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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SHORT-CIRCUIT CURRENTS -
CALCULATION OF EFFECTS

Part 2: Examples of calculation

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 60865-2, which is a technical report, has been prepared by IEC technical
committee 73: Short-circuit currents.

This second edition cancels and replaces the first edition published in 1994. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition.

a) The determinations for auto reclosure together with rigid conductors have been revised.
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b) The configurations in cases of flexible conductor arrangements have been changed.
c) The influence of mid-span droppers to the span has been included.

d) For vertical cable-connection the displacement and the tensile force onto the lower fixing
point may be calculated now.

e) Additional recommendations for foundation loads due to tensile forces have been added.

f) The subclause for determination of the thermal equivalent short-circuits current has been
deleted (is part of IEC 60909-0:2001 now).

g) The standard IEC 60865-1:2011 has been reorganized and some of the symbols have been
changed to follow the conceptual characteristic of international standards.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
73/168/DTR 73/173/RVC

Full information on the voting for the approval of this technical report can be found in the report
on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 60865 series, published under the general title Short-circuit
currents — Calculations of effects, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific publication. At this date, the publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.
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SHORT-CIRCUIT CURRENTS -
CALCULATION OF EFFECTS
Part 2: Examples of calculation
1 Scope

The object of this part of IEC 60865, which is a Technical Report, is to show the application of
procedures for the calculation of mechanical and thermal effects due to short circuits as
presented in IEC 60865-1. Thus, this technical report is an addition to IEC 60865-1. It does not,
however, change the basis for standardized procedures given in that publication.

The following points should particularly be noted:

a) The examples in this Technical Report illustrate how to make the calculations according to
IEC 60865-1 in a simplified and easy-to-follow manner. They are not intended as a check
for computer programs.

b) The numbers in parentheses at the end of the equations refer to the equations in
IEC 60865-1:2011.

c) The system voltages are referred to as nominal voltages.
d) The results are rounded to three significant digits.

e) Short-circuit effects appear as exceptional load in addition to the mechanical loads of the
normal operation of a switchgear. In the following examples with rigid conductors, a
possible static preloading is therefore calculated too. Depending on whether it concerns the
load of the normal operation or the load during the short-circuit different safety factors
come to use. The height of these factors has been chosen typically and is recommended
for the use. However, other safety factors may be necessary depending on the safety
concept.

2 Normative references

IEC 60865-1:2011, Short-Circuit Currents — Calculation of Effects — Part 1: Definitions and
calculation methods

IEC 60909-0:2001, Short-circuit currents in three-phase AC systems — Part 0: Calculation of
currents

3 Symbols and units
For symbols and units, reference is made to IEC 60865-1:2011.

In addition, the following symbols are used:

Fstr k Dead load (characteristic value) N
Fstr g Dead load (design value) N
Fstrd Force on support of rigid conductors (design value) due to dead load N
hg, h Height of the substructure, insulator m
Hy Horizontal component of the force at the lower fixing point of one sub- N

conductor of a dropper
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Jst.m Second moment of main conductor area with respect to the direction of mé
the dead load

I Steady-state short-circuit current (r.m.s) according to IEC 60909-0 A

Lot Effective length of a span m

It Form factor of a span m

Ih Extend of one head armature and clamp m

m, n Factor for heat effect of the d.c. component and a.c. component 1

Mg 4, M, 4 Bending moment on the bottom on the substructure, insulator (design N

: : m

value)

Vs Vertical component of the force at the upper fixing point of one sub- N
conductor of a dropper

Wstm Section modulus of main conductor with respect to the direction of the m3
dead load

7 Partial safety factor for action 1

™ Partial safety factor for material property 1

Ost.m.d Bending stress caused by the dead load (design value) N/m?2

Ostm k Bending stress caused by the dead load (characteristic value) N/m?2

4 Example 1 — Mechanical effects on a 10 kV arrangement with single rigid
conductors

4.1 General

The basis for the calculation in this example is a three-phase 10 kV busbar with one conductor
per phase. The conductors are continuous beams with equidistant simple supports. The
conductor arrangement is shown in Figure 1. According to IEC 61936-1 [1]1, the calculation is
done for the normal load case considering the dead load of the busbar and the exceptional load
case considering the combination of effects of short-circuit currents and dead load.

A
.

77
g

KRR
1

I
—

RN

/)

NN
b

——— e main conductor axis
IEC

Figure 1 — Conductor arrangement

1 The numbers in square brackets refer to the Bibliography.
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4.2 Data

Initial symmetrical three-phase short-circuit current (r.m.s.) Ix
Factor for the calculation of the peak short-circuit current K
System frequency f

No automatic reclosing

Number of spans

Centre-line distance between supports [

Centre-line distance between conductors a

Rectangular conductor EN AW-6101B T7

— Dimensions bm
m

— Mass per unit length of main conductor mpm

— Young’s modulus E

— Stress corresponding to the yield point Iy

Conventional value of acceleration of gravity g

Partial safety factors; for example according to EN 1990 [2]

— Normal load case e
™

— Exceptional load case 7w il =

NOTE Safety factors differ in national standards.

16 KA

1,35
50 Hz

1m

0,2m

60 mm
10 mm
1,62 kg/m

70 000 N/mm?2
120 N/mm? to
180 N/mm?
9,81 m/s?

1,35
1,1
1,0

4.3 Normal load case: Conductor stress and forces on the supports caused by dead

load
The dead load on the conductor is:

Fur = minlg = 16259100 m-9,81-2 =159 N
, - .

Fetrd = 7F Ferk =1,35-15,9N=215N
The conductor bending stress is:

Fstr,kl _15,9N1,00m
8Wstm 8-6-10°m?
Ostmd = 7F Ostmk = 1,35-0,33 N/mm? = 0,45 N/mm?

-0,33-10% N/m? = 0,33 N/mm?

