved at tha same time. A real HV or EHV sub-
stalion usually presents a complex arrangement {Fig.
1.7). However, for the purpose of analysis, it is neces-
sary 1o select an appropriately reduced, but representa-
tive structure, usually a single portal frame, considering
also the influence of other connected structures. Fur-
thermore, depending on the level of calcalating method
assumed (Chapter 4}, such a reduced supporting struc-
ture may be represented by:

- aspring stifiness only
- spring stiffness and mass

- arepresentative structure (usually portal) composed

of beam or truss elements

For advanced methods, the full and detaited modal of .

such a structure is required. Such selected structures,
are modelled according to the routine methods of the
theory of structures. Structural data reduction is either
embedded in the method used {SAMCEF, ADINA) or
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should be done by separate programs {STANAN). In
simple cases data preparation is done directly by design
engineer.

In each case, the relevant stiffness K, damping C and
mass M characteristics must be determined in order to
use these data later (Chapter 4) in the matrix equation
4.5.1. This equation describes the dynamic behaviour of
the supporting structure. Usually damping effects are
neglected, that is, € = 0, and as a result of the small dis-
placements K = constant, M = constant. The only non-
linearity then is caused by the conductor forces R (u,1),

which depend on displacement u and time t. In the
simplest static case, equation 4.5.1 reduces to
ku=Rpax @ {5.3.1)

whare ¢ is an assumed dynamic factor, k, u and R, are
scalar values.

Short-clreuit loads

The weli known fypical {ime history of the tensile forces
in flexible conductors, caused by shor-ciccuit loads is
presented in Fig. 5.3.1a [70]. From the point of view of
the civil design engineer, two characleristic types of
forces are noted (Fig. 5.3.1):

- the bundle pinch maximum (1}, acting as a shart but
high impulse force (representalive frequency: 100
Hz)

- the mation maxima during (2) and subsequently {3)
to the short-circuit duration with relatively slow varia-
tion 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. 5.3.1¢. The filtering
effect of insulators and of the, supporting structure is indi-
cated. The bundle pinch forces appear during all types
of short-circuils {ons, 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 ditferent in the case of two-

or three-phase faults. In the first case, large forces ap-
pear only in the two faulted phases. The force in the
third unfautted phase, caused by structure deflection, is
of a much lower value. In the casa 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 smailer. Thus, considering
the stress in the beam of the portal, the case of a two-
phase short-circuit (one outer phase and the middie
phasa) is taken as the wors! case, (that is, the largest
bending moments will be produced).

In the case of a substation of lower voitage level (for ex-
ample, 123 kV) the forces caused by phase-to-phase in-
fluences may be predominant; but for higher voltages
{for example, 420 kV} usually the bundle pinch forces
prevail.

The short-circuit current forces always act together with
the dead loads. However, in some countres additional
preliminary loads are added, (for example, wind load or
ice load (section 5.3)). The selection of load combina-
tions depands on the local climate conditions [28).



As presanted in Chapter 4, short-circuit current forces
may be calculated using a range of differsnt methods
(simple, medium, advanced) and also soms combina-
tions of these methods, if their accuracy is reasonable.
in the most advanced methods a whole system is ana-
lyzed at the same time. Thus short-circuit current {orcas
and stress analysis in a structure are obtained together.
However, in other cases the output of short-circuit cur-
rent force calculations for insulators serves as an input
to the stress analysis of a supporting structure. The fal-
lowing forms for that input may be used:

- the complete time history of a varable force

- the peak value and the duration of a representalive
impulse

- asingle value force, {usually the maximum force)

In the third case, no time characteristic of forces acting
on the structure is available, so dynamic analysis is not
possible and static analysis should be used as an ap-
proximation.

As discussed in earlier sactions, there exists the danger
of resonance between the supporting structure vibra-
tions and the excitation force onginating from the con-
ductors. Therefore, the frequency of conductor move-
ment should be checked to ensure that it is sufficiently
different from the Eigenirequency of the structure. Thus,
a delailed or simplified analysis of the modes of vibration
of the supporting structure (portal) is suggested. Usually
anly the structural vibrations of the first mode need be
considered. The Eigenfrequency of poral structures is
in the range of 1 to 15 Hz. (Lower values for EHV sub-
slations, higher values for HV substations.) Pillar Eigen-
frequencies are usually of the order of several Hz to tens
of Hz. The stifiness of portal structures is in the range
- from 10° N/m (for flexible structures) to 107 N/m (for very
stiff structures). The pillar support structures have stifi-
ness from 105 N/m to 107 N/m, which will be affected by
foundations, such that the average may be 10° N/m
(section 4.2).

Stress evaluation

Stress analysis is performed using routine methods for
the tull 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, o=aft), in the required elements of
the structure is obtained. However, such direct dynamic
analysis is relatively time consuming, expensive and
usually not necessary.

Alernatively, 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 thoss obtained from the direct ap-
proach.

Stresses g in an element i of cross-sectional area A; are
evaluated according to

Ao = Ky + Ml (5.3.2)

where i numerates stress components. -

The first term represents the "static” and the second, the
"dynamic” components of g;. 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.
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{f the analysis of the conductor, insulator, structure sys-
tem has been performed using a madium method, rathar
simplified methods of dynamic stress analysis are used,
The stresses caused by phasae-to-phase forces and
those caused by pinch etiect may ba treated separately
becauss they are usually assumed to be independant of
each other as they generally occur at significantly dif-
ferent times (reclosure excluding).

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 sub-
jected 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 ac-
count in particular countries using various approaches.
In principle it may be done by addition of appropriate in-
ertia forces. In the Canadian design practice, the pinch
forces are treated as impulsive load represented by an
equivalent static load [68]. In Swedish practice, design
factors, defined as the relation between exparimentally
measured maximum stress in the struclure members
due to pinch force and the stress obtained from a static
solution under this force taken as the static load, are in-
troduced. Typically, the value of this design factor is in
the range of 0.7 - 1.1, but it does not exceed 1.4. This
procedure is recommended for well-known structure

types.

The admissible stress for shor-circuit load must satisfy
general regulations and usually Is assumed to be higher
than ordinary loads. Therefors, the effeclive safety fac-
tor is lower, In common engineering practice for short-
circuit foading (in exceptional cases), the safely factor is
typically about 1.3, while for normal joads, the safety fac-
tor is about 1.5.

In the case of short impulsive loads, for which large
stress rates occur, structural steels experience a
delayed plastic flow phenomenon which results in 2
temporary increase of strength {yield point) [87]. For ex-
ample, in the case of load changing with 2 frequency of
100 Hz, steel strength increases by about twice. This
phenomenon provides an additional justification for as-
suming allowable stresses highar than for static loads.

Recommendations

Obviously the more advanced methods of analysis have
the potential to produce the most detailed and accurate
resulis; 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 1o appropriate computer software
and hardware, availability of detailed structural data and
so on. Qverall experience with stress analysis of sup-
porting structures working under shori-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 ser-
vice conditions and experience have proven to be
sufficient or for those cases that have been verified
against confirmed advanced methods and models.



- Inthe case of significant change in the type of struc-
tures, their parameters or short-circuit currant lavel,
and where tha cost of failures or overly conservalive
design is significantly greater than the cost of
detailed design methods, the advanced methods are
strongly recommended.