Ostmk =

with
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3 ) 3
Jetm = c,qzzym _ 0,0101(2),060 m® ~18.10-7 mé

~Jstm 18107 m*
tm T /2 0,03m

Wi =6-10°md

NOTE The equation for the calculation of o, . gives the maximum value for two spans. The actual value for
three or more spans is slightly lower. o

The conductors have sufficient strength if

A

y
Ostmd = ——
™

with the lower value of fy- The partial safety factors for normal load case y, », see 4.2. This
gives:

2
less than Jy _120N/mm” _ 109 N/mm?

™ 1,1

Ostmd = 0,45 N/mm?

The forces on the supports are in the direction of the dead load:
— for the outer supports (A) with oy = 0,4, see IEC 60865-1:2011, Table 3:

Fst,r,dA = CZA Fstr,d = 0,4 21,5 N = 8,6 N

— for the inner supports (B) with ag = 1,1, see IEC 60865-1:2011, Table 3:

Fst,r,dB = 0B Fstr,d = 1,1 . 21,5 N= 23,7 N

NOTE In some standards the safety factors for the supports can include the partial safety factor yg for action.
4.4 Exceptional load case: Effects of short-circuit currents
4.41 Maximum force on the central main conductor

The maximum electromagnetic force on the central main conductor is:

.10~7 2
m?,:&ﬁigiz—““ 10 ﬁ.ﬁ.(so,ewo?’A) 200M _go3N (2)
2n 2 am 2 Am 2 0,202 m
where
iy = kN2 If =1,35-4/2-16 kA =30,6 kA =30,6-10° A
and the effective distance between the main conductors
a 0,20m
== =0,202m 6
m . 0,99 ®)

with k4, according to IEC 60865-1:2011, Figure 1 with aqs=a, bg=by, cg=c, for
by/cy =60 mm/10 mm = 6, and a/c, = 200 mm/10 mm = 20.
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4.4.2 Conductor stress and forces on the supports
4.4.21 General

The calculations can be made according to the following 4.4.2.2 or 4.4.2.3.

4422 Simplified method
4.4.2.2.1 Conductor bending stress

The maximum bending stress is:

B Frsl 803N-1,00m 6 2 2
Omd = Vom V;—mﬂ W = 1,00,73m = 73,310 N/m* = 73,3 N/mm (9)
where
VarnVim = 1.0 (VamVrm)max according to IEC 60865-1:2011, Table 2
p=0,73 according to IEC 60865-1:2011, Table 3

Jm _ 05-10%m?

= =1-10"m3
em 12 0,005 m

Wh =
The busbar is assumed to withstand the short-circuit force if

Om,d +Tstmk <9 fy (11)

with the lower value of f. og m see 4.3. For rectangular cross-section ¢ =1,5, see
IEC 60865-1:2011, Table 4. This gives:

Omd +Ostmk = 73,3N/mm? +0,33 N/mm? = 73,6 N/mm?  less than ¢ £, =1,5-120 N/mm? =180 N/mm?

4.4.2.2.2 Forces on the supports

The equivalent static force on the supports is:
Frq =V Vim @ Fin3 (15)

According to IEC 60865-1:2011, Table 2, with the upper value of /i and oy g = O g + Tt m k it
is:

Ootd 73,6 N/mm?

= 3 =0,511
0,8/, 08-180N/mm

Therefore, with a three-phase short-circuit we meet range 2 in IEC 60865-1:2011, Table 2,

0,370 < 2totd _ 4
087,

hence
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0,8
Ve Ve = Jy 1 406
O-tOt,d 0,511
For the outer supports (A) it is with a5 = 0,4, see IEC 60865-1:2011, Table 3:
Fran =VEVimap Fm3 =1,96-0,4-803N =630 N
For the inner supports (B) it is with og = 1,1, see IEC 60865-1:2011, Table 3:
Frag = Ve Vim o Fmz =1,96-1,1-803N =1731N
4.4.2.3 Detailed method
4.4.2.31 Relevant natural frequency f.,, and factors Vg, V,,, and V.,
The relevant natural frequency of the main conductor is:
10 2 -8 4
fom =2, [EIm 356 2'J7 100 N/m?.05-10°m* _ 16)
/ M (1,()0 m) 1,62 kg/m
where
y= 3,56 according to IEC 60865-1:2011, Table 3
Jn=0,5-108m* see 4.4.2.2.1
The frequency ratio is:
Jom _523Hz _ 105
f 50 Hz
From Figure 4 and 5.7.3 of IEC 60865-1:2011, the following values for the factors Vg, V., and

V.m are obtained:

Ve =18

Vom =10

Vim =10
4.4.2.3.2 Conductor bending stress
The maximum bending stress is:

o g =V Ve p 2m3 1 _ 1,0-1,0-0,73-% =73,3-10% N/m? = 73,3 N/mm?
’ 8, 8:1.107"° m

where
VomVem = 1,0-1,0 according to 4.4.2.3.1
p=0,73 according to IEC 60865-1:2011, Table 3
W =1-106m3 see 4.4.2.2.1

The busbar is assumed to withstand the short-circuit force if
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Om,d + Ostmk < 9qfy (11)

with the lower value of f . oy see 4.3. For rectangular cross-section ¢ =1,5 see
IEC 60865-1:2011, Table 4. This gives:

Omd +Ostmk = 73,3 N/mm? +0,33 N/mm? = 73,6 N/mm? less than ¢ f, =1,5-120 N/mm? = 180 N/mm?

4.4.2.3.3 Forces on the supports

The equivalent static force on supports becomes:
Fra =VEVim @ Fin3 (15)

According to IEC 60865-1:2011, Table 2, with the upper value of /i and oy g = O g + Tt m k it
is:

Ttotd _ 73,6 N/mm®
0,8/, 08-180 N/mm?

=0,511

Therefore, with a three-phase short-circuit we meet range 2 in IEC 60865-1:2011, Table 2,

0,370 < 2totd _ 4
087,

hence

087 1

Ve Vi =
P otg 0,511

According to 4.4.2.3.1 above, VgV, =18-1,0=18 which is less than the value 1,96 according
to IEC 60865-1:2011, Table 2.

For the outer supports (A) it is with a5 = 0,4, see IEC 60865-1:2011, Table 3:

Frga =VeVimaa Fnz =1,8:1,0-0,4-803N =578 N

For the inner supports (B) it is with og = 1,1, see IEC 60865-1:2011, Table 3:

Fr g =VEVim o Fp3 = 1,8:1,0-1,1-803 N = 1590 N

4.5 Conclusions

The busbar will withstand the dead load
The calculated bending stress is Ost,m.d 1 N/mm?

The outer supports have to withstand a vertical force

of Fst,r,dA 9N

The inner supports have to withstand a vertical force

of Fst,r,dB 24N
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Simplified Detailed

method method
The busbar will withstand the short-circuit load
The calculated bending stress is Otot,d 74 N/mm? 74 N/mm?
Thelouter supports have to withstand an equivalent Fr n 630 N 580 N
static force of r,

The inner supports have to withstand an equivalent

static force of Fras 1740 N 1590 N

The stresses and forces are rounded.

The forces calculated with the detailed method are less than calculated with the simplified
method.

5 Example 2 — Mechanical effects on a 10 kV arrangement with multiple rigid
conductors

5.1 General

The basis for the calculation in this example is the same three-phase 10 kV busbar as in
Example 1, but now with three sub-conductors per main conductor as shown in Figure 2. The
cross-sections of the sub-conductors are 60 mm x 10 mm as the conductors of Example 1. The
connecting pieces are spacers. According to IEC 61936-1 [1], the calculation is done for the
normal load case considering the dead load of the busbar and the exceptional load case
considering the combination of effects of short-circuit currents and dead load.

/
ls

T
L I

Pl B
LY 7 \ I
f I
= =

Cm

IEC

Figure 2 — Position of the sub-conductors and connecting pieces

5.2 Data (additional to the data of Example 1)

Number of sub-conductors n = 3
Dimension of sub-conductor in the direction of the force cg = 10 mm
Number of sets of spacers k= 2
Centre-line distance between connecting pieces g = 0,5m
Dimension of spacers of EN AW-6101B T7 60 mm x 60 mm x

10 mm
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5.3 Normal load case: Conductor stress and forces on the supports caused by dead
load

In 4.3 (Example 1), the following values are calculated for one conductor

Dead load of the conductor Fgpx = 159N
Fgtr g = 215N
Conductor bending stress Ostmk = 0,33 N/mm?
2
O-St,m,d = 0,45 N/mm

In this Example 2, the conductor bending stress is the same as in Example 1, 4.3. According to
the number of sub-conductors, the vertical forces on the supports are n times higher

— for the outer supports (A) with a, = 0,4, see IEC 60865-1:2011, Table 3:

Fstran = nap Ferg =3-0,4-215N=258N

— for the inner supports (B) with og = 1,1, see IEC 60865-1:2011, Table 3:

Fst,r,dB =naopg Fstr,d =3 1,121,5 N = 71,0 N

5.4 Exceptional load case: Effects of short-circuit currents
5.4.1 Maximum forces on the conductors
5411 Maximum force on the central main conductor

The maximum electromagnetic force on the central main conductor is:

1077 2
m3zﬂﬁigL:ﬂﬁ.ﬁ.(w,g.m:*A) .MzgﬁN (2)
2n 2 am 2n Am 2 0,20 m
where
iy = kN2 If =1,35-4/2-16 KA = 30,6 kA = 30,6-10° A
and the effective distance between the main conductors
am=-"=22M _020m (6)
k1o 1,00

with k4, according to IEC 60865-1:2011, Figure 1 with aqs=a, bg=by, cg=c, for
by/cy =60 mm/50 mm = 1,2 and a/c,, = 200 mm/50 mm = 4. The dimensions b,, and ¢, are
shown in IEC 60865-1:2011, Figure 2 b).

5.4.1.2 Maximum force on the sub-conductor

The maximum electromagnetic force on the outer sub-conductor between two adjacent
connecting pieces is:

2 7 3,2
Fs:& |l _4n-10" Vs 1306-10°A) ~ 05m _515N (4)
2n\n) ag 2 Am 3 20,2-10° m

where
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N _Fkg ks _ 060 078 1 (8)
as  aq2 aqz3 20mm 40mm 20,2 mm
with k4, and k43 from IEC 60865-1:2011, Figure 1:
- k45 =0,60 for a4o/cg = 20 mm/10 mm = 2 and bg/cg = b /cg = 60 mm/10 mm = 6
- kq3=0,78 for ay3/cg =40 mm/10 mm = 4 and by/cg = b, /cg = 60 mm/10 mm = 6
or ag from IEC 60865-1:2011, Table 1.
5.4.2 Conductor stress and forces on the supports
5.4.21 General
The calculations can be made according to 5.4.2.2 or 5.4.2.3.
5.4.2.2 Simplified method
5.4.2.2.1 Bending stress caused by the forces between the main conductors
The maximum bending stress caused by the forces between the main conductors is:
Fsl 811N-1,00 m
= Vom Vs m3° _10.0,73-———— " =24,7-10° N/m? = 24,7 N/mm? 9
Om,d omVim B W 8-3'10_6 m3 ©)
where
VomVim =10 = (Vom Vim) max according to IEC 60865-1, Table 2
p=0,73 according to IEC 60865-1, Table 3
3 3
Jg = csbs _ 0,010°-0,060 m* =0,5.10-8 m?
12 12
-8 4
- Js 20,5 107" m ~1.10-6 m3
csl2 0,005 m
W =nWs=3110°m?=3.10%m? according to IEC 60865-1, 5.4.2
5.4.2.2.2 Bending stress caused by the forces between the sub-conductors

The maximum bending stress caused by the forces between the sub-conductors is:

Fls _, . 515N-05m

=1,0- =16,1-10° N/m? = 16,1N/mm? (10)
1615 16-1.107° m3

Os,d =Vos Vs

where

VosVes = 10 = (VasVis) according to IEC 60865-1:2011, Table 2

max
Ws=110"06m3 see 5.4.2.2.1
5.4.2.2.3 Total conductor stress

The total conductor stress is with the stresses calculated in 5.4.2.2.1, 5.4.2.2.2 and 5.3:

Ototd = Omd + Ts.d + Tstmk = 24,7 N/mm? +16,1N/mm? + 0,33 N/mm? = 41,1N/mm?  (12)
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The busbar is assumed to withstand the short-circuit force if
Otot,d < 4 fy (13)

with the lower value offy. For rectangular cross-sections ¢ = 1,5, see IEC 60865-1:2011, Table
4 or 5.4.2. This gives:

Otord = 41IN/mm? less than ¢ £, =1,5-120 N/mm? =180 N/mm?
It is recommended that the stress caused by the forces between sub-conductors holds
Osd < fy (14)
with the lower value offy. This gives:
osq =16,1N/mm® less than £, =120 N/mm?

5.4.2.2.4 Forces on the supports

The equivalent static force on supports is:
Frg =VEVim @ Fin3 (15)
According to IEC 60865-1:2011, Table 2, with the upper value offy it is:

Ttotd _ 411N/mm?
0,8/, 0,8-180 N/mm?

=0,285

therefore with a three-phase short-circuit we meet range 1 in IEC 60865-1:2011, Table 2,

Ttotd _ 370
08/

hence
VEVim=27

For the outer supports (A) it is with , = 0,4, see IEC 60865-1:2011, Table 3:
Frga = Vi Vim @p Frpz = 2,7-0,4-811N =876 N

For the inner supports (B) it is with og = 1,1, see IEC 60865-1:2011, Table 3:

Fr.48 = Vi Vi @ Fng = 2,7-1,1-811N = 2400 N
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5.4.2.3 Detailed method

5.4.2.31 Relevant natural frequency f,, of the main conductors, f,  of the sub-
conductors and factors Vg, Vg, Vs Vim and Vg

The relevant natural frequency of the main conductors is:

10 2 -8 4
fom—e s [Es g g7, 350 2.J7 10 N/m?-05-108 m* _ o a7
/ mg (1,00m) 1,62 kg/m
where
e=0,97 according to IEC 60865-1:2011, Figure 3c), for k = 2(175: 0,5jand the radio
my _162kg/m-0,06 m-2 _ 0,04
nmgl  3-162kg/m-100m
y= 3,56 according to IEC 60865-1:2011, Table 3
Js=0,5108m*  see 5.4.2.2.1
The relevant natural frequency of the sub-conductors is:
10 2 -8 4
fcs=3'§6 E{S _ 3,56 2'\/7 10" N/m“-0,5-10""m 209 Hz (18)
15 \/ ms (0,5m) 1,62 kg/m
The frequency ratios are:
Jom _ 50,8 Hz _102
f 50 Hz
&:209H224,18
f 50 Hz

This gives from IEC 60865-1:2011, Figure 4 and 5.7.3, the following values for the factors VE,

ch’ Vcs’ Vrm and Vrs:
Ve =18
Vom =10 Vos =1,0
Vim =10 Vs =10
5.4.2.3.2 Bending stress caused by the forces between the main conductors

The maximum bending stress caused by the forces between the main conductors is:

6md =Vom Vim B Fing ! _ 1,04,00,73%:24,7-106 N/m? = 24,7 N/mm? (9)
’ 8MWm 8-3-10°m
where
VemVim = 1,0-1,0 according to 5.4.2.3.1

p=0,73 according to IEC 60865-1:2011, Table 3
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W, = 3:106m3 see 5.4.2.2.1

5.4.2.3.3 Bending stress caused by the forces between the sub-conductors

The maximum bending stress caused by the forces between the sub-conductors is:

Oy = Vs Vie28ls 101, .&0,651: 16,1-10% N/m? = 16,1N/mm?
‘ 16Ws 16-1-107° m
where
VesVis = 1,0-1,0 according to 5.4.2.3.1
Wy =11006m3 see 5.4.2.2.1

5.4.2.3.4 Total bending stress in the busbar

The total conductor stress is with the stresses calculated in 5.4.2.3.2 and 5.4.2.3.3 and 5.3:

Ototd = Omd + Osd + Tstmk = 24,7 N/mm? +16,1N/mm? + 0,33 N/mm? = 41,1N/mm?

The busbar is assumed to withstand the short-circuit force if

Otot,d < ny

(10)

(12)

(13)

with the lower value offy. For rectangular cross-sections ¢ = 1,5, see |IEC 60865-1:2011, Table

4. This gives:
Otord = 41IN/mm? less than ¢ £, =1,5-120 N/mm? = 180 N/mm?
It is recommended a value
Osd < fy
with the lower value offy. This gives:
osq =16,1N/mm® less than £, =120 N/mm?

5.4.2.3.5 Forces on the supports

The equivalent static force on supports is:
Frd =VEVim @ fin3
According to IEC 60865-1:2011, Table 2, with the upper value offy it is:

Ootd _ 411N/mm?

= 5 =0,285
0,8/, 0,8-180N/mm

Therefore with a three-phase short-circuit we meet range 1 in IEC 60865-1:2011, Table 2,

(14)

(15)
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Ttotd _ 0 370
08f,

hence
VEVim=27

According to 5.4.2.3.1 above, Vg V,,, = 1,8 - 1,0 = 1,8, which is less than the value 2,7 obtained
from IEC 60865-1:2011, Table 2.