5.4 Conductor Displacement and
Temporary Air Clearances

5.4.1  Introduction

Muitiphase short-circuit currents generate interphase
forces which result in phase conductor displacements.
In rigid bus systems, the resulting displacements are rel-
alively minor and do not significantly reduce the phase-
to-phase clearance. Howaever, for flexible bus systems
the phase displacements can be vary significant
depending on the bus configuration, the short-circuit cur-
rent magnitude and duration. The mechanics of the
phenomenon are described in Chapter 4 of this
brochure. This section is concemed 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 with-
stand the applied voltage stresses following short-
circuits. The -abiiity of buses 1o operate successiully fol-
lowing shont-circuits is an important factor for substation
and system reliability. Secondary bus faults can also
have a severs eHect 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.

5.4.2  Conductor Displacement

In substations with low tensioned spans without drop-
pars or other restricting arrangements, conductor dis-
placements are usually a more serious problem than
other shont-circuit effects, especially if the short-circuit
power is not high. Figure 5.4.1 illustrates the move-
ments of a typical 130 kV, 36 m strain bus in the cases
of normal fault tripping (duration 0.1 s) and back-up trip-
ping (duration 0.5 s). The conducior movements are
complicated in generai, but they are particularly compli-
cated for the case of back-up clearing. Conductor be-
haviour varies significantly depending on physical and
short-circuit parameters. For normal fault clearing, or for
configurations or shont-circuit levels resulting in relatively
modest displacements, pendulum models may be used
to represent tha conductor movements. Representation
of the more violent motions oblained for back-up clear-
ing or In shuations involving relatively light conductors
and high fault currents, more elaborate modelling is re-
quired. Figura 5.4.2 presents, in a simplified way, the
conductor movements in two typical cases: namsly two
and three-phase faults.

The three-phase fault causes the outer phase conduc-
lors (phases L1 and L3} to swing outwards from their
normal position, whereas the middle phase (phase L2)
experiences a very restricted motion. ARer interruption
of the fault, phases L1 and L2 swing back. During the
two phase fault, for example between phases L1 and | 2,
both conductors swing initially outwards then inwards in
synchronism. For relatively short duration faults, the
maximum swingout 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. Therefors, tha af-
fected phase conductors approach one ancther more

DISPLACEMENT, m

2,0
SAG, m
DISPLACEMENT, m
1,0 2,0
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POINT

Tk = 0,55
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Fig. 5.4.1 Movements of the mid-point of a span resulting
from a two-phase short-circuit test {36 m span,
130 kV, single insuiator strings, phase separa-
tion 4.0 m, sag of insulators and conductor
1.45 m, conductors 2 x 910 mm2 A, Ik = 40 kA
X = shont-circuit interruption)

]

Fig. 5.4.2 Simpiified phase conductar motions caused by
multiphase faults



closely in the case of the two phase fault. Hencs, de-
signars should consider the two phase fault as the
dacisive case for clearance calculations.

Referring to Fig. 1.8, the displacemants of span A and
also of jumper D are of interest. Concerning the jumper
D, the approach of the outer conductor {phase L1) to the
structure is also imporant. In the case of bundled con-
ductors, the effective swingout angles may also be af-
tected by subconductor swings within the bundle con-
figuration, Also, under cerain circumstances, jumpers
consisting of multiple conductors can be thrown vertical-
ly 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 1o the grounded structures, the presence of
the support struclures provides relatively straightforward
means to limit jumper displacement. In this regard, the
use of rigid post insulators and jumper connections, the
provision of stabilizing weights, the use of V-string in-
sulator 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, D42 and Dg3 are important
for air insulalion considerations as illustrated in Fig.
5.4.2. If a typical swing frequency of approximately 0.5
Hz. is assumed, it is clear that the air distances Dy and
D23 appear in the first sacond of conductor swing and
the distance D42 usually not earlier than one second
after fault initiation. The minimum distance D3 for two-
phase faults (mutual deflection of only one phase con-
ductor), which appears also in the first half of the con-
ductors swing cycle, is considerably greater than the dis-
tance D3 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 concemed). Also assume that
there is no delay betwean the two relay systems in the
case of local backup and that the high speed
autoreclosure is blocked if normal fault clearing does not
oceur.

Possible sequences regarding the affected conductor
movements are shown in Fig. 5.4.5. Figure 5.4.5 {, il-
lustrates the behaviour of the conductors outside CBL
for normal fault clearing. Figure 5.4.5 II, Hustrates the
motion of bus spans for normal clearing and Fig. 5.4.5
ll, 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 energized
bys spans because of the common relations between
swing frequency and dead time interval. Of greatest in-
terest are movements of the spans affected by the short-
circuit current when the circuit breaker operates normally
{Fig. 5.4.5 | and Il). 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 big
enough. A secondary fault could also appear at 3 result-
ing in the loss of a main feeding transformer.
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Fig. 5.4.3 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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Fig. 5.4.4 Examples of time sequences of fault current

for line faults.

a: fast clearing and subsequent successful
reclosure

b: fast clearing, unsuccessiul reclosure and
ultimate clearing

c: failure to clear by relevant circuit breaker or
protection and subsequent clearing by
relay or breaker back-up protection
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Fig. 5.4.5 Movements of conductors at possible
secondary fault locations in the case of a pri-
mary line fault at L (Fig. 5.4.3).
I refers to locations 1 and 2a (Fig. 5.4.3) and
to Fig. 5.4.4casea - .
lIl: refers to locations 2b and 3 and to case a
H: refers to case ¢ and to locations 1 , 2a and
2b

A secondary fault in a substation constitutes a very
serious disturbance from the operational point of view
becausa it causes an enlargement of the de-energized
network area. In particular, it is very disturbing for the
operation of the network if a secondary flashover results
In a main bus faul, A secondary fault (unsuccessiul
autoreclosure} outside the current transformer {for exam-
ple point 1) is not particularly disturbing because it will
affect only one outgoing overhead line. From an opera-
tional point of view, the casa of fauit tripping via breaker
fafllure or remote dackup protection (Fig. 5.4.5 fIf) is
equivalent to a bus fault, as the fault is connected {o the
bus via the nonoperative circuit-breaker until the bus is
disconnected from the network. Following clearing,
clashing of non-energized conductors or contact be-
tween a jumper and a steel structure is harmless, How-
ever, risk of flashover between affected conductors and
any other circuit (for example, conductors in a neigh-
bouring 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 ex-
cessive displacements of connecting spans (possible
secondary fault locations 3 and 4). In considering
secondary fauit risk as a whole, knowledgs of daflec-

tions, possible overvoltages and consequences gof
flashovars is necessary. The overvoltages which might
dppear 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, in addition to the
system effects described above, possible conductar
damage should be considered. Under many situations,
the electromagnstic and thermal forces acting on flash-
over arcs cause the arc to move rapidly along the bus
resulling in relatively minor damage. However, in some
configurations and particularly for high currant arcs, it is
possible that an arc will establish a stable root point, in
which case, significant conductor damage can resuit. To
avoid fully the risk of flashover and subsequent conduc-
tor damage in all situations may not be possible.

Several approaches have been established to calculate
clearances betwean phases of bus systems under shori-
circuit conditions.  These include several modals, of
varying sophistication, based an the pendulum and finita
element analysis. All of these techniques are similar or
identical to the methods used to calculate swing ten-
sions, with the provision built into the programs to calcu-
late the bus clearances from the geometrical relation-
ships between adjacent phases under multiphase fault
conditions.

$.4.3 Temporary Alr Clearance Evaluation

- Electrical clearance in substations, under nermal condi-
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tions, has been well treated in the insulation coordination
literature and by standards [16,23,37,92], Both
deterministic and’ probabitistic methods. have been
recommended depending on spscific circumstances and
specific minimum clearances are given for the various
operating voltage levels. Unfortunately the use the
recommended procedures for the temporarily reduced
clearances in substations following short-circuits typical-
ly causes problems for substation design. For many ex-
isting substations the racommended clearances have
een provided for several reasons, not the least of
which-is the fact that methods to calculate minimum
clearances under short-circult conditions have -only
recently been available. For new substation designs,
provision of the general recommended electrical
clearances for short-circuit conditions would lead to ex-
cessively large phase spacings and significantly in-
creased substation costs. The reluctance of substation
designers to design for standard clearances under short-
circuit conditions is supported by the typically excellent
performance of existing substations which have not
been designed on this basis. The reasons.for this have

.-not been quantified; but the generally conservative na-

ture of the standard clearances, the relatively infrequent
occurrence of high-current multiphase short-circuits and
the extremely low probability of lightning or switching
overvoltages during the period when tha busas ara
swinging are contributing factors.

Deterministic Methods

A number of deterministic and empirical approaches 1o
deal with this problem have been suggested. One ap-
proach is to base temporary air clearances on the mini-
mum permissible regulating gap between protective ar-
restors, as a function of tha insulation level chosen for
the insulators [1,92]. For example on a 230 kV system,
2 regulaling gap of 800 mm, transformed to phase-to-
phase with about a 10% margin gives a minimum phase-
to-phase clearance of 1750 mm. Although this is sig-
nificantly less than the standard clearances it is consid-
ered conservative for temporary air clearance pUrposes.
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For the purpose of illustration, Table 5.4.1 gives exam-
ples of temporary air clearances for various system volt-
age levels. Although the values indicated in this table
are typical of those reported in tha literature, the reader
should nota that specific geometrical factors and system
canditions {swilching surge and impulse levels) can re-
quire significant meodification of these values. An ap-
proach, based on 1EC Standard 71 [37] recommended
minimum clearances, is described in the following para-
graphs.

TABLE 5.4.1
Proposed Temporary Air Clearances

Highest System | Clearance Clearance
Voltage Uy, (kV) Dy (mmy) D;z (mm)
123 450 380
145 522 458
245 850 824
420 1550 1558

The withstand capability of air Insulation is determined
by physical processes and cannot be controlled by sub-
station designers. The withstand capability, as a func-
tion of phase-to-phase clearance, is illustrated in Fig.
5.4.6. This curve is based on Table Vi of IEC 71-3 for
the range 2.4 m to 7.9 m, and the well known Galiet ex-
pression [24) for the lower portion of the graph. If the
designer uses the peak system swilching overvoltage
with this relationship, a minimum clearance, typical of

static phase-to-phase clearance, will be obtained. An -

atternative approach, which is appropriate for short-
circuit conditions, is to estimate only the specific switch-
ing surges generated by the switching sequence fol-
lowed under short-circuit conditions. The switching se-
quence will vary somewhat depending on utility practice;
however, a typical, normal switching sequence (with bus
clearance implications) is given below.
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Fig. 5.4.6 Minimum phase-to-phase clearance based on
IEC 71-3 Table VI and extrapolated to lower
voltages and clearances using the Gallet for-
mula [94]

— GALLET FORMULA

1.

.on.
" guestion, the surge will be applied to the whole sub-

A multiphase fault occurs on one of the lines
terminating at the substation of interest

The faut is cleared in less than 0.1 s by the primary
protection. The risk of secondary faults on the line
entrance bus (up to the clearing breakers) is very
low because these buses are de-energized before
significant phase motion or reduction in phase-to-
phase clearance occurs. Main bus sections, which
remain energized throughout the disturbance, must
sustain normal maximum line potential and are sub-
jected to surges produced by reclosing as discussed
in the next paragraph.

Aftar some time, a single circuit breaker is closed to
ra-energize the line. The timing of the reclose is an
important factor. Alhough the risk of secondary
flashover is relatively low immediately after the in-
itiating fault because phase displacements are rela-
tively small at that time, the risk obviously increases.
if raclosing occurs during the bus swinging period
when phase-to-phase clearance may be significantly
reduced. Because of the typical mechanical swing
frequencies of bus systems, and tha fact that the ini-
tial movements of the faulted phases Increases
clearances, relatively high-speed reclosing {befors 1
s approximately} will typically resuit in satistactory
operation. Similarly, slow reclosing (later than 10 s)
will likely be satisfactory because phase displace-
ments will have attenuated before reclosing occurs.
Based on mechanical swing frequencies of typical
bus systems, reclosing in the 1.5 s to 2 s interval
would result in the greatest risk of coinciding with the
bus phases being in the minimum clearance posi-
tian.

The switching surge associated with reclosing varies
depending on system and equipment related
aspects including: the possible use of closing
resistors, the direction of energization, the number of
lines terminating at the associated substation and so
If the line is energized from the substation in

station and its magnitude will depend on the system
configuration at the substation. Such surges are
typically a small fraction (n/(n-1) where n is the num-
ber of lines terminating at the substation) greater
than the normal maximum system voltage at the
substation. If the line is energized from the remote
end, the surge will be applied to a limited portion of
the substation in question (line entrance up o open
circuit breakers). The surge may be of greater mag-
nitude in view of the impedance discontinuity at the
open end of the lne. The consequences of
secondary fauits also depend on the direction of
energization; but fault levels will generally be lower
because only one end of the line is energized.

Under abnormal conditions the switching sequence is as
follows:

1,

A multiphase fault occurs on one of the lines
terminating at the substation of interest.

The fault is not cleared by the primary protection but
is cleared in the interval 0.1 s to 0.5 s. by back up
protection.



3. Because of bus inertia and the fact that initial dis-
placement of the faultled phases is such that
clearance is increased, the impact of delayed clear-
ing on line entrance bus is minimal. After lhe line is
cleared by back up protection, automatic raclosing is
generally blocked. In this case the bus will remain
de-energized and phase-to-phase clearance is not a
problem. Akhough reclosing and associated surges
will eventually occur, by that time the bus will be in
its static position.

For main bus or bus sections which remain
energized throughout the disturbance, withstand of
nermal maximum system voltage is required, but
switching will typically not occur during the bus
swing period.

Through a careful analysis of the switching sequence as
outlined above the designer can estimate the specific
switching surge level for the substation in question under
fault conditions. This will likely result in reduced surge
levels and from Fig. 5.4.6, lower clearance require-
ments.

Probabllistic Methods

As suggested in [37], deterministic methods may be
suitable for the lower voliage classes where the cost of
the excessive conservatism inherent with these methods
is not significant. However, for high-voltage and extra
high-voltage substations, a probabilistic procedure
adapted for shon-circuit conditions is recommended
{64]. This procedure is described in the following para-
graphs.