For the outer supports (A) it is with a5 = 0,4, see IEC 60865-1:2011, Table 3:
Frgn =VeVimap Fm3 =18-1,0-0,4-811N =584 N

For the inner supports (B) it is with og = 1,1; see IEC 60865-1:2011, Table 3:
Frag =V Vimog Fnz =1,8-1,0-1,1-811N = 1606 N

5.5 Conclusions

The busbar will withstand the dead load

: ; 2
The calculated bending stress is Ost,m.d 1 N/mm
The outer supports have to withstand a vertical force
FstrdA 26 N
of st,r,
The inner supports have to withstand a vertical force
Fstr dB 71N
of st,r,
Simplified Detailed
method method
The busbar will withstand the short-circuit force
The calculated bending stresses are Otot,d 42 N/mm? 42 N/mm?
T g 17 N/mm? 17 N/mm?
The.outer supports have to withstand an equivalent Fr 880 N 590 N
static force of r
The.mner supports have to withstand an equivalent F g 2410 N 1610 N
static force of r

The forces calculated with the detailed method are less than calculated with the simplified
method.

6 Example 3. — Mechanical effects on a high-voltage arrangement with rigid
conductors

6.1 General

The basis for the calculation in this example is a three-phase 380 kV busbar, with one tubular
conductor per phase. The conductor arrangement is shown in Figure 3. This example includes
calculations without and with automatic reclosing. Without automatic reclosing only one short-
circuit current duration exists, with automatic reclosing two short-circuit current durations exist
with an interval without current flow.
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According to IEC 61936-1 [1], the calculation is done for the normal load case considering the
dead load of the busbar and the exceptional load case considering the combination of effects

of short-circuit currents and dead load.

| S | B | SR BN e e 18

"'ﬂ"'_'_ﬂ""—'(_)'""'T'_\_'_'_'_'_i""_'_' . —

Figure 3 — Two-span arrangement with tubular conductors

6.2 Data

Initial symmetrical three-phase short-circuit current (r.m.s.)

Factor for the calculation of the peak short-circuit current

System frequency

Number of spans

Centre-line distance between supports
Centre-line distance between conductors
Height of the insulator with clamp

Height of the support

Tubular conductor 160 mm x 6 mm EN AW-6101B T6
— Mass per unit length

— Outer diameter

— Wall thickness

— Young’s modulus

I
i
N =
!
I 2]
1 ~=
i
i
i
|
I
!
i
i
.
< T
i
s
S5+
T
! N
!
<IN '
T
' IEC
I = 50kA
K = 1,81
f = b50Hz
2
/ = 18 m
a = 5m
h = 3,7m
hS = 7,0 m
my = 7,84 kg/m
d = 160 mm
t = 6 mm
E = 70000 N/mm?
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— Stress corresponding to the yield point fy -~ 160 N/mm? to
240 N/mm?
Conventional value of acceleration of gravity g = 9,81 m/s?2
Partial safety factors; for example according to EN 1990 [2]
— Normal load case w = 135
7M = 1,1
— Exceptional load case wwmwl= 1.0

NOTE Safety factors differ in national standards.

6.3 Normal load case: Conductor stress and forces on the supports caused by dead
load

The dead load on the conductor is

Fur = minlg =7,84°2.18m. 0,817 1384 N
m s
Fstr,d =JE Fstr,k =1,35-1384 N=1868 N

The conductor bending stress is

Fyl  1384N.18m
8Wm 8-108-10°° m?3
Ost,m,d = 7F Ostm,k = 1,35-28,8 N/mm2 = 38,9 N/mm2

-28,8-10% N/m? = 28,8 N/mm?

Ostmk =

with
I = ~(d-21)") -
64
~Jpn 862:10°m*
mar 0,16/2m

é.(0,164 —(0,16—2.0,006)4) m* = 8,62-10°° m*

-108-10 8 m?

The conductors have sufficient strength if

Jy
Ostmd < ——
™

with the lower value of fy- The partial safety factors for normal load case y, », see 6.2. This
gives:

2
less than Y. — 16ON/MM _ o\ /mm?

™ 1,1

Ostm.d = 38,9 N/mm?

The force on the supports are in the direction of the dead load:
— for the outer supports (A) with a, = 0,375, see IEC 60865-1:2011, Table 3:

Fatran = @A Fsyq = 0,375-1868 N = 701N = 0,701kN

— for the inner supports (B) with o = 1,25, see IEC 60865-1:2011, Table 3:
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Fst,r,dB = aB Fstr,d = 1,25 1868 N = 2335 N = 2, 335 kN

6.4 Exceptional load case: Effects of short-circuit currents
6.4.1 Maximum force on the central main conductor

The maximum electromagnetic force on the central main conductor becomes:

-7 2
L —fo N3 2L I _A4n107 Vs .—“-(128-103A) J8M 10200 N =10,2kN
2n 2 am 2 Am 5m

where

ip = k2 I =181-/2 .50 KA =128 kKA = 128-10° A

and a, = a = 5 m according to IEC 60865-1:2011, 5.3.

6.4.2 Conductor stress and forces on the supports
6.4.2.1 General

The calculations can be made according to the following 6.4.2.2 or 6.4.2.3.

6.4.2.2 Simplified method
6.4.2.2.1 Calculation without three-phase automatic reclosing
6.4.2.2.1.1 Conductor bending stress

The maximum bending stress is:

Fingl 110,2:10°N-18 m

Omd = VomVim £ 8 =10-0,73

— =155.108 N/m? = 155 N/mm?
Wm 8-108-10°m

where
VomVem =10 = (VomVim)max ~ @ccording to IEC 60865-1:2011, Table 2

p=0,73 according to IEC 60865-1:2011, Table 3
= 108:106m3 see 6.3

For tubular cross-section, the total bending stress becomes:

Ototd =\ 0 + OAmk = 1557 +28,82 Nimm? = 158 N/mm?

The busbar is assumed to withstand the short-circuit force if

Otot,d <4 fy

(2)

(9)

(11)

with the lower value of fy For tubular cross-section in accordance with IEC 60865-1:2011,

Table 4:
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1-(1-21/d)’ 1-(1-2.0,006 m/(0,160 m))’
q=17 7 =17 7 =1,32
1-(1-2t/d) 1-(1-2-0,006 m/(0,160 m))
This gives:
Ototd =158 N/mm?  less than q fy =1,32-160 N/mm? = 211N/mm?
6.4.2.2.1.2 Forces on the supports and moments on the substructures
The equivalent static force on supports is:
Frg =VEVim @ Fin3 (15)

According to IEC 60865-1:2011, Table 2, with the upper value offy it is:

Totd _ 158 N/mm?
0,8/, 0,8-240 N/mm?