The |IEC Standard 71-2 "Insulation Coordination Part 2
Application Guide" [37] provides a good description of
the use of probabilistic techniques for the design of air
clearances under normal conditions. This procedure is
llustrated In Fig. 5.4.7. Rather than establishing a maxi-
mum surge magnitude and minimum air gap withstand
strength and separaling these with a suitable safety fac-
tor, the method includes the specific statistical variability
of these parameters in the analysis. On the left of the
figure, the probability density distribution of surge mag-
nitudes is sketched. This curve illustrates the probability
of specific surge magnitudes. In practics, this curve is
obtained from switching surge analysis programs, such
as the Electromagnetics Transients Program (EMTP) for
switching surge distributions, or from lightning discharge
current data (modified by the surge impedance of the
system being designed) for lightning surge distributions.
The curve on the right is the cumulative distribution of air
gap strength. This is a plot of the probability of breal_<-
down of the gap as a function of surge magnilude.. This
curve is obtained by measurement for specific air gap
distances and specific electrode configurations. Consid-
erable data are avaifable for standard electrode.con-
figurations and these have been used as a basis for
recommended clearances in the IEC Standard.

The region where these two distributions overlap is' the
range of surge magnitudes for which failure is possible.
In this region surge magnitudes can exceed the air gap
withstand in which case air gap breakdown occurs. If
the distribution of surge magnitudes is statistically inde-
pendent of the distribution of air gap strength, the prob-
ability of breakdown can be calculated by the convolu-
tion integral shown in the figure. If the distributions are
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Nomal, the probability of breakdown is Normally distrib-
uted and can be obtained from standard Normal prob-
ability tables {F(z) giving the cumulative probability x<z)
using the formula;

Xg-Xe
V@i g

Z=

Whera: .

xg = the mean of the strength distribution

X3 = the mean of the stress distribution

ss = the standard daviation of the strength distribution
S5 = the standard deviation of the strass distribution

Uncertainty regarding the spacific shapes of the distribu-
tions, particularly in the tail regions, can be a cause of
concern. Two approaches are possible. The first is to
attempt to obtain by analysis and/or testing sufficient
statistically significant data'to provide reliable represen-
tation of the distributions in the low probability regions.
The second is to assume somewhat conservatiVe distrib-
ution functions {for example the Normal distribution func-
tion) with conservative statistical parameters for these
functions.  Although the latter approach is not as
desirable as the former, it is prefemmed over the
deterministic approach. if the distributions are not
Normal, atternative fairly straightforward methods are
avallable to perform the convolution integral. Working
the process in reverse, given an acceptable probability
of breakdown or risk level, it is possible fo calculate
standard clearances for specific electroda configurations
and voltage levels. This is the basis for the recom-
mendations provided by the IEC Standard on insulation
coordination [37].

fo

fo(U)

(-]
R =fPT[U}‘fo(U)d(U)

[+]

Fig. 5.4.7 |EC 71 Probabilistic insulation co-ordination
method



The same approach, as recommanded by the IEC Stan-
dard, can be used for the problem of temporary
clearances following short-circuits in substations with
flexible conductors. As described under deterministic
methods, during the period of swinging motion following
multiphase faults, the electric strass on the temporarily
reduced air gaps can vary considerably. For examplg,
swilching surges produced by system operations follow-
ing a fault, may be applied 1o the bus system. For main
bus sections, which remain energized throughaut the
disturbance, these surges must be considered and fac-
tors such as the number of lines connected to the sub-
station and the direction of enargization of lines are sig-
nificant factors. Line entrance bus sections (related {0
the faulted fina) are dae-energized during most of the
swinging motion until re-energization is attempted. In
this case, the timing and the direction {that is if the ling is
energized from the remote end or from the end terminat-
ing in the substation in question) are critical faclors, not
only in regard to the magnitude of the stress applied, but
also to the magnitude of fault current should a
secondary fault occur. The probabilistic formulation of
this problem must therefare deal with bath the variability
of the physical clearance produced by faults of variable
magnitude and duration, and the variability of the electric
stress imposed on the air gaps. Figure 5.4.8 illustrates
in general the steps required for this calculation.
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The probability of breakdown as a function of Clearance
calculation is illustrated in the upper loft of tha figure.
This calculation is identical to that recommended by the
IEC Standard (37) as described in the previous para-
graphs. In this case the swiching surge distribution is
shown. As described, this distribution is determined by
calculation for the specific substation in question. For
the problem of temporary air clearances undar shart-
circuit conditions, the probability of tightning surges coin-
cident with the disturbance and specifically with the oc-
currence of the bus conductors being in the minimum
clearance position, is extremely low. (Based on 6 faults
per year and a significant bus swinging duration of 30
seconds per fault, the probability of lightning during the
swinging period is approximately 2x10%, This is based
on statistical independence between multiphase faults
and lightning occurrences and the very conservative as-
sumplion that the bus is in the minimum clearance posi-
tion throughout the swing period.) Therefore, lightning
impulse conditions need not be included. On the right of
this illustration are some typical air gap strength distriby-
tions for a range of air gap distances. As bsfore, these
distributions are obtained by measurement for air gap
electrode geometries representative, as close as pos-
sible, of the bus configuration in the substation of ques-
tion. Standard data are available for this pumose [42].
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Fig. 5.4.8 Probabilistic formulation of the flexible conduc-
tor bus clearance problem



As with the IEC procedurs, the probability of breakdown
for any specific gap distance is calculated by conveoiving
the stress and strangth distributions. Whan this is done
for a range of gap spacings, a plot of the probability of
breakdown for the specific switching surge distribution
of the substation in question as a function of clearance is
obtained. This curve is shown on the left of the illustra-
tion at the bottom center of the figure. The curve on the
fight of that illustration is the probabiiity density distribu-
tion of specific clearances under shor-circuit conditions.
This curve is obtained by the following the procedure ik
lustrated on the right of the figure.

Starting in the upper cenltra of the figurs the illustration
plotted on its side is the probability density distribution of
short-circuit current magnitudes. This curve is obtained
by methods analogous to those used to caleulate the
switching surge distribution described previously. As
with the swilching surge distribution, this curve is ob-
lained specifically for the substation in question. The
curve lllustrates the typical expectation that high mag-
nitude short-circuit currents have relatively fow probabil-
ities. Methods to calculate this distribution for specific
systems have been devaloped and have been described
in the literature [29,73,76]. Monte-Carlo based methods
offer the capability to handle highly complex systems
and the best accuracy, but at some cost in terms of com-
putational effort. Simplified analytical methods offer
ease of use but at the expense of accuracy for complex
systems. ‘The selection of methods depends on the
specific application, its complexity, computational effort
permitted, and the accuracy required.

The short-circuit current magnitude probability density
distribution is transformed into the probability density
distribution of clearances using the relationships be-
tween short-circuit current and clearance, These rela-
tionships, which are shown in the illustration in the upper
right corner of the figure, are based on calculations of
fiexible bus displacements described in Chapter 4. The
simple transformation relationship for a given fault dura-
tion is shown in the figure. The faull duration is an im-
portant parameter as illustrated in the figure. The distrib-
ution of shor-circuit durations is generally somewhat
system dependent; but data are available from power
system operations records. Inclusion of this parameter,
complicates the calculation only slightly in practice since
the transformation of p{l} into p{c) is accomplished with
simple numerical methods which can easily accom-
modate the additional clearing time distribution. The
result is the clearance probability density distibution
shown in the lower right of the figure and replotted on
the right of the illustration in the middle of the bottom of
the figure. The convolution of this function with the pre-
viously described probability of breakdown as a function
of clearance curve gives the overall probability of break-
down under short-circuit conditions. The calculation, as
described, makes the conservative assumption that the
electric surge stress occurs at the instant at which the
conductors are at their minimum clearance position. Al-
though analysis of the probability of coincidence of the
mechanical swing with the application of surges is
lheoretically possible, it adds a degree of complaxity
which is probably not required for most applications.
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5.4.4 Concluslons

The process described above provides a means to cal-
culate the probability of bus failure under short-circuit
conditions which is identical in principle and result to the
recommendations of the [EC Standard. Thus this techni-
que can be used to design bus systems having the
same risk of fallure under short-circuit conditions as un-
der the nomal static clearance conditions. In the case
of normal static conditions, all types of alectric stresses
and surge conditions must be considered, and as well,
all of these stresses are applied to all parts of the sub-
station insulation. In the case of temporarily reduced
clearances under short-circuit conditions, the types of
surges which must be considered are reduced in view of
the low probability of ightning surges coincident with the
bus being at its minimum clearance position, and as
well, the number of air gaps affected by temporary
reduced clearances and exposed to stress is greatiy
reduced in comparison with the normal case. Thus, al-
though the normal clearances as recommended by the
IEC Standard 71 are not accepted, the risk of flashover
and the method for its calculation are consistent with IEC
Standard 71 {37].

The generalized procedurs described above is complex
and detalled application requires considerable effort and
expense. Therefors, the use of the detailed procedure is
only Justified in those cases where the cost savings in
terms of substation design, operational and construction
costs exceed the cost of carrying out the detailed
studies. In many practical situations, the process may
require simplifications. Simplification is best carried out
in the context of the process as described. In this case,
considaration of the probability distributions for specific
cases may reveal that they can be reduced, with little ef-
fect on the accuracy of the overall result, to deterministic
quantities. For example the switching surge stress dis-
tribution can typically be considered as a deterministic
value corresponding to the maximum steady state ac
voliage on the substation bus system if the number of
lines terminating at the substation bus is relatively large
and the fines are energized from the substation in ques-
tion. Similarly, the fault current magnitude probability
density distribution may be considered 1o be a
deterministic value equal to soms fraction of the maxi-
mum fault current available at the substation bus [43]. In
this case, the fraction should be selected carefully taking
into account the location of the substation in question
with respect to major generating stations. Simplified
analylical methods are useful for this purpose.
Simplifications such as these can have a significant ef-
fect on the convolution calculations and result in much

" reduced calculation effort. Care must be taken to ensure

that when simplifying assumptions are made, that they
are conservative. The more conservative simplifying as-
sumptions are made, the closer the result will approxi-
mate the nommal static clearances recommended by the
IEC Standard and the less likely an economically ac-
ceplable design will be obtained.



6 GENERAL CONCLUSIONS

Based on international experience, failures of substa-
tions, caused by the mechanical effects of short-circuit
currents, have been exiremely rare. However, design
engineers must ensure that subslation designs meet the
extreme requirements associated with short-circuit con-
ditions. This can be achieved through the use of the cal-
culation 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. The Brochure can-
not serve as an exhaustive engineers handbook; but it
should help in developing better understanding of the
phenomena and in finding proper design solutions.

In general, rigid bus designs may be preferred for sub-
stations exposed to high short-circuil currenis because
their design methods are simpler and more reliable.
However, flexible designs may be preterred in many
cases, in spite of the difficulty and uncertainty in calcula-
tion methods, for their relatively low cost and their ability
to withstand earthquakes.

The problems of short-circuit current effects in open air
substations have been described in the brochure as
completely as possible. However, not all of the prob-
lems presented here are at the same level of develop-
ment. Some problems have already been formulated as
IEC recormmendations, others are fully understood but
not daeveloped to standardization stage, while others
have not yst been definitely solved. In the latier case,
simply defined design guidelines cannot be provided.
These problems may be the subjects of further study
work and this brochure may serve as the starting point.
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L'expérience internationale montre que les défaillances
de postes i haute tension aux effets mécaniques de
court-circuits sont extrémement rares. Néanmoins,
lingénieur concepteur doit s'assurer que le poste peut
supporier les sollicitations maximales dues au court-
circuit. Cet objectif peut &tre atteint par lutilisation des
méthodes de calcul et des critdres décrits dans les
chapitres précédents ou par des tests de laboraloire,
dans des cas particulidrement compliqués.

Les auteurs espérent que cette brochure apportera un
soutien précieux a l'ingénieur soucieux d'une conception
fiable et économique. La brochure ne doit pas étre con-
sidérée comme un manuel d'ingéniede complet, mais
comme une aide pour acquérir une mellleure com-
préhension des phénoménes et elfectuer des choix
judicieux lors de la recherche d'une solution adéquate.

On préférera en général utiliser des jeux de barres
rigides pour les postes potentiellement exposés & des
courants de cour-circuit élevés, du fait de méthodes de
conception plus simples et plus fiables. Néanmoins,
lemploi de connexions souples pouma s'avérer
intéressant dans de nombreux cas, en dépit du degré
plus élevé de complexité et d'imprécision des méthodes
de calcul, vu le prix de revient relativement faible de ce
type de connexions et leur aptitude & supporter les sol-
licitations sismiques.

Les auteurs se sont efforcés de décrire dans cette
brochure les probldmes relatifs aux sollicitations
mécaniques de court-circuit d'une fagon aussi compléte
que possible. Cependant, tous les problémes ne sont
pas au méme niveau de développement. Cerains ont
déja fait 'objet de recommandations CEl, d'autres ont
été analysés et compris sans atteindre le stade de ia
standardisation, enfin, quelques-uns . restent actuelie-
ment partiellement posés. Dans ce dernier cas, il est dif-
ficile de donner une ligne de conduite simple, etily a
lieu de poursuivre I'analyse. Cette brochure pourra alors
servir de point de départ.
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8 SYMBOLS

This section provides a list of the most important sym-
tols used throughout the brochure which are primarly
based on the standardized symbols given by IEC ac-
conding to IEC Standard 865: "Calculation of the eflects
of sher-circuit currents.” However, as the scope of this
Brochure concerns only open switchgear for higher
voltages, some symbols are left out and others, based
on the IEC directives, are introduced. As well, some
symbols are defined in the specific chapters and sec-
tions.

Te obtain the necessary degree of flexibility, this sym-
bols list is divided into two parls, one dealing with
quantities and one containing subscripts. An attempt
has been made 1o adopt, as much as possibles, the IEC
symbols. Therefore, quantity symboals, such as A {cross-

section), { (network frequency), f, {mechanical fre-
quency), £ (length), m' {mass per unit length), and so on,
are used without special subscript in accordance with
the IEC Standard 865. However, they are also consider-
ed as general units. With the relevant subscript they
then could be used for any purpose, (for example,.fy nat-
ural frequency of insulator sting). In the symbols fist,
these general definitions are given within brackets.
Note, however, that in contrast 1o IEC 865, all units are
consistent with SI practices.

When mutltiple subscripts are necessary, the part indicat-
ing geometrical conditions is placed last, a.g. Sgq for
dynamic spring constant of girders. Only quantities with
subseripls which are used frequently are listed sepa-
rately.