=0,823

Therefore we meet range 2 in IEC 60865-1:2011, Table 2,

0,370 < 2totd _ 4
087,

hence
08/ 1

Cotd 0823

VeVim =

For the outer supports (A) it is with a, = 0,375, see IEC 60865-1:2011, Table 3:

Frgn = Vi Vi @a Fng = 1,22-0,375-10,2 kN = 4,67 kN

For the inner supports (B) it is with og = 1,25, see IEC 60865-1:2011, Table 3:

Fy. g8 = Vi Vi @ Frng = 1,22-1,25-10,2kN = 15,6 kN

The bending moments on the substructures are:

on the bottom of the outer insulators

M|A,d = E‘,dA ]’l| = 4,67 kN 3,7 m = 17,3 kNm

on the bottom of the outer supports

Mgpq = Frgahs = 4,67 kN-7,0 m = 32,7 kNm

on the bottom of the inner insulators

MlB,d = F;‘,dB h| = 15,6 kN3,7 m=57,7 kNm

on the bottom of the inner supports

MSB,d ZF;-,chS 215,6 kN7,0m =109 kNm
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6.4.2.2.2 Calculation with three-phase automatic reclosing

6.4.2.2.2.1 General

In networks with three-phase automatic reclosing different mechanical stresses can occur
during the first and the second short-circuit current flow duration. In 6.4.2.2.1, the stresses and
forces during the first short-circuit current flow duration are calculated.

6.4.2.2.2.2 Conductor bending stress

The maximum bending stress during the second short-circuit current flow duration is:

=279-10% N/m? = 279 N/mm? (9)

3
’ 8Mm 8.108-10"% m
where

VomVem =18 = VomVem) according to IEC 60865-1:2011, Table 2

max
p=0,73 according to IEC 60865-1:2011, Table 3
Wy, = 108:10-6m3 see 6.3

The bending stress during the second short-circuit current flow duration is greater than during
the first short-circuit current flow duration calculated in 6.4.2.2.1.1.

The total bending stress becomes:

Gtotd =\ 02+ Thmk = 2792 +28,8% N/mm? = 281N/mm?
The busbar is assumed to withstand the short-circuit force if

Otot,d S 4 fy (11)
with the lower value offy and where ¢ = 1,32, see 6.4.2.2.1.1. This gives:
Otord = 281N/mm?  greaterthan ¢ £, =1,32-160 N/mm? = 211N/mm?

Considering only the result of the simplified method, the busbar is not assumed to withstand
the short-circuit force. Therefore it is necessary to apply the detailed method to verify that the
conductors are assumed to withstand the short-circuit force.

6.4.2.2.2.3 Forces on the supports

The following calculation is made only for information, as a result of the conductors not
withstanding the short-circuit force according to the simplified method.

The equivalent static force on the supports is:
Frq =VeVim @ Fin3 (15)
During the first short-circuit current flow it is, see 6.4.2.2.1.2:

(VF Vem )1 =122
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According to IEC 60865-1:2011, Table 2, with the upper value of fy it is during the second
short-circuit current flow:

Opotd 281 N/mm?

= =146
0,8/, 0,8-240 N/mm

therefore we meet range 3 in IEC 60865-1:2011, Table 2,

hence during the second short-circuit current flow
(VF Vim )2 =10

According to IEC 60865-1:2011, 5.6, the greater of both values is to be inserted in Equation
(15):

Ve Vem = max{(Ve Vim ) s (Ve Vim ), } = max {1,22;1,00} = 1,22
For the outer supports (A) it is with a5 = 0,375, see IEC 60865-1:2011, Table 3:
Fr,dA = VF Vrm (29N Fm3 = 1,220,37510,2 kN = 4,67 kN

For the inner supports (B) it is with og = 1,25, see IEC 60865-1:2011, Table 3:
Fr g = Ve Vim o Finz = 1,22-1,25-10,2kN = 15,6 kN
6.4.2.3 Detailed method

6.4.2.3.1 Relevant natural frequency f ., and factors Vg, V,, and V,,

The relevant natural frequency of the main conductors is:

10 2 -6 4
fom= L. [Em _ 2,452.\/7 10 N/m? 8,62-10°m* _ 16)
l Mm (18 m) 7,84 kg/m
where
y=2,45 according to IEC 60865-1:2011, Table 3

Jy =8,6210%m4  see 6.3

The frequency ratio is:

fem _210Hz o000
/ B50Hz

For this ratio, the factors Vg, V,,, and V,,, are according to IEC 60865-1:2011, 5.7.3, Figure 4
and Figure 5:



PD IEC/TR 60865-2:2015
IEC TR 60865-2:2015 © IEC 2015 - 27 -
Vg =0,36
Vom =0,32
Vem =1,0  without three-phase automatic reclosing
Vim =18  with three-phase automatic reclosing
6.4.2.3.2 Calculation without three-phase automatic reclosing

6.4.2.3.2.1 Conductor bending stress

The maximum bending stress is:

=49,6-10° N/m? = 49,6 N/mm?  (9)

omd = Vo Ve B Fm—3l=o,32-1,o.o,73.1°’2'103 N-18 m
: 8Wm 8-108-10°m?
where
VomVim = 0,32:1,0 = 0,32 according to 6.4.2.3.1, value which is less than 1,0 = (V5 Vimmax
according to IEC 60865-1:2011, Table 2
p=0,73 according to IEC 60865-1:2011, Table 3
W, =108:10-6m3 see 6.3

The total bending stress is:

Gtotd =\ O2d+ Thmik = 49,62 +28,8% N/mm? = 57,4 N/mm?
The busbar is assumed to withstand the short-circuit force if
Ototd S 4 fy (11)
with the lower value offy and where ¢ = 1,32, see 6.4.2.2.1.1. This gives:
Otord =57.4N/mm?  lessthan g f, =1,32-160 N/mm?® = 211N/mm?