Symbaol Definition Units
conductor cross-section [cross-section) m2
a center line distance between phase conductors m
= center line distance between subconductors . m
be sag of cable, insulator strings excluded m
b; sag of insulator string at cable connection . ’ m
C finite element damping matrix kg/s
c reference force per unit length N/m
c conductor specific heal capacity Wsikg*C
D distance m
d diameter m
do outside diameter of tube conductor m
d; inside diameter of tube conductor m
E Young's modulus N/m2
egll) exponential term of e(t}, decaying with time constant v/2
= constant term of e(t)
e(t) time function of eleciromagnetic force F'{t) related to C'
€y oscillation with electrical frequency, decaying with 1
- @aq(t) undamped oscillation at double the electrical frequency, term of
e(t)
F Forceftension N
Fq4 force on support of rigid conductors during a short-circuit (peak
value) N

Fy tension in a flexible conducier caused by a fall-of-span sequence N



Symbol

Fa'

g
fa. lka

I

-~ =

E--

3 3

thermal equivalent short-circuit current (rms)' '

Definltion

farce per unit length on an outer phase flexible conductor caused
by a balanced three-phase shon-circuit {rms}

short-Circuit peak force per unit length

tension in a multiple flexible conductor caused by the pinch
ettect

force between subconductors {peak value)

static tension in a flexible conductor, static force on dgid
conducior

tension in a flexible conductor during the swing out sequence
time function of electromagnetic force per unit length

system frequency (electrical)

mechanical frequency

standard value of acceleration of gravity = 9.81
height

instantaneous value of conductor current

steady state short-circuit current (rms)

initial symmetrical short-circuit current (rms)

Two of three-phase short-circuit current (initial symmetrical, rms})
peak short-circuit current

second moment of relevant area

number of spacers
finite element stitfness matrix

conductor length between suppons or string insulators [length)
length of one insulator string or supponing insulator
unstrained span length of cable bus bar

subconductor length between spacers

mass
finite element mass matrix

factor for the heat effect of the DC component

main conductor mass per unit length [mass per unit length]
mass of insulator (string)

mass of subconducter per unit length

equivalent mass of tower or supporting structure

mass of ane spacer

number of subconductors

91

Units

N/m
N/m

N/m
Hz
Hz

m/s?

ol e

b3

m4

N/m

3 3 3 3



Symbol

P‘,P“,Pg,
P3.P4.Ps

S

T
ty

Xin Xout

Yin Youl
¥st

al{\}

a20

Definition

specific mass

dimensionless parameters defined in section 4.6

factor of plasticity

resistance

finite element force vector

yield point

short-circuit load/dead load
mean short-cireuit load/dead load

resultant spring constant of conductor dead end [spring constant]
dynamic spring constant

time of one cycle or pendulum oscillation period
short-circuit duration

dead-time of autoreclosure

time

transverse displacement
finite element displacement vector

ratio between dynamic and static force on support

ratio between stress with and without unsuccessiul three-phase
autoreclosure

ratio between dynamic and static conductor stress

section modulus

reactance

cocrdinate along the bar axis

upward {downward) deflection of span midpoint
inwards {outwards) deflection of span midpoint

static deflection

factor for force on support
conductor linear expansion coefficient
conductor thermal resistivity coefficient at 20°

factor for conductor stress
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Units

kg/m3

N/m?

N/m
N/m

n v n 0

3

m3

1/°C
1rC



Symbol

Yz

&y

O
B,

o

Deafinltion

Eigenvalue

factor for natural frequency estimation
impedance angle

conductor + insulation string swing out angle
insulator string swing out angle

flexible conductor swing out angle

conductor temperature at the beginning of a short-circuit
conductor temperature at the end of a short-circuit

factor for peak short-circuit current

logarithmic damping decrement

magnetic permeability = 4x+107
conductor resistivity

stress
time constant of netwark [time constant]

angular frequency

Subscripts and Abbreviations

Cc
Cis
cl

d

g

i

k2

k3
Li-L2-L3
max

min

rsl
sl
st

tot

cable {flexible conductor)

Cable + Insulator string + Structure
clearing, clearance

dynamic

girder {cross-arm)

insulator, insulator string
line-to-line short-circuit without earth connection
three-phase short-circuit

phase symbois

maxtmum

minimum

neminal {harmonic) number
resufiting

subconductor

structures

soil

static

tower, supporting structure

total

spacer
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Unilts

rad
rad
rad

rad

°C
*C

Vs/Am
0am

N/m2

rad/s



APPENDIX 1

DATA REQUIRED AND EXAMPLE OF
RESULTS FOR RIGID BUS ARRANGEMENTS

The complete data for a structure with 245 kv insulators

ara given in Table A1.
(4] and is shown in Fig.

This structura is fully described in
A1.1. Data or data-groups char-

acterized by " are not required for calculations according

1o IEC 865/86 [39].
Table A1: Example Data

Electrical Data

First Interval Second
short without short-
Characteristic circuit short- circuit
Values duration circuit duration
System
frequency 50 Hz - S0 Hz
Shon-circuit line-to- - line-to
line line
Time interval* O<t<0.1355 | 0.135 s<t 0.580 st
<0.580 s <0.885 s
Max. asymm.
short-circuit
current i,
(peak valug) 41.0 kA 0 40.B kA
Short-circuit
current ko
(rms value)
phase-to-phase | 15.6 kA &) 15.6 kA
Time constant
1= L/R 0.066 s 0.062 s
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Mechanlecal Data

General

number of spans
span-length
distance between
conducter centers
boundary conditions

Conductors

mass

Young's modulus
outside diameter

inside diameter.

log. damping decrement

insulators

natural frequency
spring rate - insulator 1
spring rate - insulator 2
spring rate - insulator 3
height
mass
core diametar (porceiain)
- at the'base -
- at the top

Understructures (steel biliars)

natural frequency

spring rate - steel pillar 1
spring rate - steel pillar 2
spring rate - steel pillar 3
height (without plates)
mass (without plates)
moment of inartia
concenltrated masses

e.g. plate 440+340+30 mm3

Conductor clamps

mass of clamp A

mass of clamp B

mass of clamp C

distance between top of
insulator and conductor axis

2
1

inn

n
L=11.5m

a=1im

continuous conductor,
supported at clamps
A, BandC

m' = 6.04 kg/m
E = 7.0-10¢ N/mm?
dg = 121.1 mm
di= 108.7 mm
A=0.05"
fi=21.5Hz *
G= 730 N/mm *
Cj=757 Nftnm *
C;=777 NJmm *
hi=2100 mm
m;=180kg"*
D;=155mm *
di=131mm*
fe=272Hz *

Cg = 1460 N/mm *
cs =1770 N/mm *
cg = 1880 N/mm *

hg = 2055 mm

mg' = 36.8 kg/m *
J=0.3354104m**
m=235kg *
mMa=138kg"
mp=182kg"
mc=13.8kg"

h =160 mm

Resuits

With reference to the structure and the relevant data
given above, Fig. A1.2 shows the time funclions of the
bending moment at the bottom of the middle insulator
during a shor-circuit. The experimental vaiues are com-
pared with the calculated results [4).
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Fig. A1.1 Test Structure by FGH (DE)
11,12,13,51,82,53: Measuring and calculating
points for the bending moment in the insulators
and steel pillars
C1,02,03,C4,C5,C6: Measuring and calculat-
ing points for the bending stress in the conductor

(8475 Nm)

| R \ f \
TN

current flow
il ‘—‘—‘—‘—‘—‘—u

T ; 9710 Nm

1| ==
0103 0B 02635 0580 0635 08es
0 0,25 050 Q75 1 s 125
t —

Fig. A1.2 Bending moment at the botlom of the middle insulator {measuring point 12)

Calculated by one of the advanced methods
------ Measured
Measured maximum value prior 10 reclosure, 5080 Nm
Measured maximum value after reclosure, 9710 Nm
(5045 Nm and 8475 Nm respecitvely, calculated by IEC Publication 865 [39))
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APPENDIX 2

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 infiugnces of neighbour-
ing phases are also neglected. The methed is described
with reference 1o a practical example (Fig. A2.1) which
could be a rigid or a flexible conductor connected at a
right angle to a cable box or ta a transformer bushing.
Anather practical application would be a horizontal con-
nection to a pantograph isolator.

In Fig. A2.2, the distributed force acting on such a con-

ductor with the length 4 between supports is illustrated.

To simplity the procedure, the distributed force is re-
placed by the concentrated force F, acting at the dis-
lance ¢, from the terminal of the apparatus, As and At
are assumed equal and are introduced to make it pos-
sible to use the centre line of a conductor as a fictitious
current path. Newly introduced symbols are explained in
figures and diagrams.

Basis for calculation

The method is pantly based on work by Ballus {102}, who
has carefully studied the current paths in a corner and
has also presented an analytical method for general use.
The numeiicai method used for the presentation of
diagrams, etc, can be understood by considerng the fol-
lowing two formuias:

y=s4 x=13

Fy= Ho , ip2 * X/(x2 + y2)1.5 « dxedy
4r y'=‘-52 x{H
x=13
Fyttry = [ (Fyx)edx
x=t1

(4Fy = the distance 10 the “gravity centre” of the distrib-
uted force). :

For the design of open air substations, use of such a
simplified procedure for the estimation of angle forces is
reasonable because:
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- the ratio conductor diameter to conductor length of
interest is small

- varability in the design and influence of connectors

makes it difficult and uncerain to foresee and to
analyse the real current paths very near the cormner

- @ concentrated force is easier than varying distrib-

uted forces to analyze, especiaily in combination
with simplified calculation methods.
Calculation procedure
4s and At are both assumed equal to
4S = At = —’%'1— (Fig. A2.1, A2.2)
then torm the ratios
4y ong At
) and Z

F, using Fig. A2.3
-y using Fig. A2.4

Superimpase angle torces with other short-circuit farces.

Example

Li=5m  4=10m 1 =003m n=004m
then,

s _ 0.5: At fi+n _ 0.03+0.04 = 0.0035

2t 4 24 210
From Fig. A2.3: F, = 0.45 N/(KA)2

From Fig. A2.4: £, =0.17+10=1.7m
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APPENDIX 3

DATA REQUIRED AND RESULTS FOR
FLEXIBLE CONDUCTOR ARRANGEMENTS

This appendix provides an example of data (Table A3.1}
and results for a structure that has been used in Belgium
by Laborelec [7] to perform full scale tests of phase-to-
phase shor-circuits with single conductors (Fig. A3.1).
Extensive measurements have been made for the sup-
porting structures, aliowing for a verification of several
advanced methods. Good accuracy was obtained.

A second data set (Table A3.2} provides data for a stnue-
ture which has been tested in France by EDF [10]. This
Structure is more complicated than the preceding cne
because of resonance problems between cables and
supports.

Table A3.1: Data Requirement Laborelec Test

Application ;

) Typical Data Units
Code Descriplion
SMAR Span 40 m
SMA Distance between phases 2.5 m
AR Complete geametry description draft
SMAR Youngs modulus of the cable 12.1010 N/m2
SMAR Cross-section of the cable 324+10°6 . m2
SMAR Weight of the cable 28.35 N/m
MA Dilatation coeffecient 16.8-10-6 1C
MA Heat capacity 389 JkgeC
MA Resistivity at 20°C 1.72:10-8 Q*m
MA Temperature coefficient of resistivity 0.00393 120
A Convection coefficient 35 Wim2eeC
AR ‘ Length of droppers:
phase West 4 m
phase East 6.5 m
AR Concentrated masses and their iocation draft
MAR Insulator string length 1.54m
MAR Insulator string mass 52.3 kg
A Insulator stiffness force 304106 N
A All data for poral struclures or supports draft
SMAR Stiffness of supports +3+105 N/m
MR First Eigenfrequency of the supports 5 Hz
MA Initial temperature 15.8 *C
A Ambient temperature 14 *C
SMAR Initial pulling force:
phase West 7.65 kN
phase East 7.85 kN
SMAR Initial sag: phase West 0.97 m
SMA Shart-circuit cumrent 29.4 kA{rms)
SMA First peak current 72.7 KA
SMA . Short-circuit duration 0.8 s
MA, Equivalent time of apenodic component of the current 0.033 s
MA Network frequency 50 Hz

Application Code:

S = required for simple methods

M =required for medium methods
A = required for advanced methods

R = required for a precheck of the structure against resonances
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CALCULATION RESULTS FOR LABORELEC
TEST ARRANGEMENT

SIMPLE METHOD RESULTS

Preliminary Remark

The Laborelec data {Table A3.1} are adjusted for a line-
lo-line lest arrangament. Using the simple method, the

data "shon-circuit current 29.4 KA and "stiffness of the
supports 3-105 N/m" are transformed into

tka = 29.4/0.866 = 33.95 kA ([3 = 2lkoN3)

S =3-105/4 = 0.75-10° N/m

{Resultant stitiness for one span, when two phases are
acling on two supporis)

Calculation Steps

Evaluation of r

Using Eqs. (4.2.1), (4.2.2} and Fig. 4.2.2

2
fo = 0.15x33.95%/2.5 _ 5 439

28.35 (4.2.1)

Te=1.79V0.97 {1+2.4392)0-25 = 1,086 5 (4.2.2)
Tkt =0.85>T,/4
so0 that

T=T/4=02715s

Fig. 4.2.2
k= 72.7/29.442) = 1.75 9

} m =0.127

r=2.439 (1+0.127) = 2.75

Evaluation of [, &

Using Egs. (4.2.3), {4.2.4} and Fig. 4.2.6
T=1.79V097=1.763 s {4.2.3)
Tk/T = 0.8/1.763 = 0.454 for Fig. 4.2.5 (and Fig. 4.2.7)
bda = 0.97/2.5 = 0.388 for Fig. 4.2.6

First loop:r = 2.75 gives & = 140° and kg = 0.70

and F=1.93 {4.2.4)

Second loop: T =1.93 gives & = 125°and kg = 0.70
andT =193

T{begin) equal to F(end), so that second lcop = last loop
and M=1.93 &=125°

Evaluation of 8, 51

Using Figs. 4.2.7 and 4.2.8

with Tyy/T =0.454 and 7= 1.93is §,, = 136°  Fig. 4.2.7

8y = arctlan F=arctan 1.93 = 62.6° Fig. 4.2.8

a8

‘Evaluation of the maximum tenslle force during the
short-cireuit F,

Using Eqs. (4.2.5), (4.2.6), (4.2.7) and Fig. 4.2.9
9 =3 (V142.75%1) = 5.78

_ (28.35x40)2
$ =54x7650°

= 0.33

(4.2.50)