6.4.2.3.2.2 Forces on the supports and moments on the substructures

The equivalent static force on the supports is:
Frg =V Vim @ Fing (15)

According to 6.4.2.3.1 above, JgV;n,=0,36-10=0,36 which is lower than the value
1,0 = (Vom Vim)max according to IEC 60865-1:2011, Table 2.

For the outer supports (A) it is with a5 = 0,375, see IEC 60865-1:2011, Table 3:
Fr,dA = VF Vrm op Fm3 = 0,361,00,37510,2 kN = 1,38 kN

For the inner supports (B) it is with og = 1,25, see IEC 60865-1:2011, Table 3:

Fr’dB = VF Vrm op Fm3 = 0,361,01,2510,2 kN = 4,59 kN
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The bending moments on the substructures are:

on the bottom of the outer insulators

MlA,d = F;‘,dA h| = 1,38 kN3,7 m= 5,11kNm

on the bottom of the outer supports

Msag = Fgn hs = 1,38 kN-7,0 m = 9,66 kNm

on the bottom of the inner insulators

MlB,d = Fr,dB h| =4,59 kN3,7 m= 17,0 kNm

on the bottom of the inner supports

Msp g = Fy.q8 hs = 4,59 kN-7,0 m = 32,1kNm

6.4.2.3.2.3 Calculation with three-phase automatic reclosing
6.4.2.3.2.3.1 Conductor bending stress

The maximum bending stress during the second short-circuit current flow duration is:

. 3 .
omd =VomVim gm—?’l:o,ss-o,n. 10.2-10°N-18M _ g4 5108 N/m? =90,0N/mm?  (9)

W 8-108-10° m3
where
VomVem = 0,32:1,8 = 0,58 according to 6.4.2.3.1 above, value which is less than
1,8 = (ch Vrm)max
according to IEC 60865-1:2011, Table 2
p=0,73 according to IEC 60865-1:2011, Table 3
Wy, = 108:10-6m3 see 6.3

The bending stress during the second short-circuit current flow duration is greater than during
the first short-circuit current flow duration, see 6.4.2.3.2.1.

The total bending stress is:

Gtotd =\ O+ TZmk = 90,07 +28,82 N/mm? = 94,5 N/mm’

The busbar is assumed to withstand the short-circuit force if

Otot,d < 4 fy (11)

with the lower value offy and where ¢ = 1,32, see 6.4.2.2.1.1. This gives:

2

Otord = 945N/mm?  lessthan g f, =1,32-160 N/mm? = 211N/mm?

6.4.2.3.2.3.2 Forces on the supports and moments on the substructures

The equivalent static force on the supports is:
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Fr,szFVrmaFmS (15)

During the first short-circuit current flow it is, see 6.4.2.3.1:
(Ve Vrm)1 =0,36-1,0=0,36
During the second current flow it is according to 6.4.2.3.1
(Ve Vrm)2 =0,36-1,8 =0,65
which is lower than the value 1,0 according to IEC 60865-1:2011, Table 2.

According to IEC 60865-1:2011, 5.6, the greater of both values is to be inserted in Equation
(15):

Ve Vim = max{(Ve Vim )y ; (Ve Vim ), } = max {0,36 ; 0,65} = 0,65
For the outer supports (A) it is with a, = 0,375, see IEC 60865-1:2011, Table 3:
Fraa = Ve Vimap Finz =0,65-0,375-10,2kN = 2,49 kN

For the inner supports (B) it is with og = 1,25, see IEC 60865-1:2011, Table 3:

Fy. 48 = Vi Vim @ Fyng = 0,65-1,25-10,2 kN = 8,29 kN

The bending moments on the substructures are:

on the bottom of the outer insulators

M|A,d = FI",dA ]’l| = 2,49 kN3,7 m = 9,21 kNm

on the bottom of the outer supports

MSA,d = F;‘,dA hS = 2,49 kN7,0 m= 17,4 kNm

on the bottom of the inner insulators

Mg g = Frqs = 8,29 kN-3,7 m = 30,7 kNm

on the bottom of the inner supports

MSB,d = E‘,dB hs = 8,29 kN 7,0 m= 58,0 kNm

6.4.3 Conclusions
The busbar will withstand the dead load
The calculated bending stress is Ost.m.d 39 N/mm?

The outer supports have to withstand a vertical force

of Fetrgn 0,701 kN

Zpe inner supports have to withstand a vertical force Fstr.ap 2.335 kN
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a) Without three-phase automatic reclosure
The busbar will withstand the short-circuit force
The calculated bending stress is

The outer supports have to withstand an
equivalent static force of

The inner supports have to withstand an
equivalent static force of

b) With three-phase automatic reclosure
The calculated bending stress is

The busbar is assumed to withstand the short-
circuit force when using the detailed method but
not when using the simplified method

The outer supports have to withstand an
equivalent static force of

The inner supports have to withstand an
equivalent static force of

Otot,d

Fyan

Fy 4B

Otot,d

Fy da

Fy 4B

Simplified
method

158 N/mm?

4,7 kN

15,6 kN

281 N/mm?

4,7 kKN

15,6 kN

Detailed
method

57 N/mm?2

1,38 kN

4,59 kN

95 N/mm?

2,49 kN

8,29 kN

7 Example 4. — Mechanical effects on a 110 kV arrangement with slack

conductors

71 General

The basis for the calculations in this example is a three-phase flexible busbar connection with
one all-aluminium stranded conductor per phase with varying distances between the
conductors. The anchor points at each end of the span are post insulators on steel

substructures as shown in Figure 4.

The effective length of the span is the distance between the axis of the supports reduced by

— the extend of the connection plate of the equipment including the clamp, and

— an additional form factor which depends on conductor stiffness and mounting form, for

example 0,1 m to 0,3 m.
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Figure 4 — Arrangement with slack conductors
7.2 Data

Initial symmetrical three-phase short-circuit current (r.m.s.)