1
. /(7.5 10°%40)+ 1/(12-1019x354.10°%)

(4.2.7)

From Fig. 4.2.9 { = 0.33 and ¢ = 5.78 give y = 0.297

Fi= 1.0 X 7.65{1+5.78 x 0.297) = 20.8 kN (4.2.6)

Evaluation of the maximum sag during the short-
circuit by

Using Eqs. (4.2.8) to (4.2.12}

Ce=1.15 {4.2.9)

{1 1
€s = (20800-7650) X577 5531210 %40x75-10%

=0.00472 (4.2.11)

_ [_3385\2 13
€ = (W) x 0.271x0.88+10"13 = 0.00026 (4.2.12)

3 {40 )\ _
Cp= \/ 1+ 3 ( 0.97) % 0.00498 = 2.04 (4.2.10)
b= 1.15x2.04 x 0.97 = 2.28 m (4.2.8)

Evaluation of the maximum tensile force after the

-short-circuit Fy

Using Eq. (4.2.13)

Fi = 1.2x7.65%/1 +8x0.33xsin3(0.7x136°-36°) =15kN

(4.2.13)

Compllation of Resuits .
First peak maximum of tension (F) =20.8 kN
Falling down maximum ot tension {F)) = 15kN
Maximum tension to be taken

for dimensioning =20.8 kN
Maximum displacement outside

(from A} =~ 2.28 sin 62.6° =2.02m
Maximum displacement inside

(from A) = 1.625 sin 62.6° =144 m
Maximum displacement up

(from A) = 0.97 {1-cos136°) =1.67m
Maximum displacement down

(from A) = 2.28 - 0.97 =131m

A = normal midspan position
See zlso Fig. 4.2.8b in which:

bc =087 m
ba = 2.28m
(bd + bm).lz =1.625m
5 = 62.6°
Sm =136°
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Fig. A3.1 Laborelec Test Structure

MEDIUM METHOD RESULTS

Time-history of tensicns in middle point of each cable,
giving for phase East:

- First peak maximum of tension 19.10 kN
- Falling down maximum of fension 19.74 kN
- Absolute maximum of tension 19.74 kN

Plot of evolution of tension during and
after short-circuit (e.g. Fig. A3.2)

Time history of displacements of middle point of each
cable, giving:

Maximum displacement outside

- 1.407 m
- Maximum displacement inside 0.860 m
- Maximum displacement up 06.990 m
- Maximum displacemant down 0.655 m
- Minimurmn clearance between cables 0.645m

Plot of evolution of positions of middla point
ot each cabie during and afier shon-circuit
{e.g. Fig. A3.3)

ADVANCED METHOD RESULTS

Time-history of tensions in each point of each cable,
giving for phase East:

- First peak maximum of tension 16.9 kN
- Falling down maximum of tension 23.5kN
- Absolute maximum of tension 23.5 kN

- Plot of evolution of tension during and
after short-circuit {e.g. Fig. 4.5.3)

Time history of displacements of middle point of each
cable, giving:

100

- Maximum displacement outside 1.37m
- Maximum displacement inside 0.7m
- Maximum displacement up 1.1m
- Maximum displacement down 0.6m
- Minimum clearance between cables 1.5m

Plot of evolution of positions of middle point
of each cable during and after shor-circuit
(e.g. Fig. 4.5.2)

Time history of tensions and displacements of each

point of the structure (supperts, cables, droppers, in-

sulators, anchoring point on apparatus, ete.) giving:

- Clearances between cables and suppors, appara-

tus, ..

Stresses in insulator chains, on apparatus

Displacements of supporting structures

Plot of evolution of positions of each point of the

structure during and after short-circuit

- Plot of the situation of the whole structure at a given
time, allowing for generation of movies, giving a
good knowledge of what exactly happens in the sta-
tion during and after a short-circuit

TEST RESULTS

For phase East, measurements give:

- First peak maximum of tension 16.1 kN
- Falfing down maximum of tension 22.4kN
- Absolute maximum of tension 22.4 kN
- Maximum displacement outside 1.33m
- Maximum displacement inside 0.75m
- Maximum displacement up 1.10m
- Maximum displacement down 0.66 m
- Minimum clearance between cables 1.45m
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DATA FOR EDF TEST ARRANGEMENT

The calculation results using advanced methods for the
EDF test arrangernent are discussed in section 4.5.7
and presented in Figs. 4.5.4 and 4.5.5.

Table A3.2: Data Requirement EDF Test

égggcallon Description Typleal Data Units
SMAR Span 45,28 m
SMA Distance between phases 6.25 m
AR Complete geometry description draft
SMAR Young's modulus of the cable 5.25+1010 N/m2
SMAR Cross-section of the cable 11444106 m?2
SMAR Weight of the cable 31.04 N/m
MA Dilatation coeffecient 23108 1/C
MA Heat capacity 890 Jkg-C
MA Resistivity at 20°C 3.25-10°¢ f1em
MA Temperature coefficient of resistivity 3.6+1073 1rC
A Convaction coefficient not available Wim2.eC
A Length of droppers 86 m
A Length of SCC connection 7.5 m
MAR Insulator string length anc-1; anc-2 5.80; 4.85 m
MAR Insulator string mass anc-1; anc-2 324; 325 kg
A Insulator stiffness force 251 _05 N
A All data for portal structures or supports draft
SMAR Stitiness of supports:
phase L1 1.6:108 N/m
phase L2 194108 N/m
MR First Eigenirequency of the supports
phase L1 2.47 Hz
phase L2 257 Hz
MA initial temperature °C
A Ambient temperature °C
SMAR Initiat pulling force:
phase L1 88 kN
phase L2 6.5 kN
SMAR (nitiat sag for 9.53 kN pulling force .98 m
SMA Short-circuit current 63.7 kA(rms)
SMA First peak current 148.3 kA
SMA Shont-circuit duration 0.242 §
MA Equivalent time of aperiodic component of the current 0.022 s
MA Network frequency ' 50 Hz

Application Code:

D0
ooy

required for simple methods
required for medium methods
required for advanced methods

required for a prechack of the structure against resonanca
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APPENDIX 4

SIMPLE FORMULA FOR CALCULATION
OF RESONANCES IN FLEXIBLE BUS SYSTEMS

From the PENDBL model described in section 4.3.2, it is
possible to obtain the pseudo-Eigenfrequencies of the
cable, obtained assuming that:

- the two degrees of freedom of each cable are inde-
pendent,

- the variations of the degrees of freedom may be
finearized. .

For each cable,

Horizontal pendulum oscillation:

Qn.

5.
fn 4 "be

_1
T2

Oscillation of the cable in its plane:

_1_ [BEAg.bg
o T D EA
St'-lo)

Fst-.z-.zo-(1 +
For a quick rescnance check, one may compare these
two frequencies with the first Eigenfrequencigs of the
supporting structure. A problem of resonance can occur
if a separation between these frequencies of less than
10% exists. 1t is then necessary fo cany out a more
detailed investigation, e.g. using an advanced method.
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