Duration of the first short-circuit current flow
Centre-line distance between supports
Extend of one head armature and clamp
Form factor

Centre-line distances between conductors

Resultant spring constant of both span supports
All-aluminium stranded conductor EN 243-AL1
— Number of sub-conductors

— Cross section

— Mass per unit length

— Young’s modulus

Static tensile force of one flexible main conductor at a temperature

of —20°C (local minimum winter temperature)

Static tensile force of one flexible main conductor at a temperature

of 60°C (maximum operating temperature)

Conventional value of acceleration of gravity

IEC

Ft .00

Fst.60

g

19 kA
0,3s
11,5 m
0,4m
0,15 m
1,6 m
2,4 m
100 N/mm

1
243 mm?
0,671 kg/m

55 000 N/mm?
350 N

250 N

9,81 m/s?
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7.3 Electromagnetic load and characteristic parameters

The characteristic electromagnetic load per unit length is:

2
2 7 19-10% A
1 .
F’=&O,75( K) le _4n10 £_0,75.M
2n a leff 27 Am 2m

-1,0=27,1N/m (19a)

with the effective length of the span
leff =1-21 -2 =11,5m-2-0,4m-2-0,15m=10,4m
and
le = leff

and an equivalent distance

g2 a1ta _16m+24m
2 2

2m

The parameter r is:

P 27,1N/m PP (20)

“amig  1.0,671kg/m-9,81m/s>

The direction of the resulting force on the conductor is:

Sy = arctanr = arctan4,12 = 76,4° (21)

The equivalent static conductor sags at midspan are:

nmgiZ; _1-0,671kg/m-9,81m/s? (10,4 m)?

~0,254m
8 Fat 20 8-350N

fes,-20 =
, (22)
nmyglZ _1-0,671kg/m-9,81 m/s?-(10,4 m)

= 0,356 m
8 Fsi60 8-250 N

fes,60 =

The periods of the conductor oscillation are:

T =2r,[0,8 Jes:20 _ oy 0,8L542 =0,904's
g 9,81m/s

Too = 2 0,876560 _ o 0,8&62 =1071s

g 9,81m/s

The resulting periods of the conductor oscillation are:

(23)
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Ttes,-20 = - T_202 A —0’90‘; 7" 0,494 s
4 2 e O 4 2 b 76,4"}
N2 1= Y1+4,122(1-
: 64(90°j 64( 90°
- . - . (24)
Ttes,60 = = T602 57 = —1’0712 o7 0,585s
4 2 o[ O 4 2 n“ ( 76,4°
VR EPCY I T s Y1+4,122(1-1
g 64(90‘3) 64( 90°
The stiffness norms are:
1 1 1 1 "
Nepg = ——+ - + ~1,188-107° N
2" Slt  nEemo04s 105 N/m-104m  1.1,82.10'0 N/m?.243-105 m? (25)
1 1 1 1 6
Neo = ——+ - + =1193-107% /N
0 " Sl nEemeo4s 105 N/m-10,4m 1.178-10"0 N/m2.243.10°0 m?
with the actual Young’s moduli
F 108 N/m2
Eoff 0 = E 0,3+0,7sin(5t'—'2090°] =55.109i2- 0,3+0,7sin %-900
’ n As Ofin m 50-10° N/m
=1,82-10"" N/m? (26)
F. 406 N2
Eotgo = E 0,3+0,7sin(ﬂ90°J :55.109%. 0,3+0,7sin m.gw
’ n As ofin m 50-10° N/m
=1,78-10"0 N/m?
because
F,
20 S%ON_ _44440°N/m?  lessthan oy = 50-108 N/m?
nds  1.243.10°m
F,
st 20N _103.10°N/m?  lessthan oy = 50-108 N/m?
nds  1.243.10%m
The stress factors are:
2
SN2 . 2. .
o (ngm lus) :(1 9,81m/s”-0,671kg/m-10,4 m| e
24 F3 50 N.gg 24(350N)° -1,188-1076 /N (28)
2
2 (1. 2, .
[ (ngm lug) :(1 9,81m/s” -0,671kg/m-10,4 m| o
24Fg 60 Neo 24(250N)*-1,193-107° N

Because

Tkx1=0,3s less than 0,47.99=0,4-0,904s=0,361s
Tt1=0,3s less than 0,4T5p =0,4-1,071s=0,428 s
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in the Equations (29), (32), and (35) it is to be inserted:
Tk1 =0,3s
The swing-out angles at the end of short-circuit current flow are:
Oend,-20 = Jend,60 = 201 = 2-76,4° =153° (29)
because
fa _ 03s _ 0,607 greaterthan 0,5
Tres,-20 0,494 s
Tk1 0,3 S

= =0,513  greaterthan 0,5
Tres,60 0,585s

The maximum swing-out angles &5 20 @nd dpax 60 depend respectively on y.5o and gy which
depend on g 20 @Nd Sgng 60:

For dgng,-20 = end,60 = 153° greater than 90° it is:
1_20216021—7"21—4,122—3,12 (30)

and for y.oq = yg0 = —3,12 less than -0,985 it is:

5max,-20 = 5max,60 =180° (31)

7.4  Tensile force F; 4 during short-circuit caused by swing out

The calculation is done according to IEC 60865-1:2011, 6.2.3.

The load parameters are:

P60 = P20 = 3(\/1”2 —1j = 3(\/1+4,122 —1) =9,72 (32)

because
Ttes,-20 _ 0,494 s

Tx1=03s greater than =0124s

Tres,60 _ 0,585s

Tx1=0,3s greater than =0,146s

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and g are:
- for ¢p,0=9,72 and ¢ g = 3,84:

V.00 = 0,594
— for g9 =9,72 and ¢zn = 10,5:

Yeo = 0,745
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The tensile forces during the short-circuit are:

Fig.-20 = Fst-20 (1+ 9.0 W20 ) = 350 N-(1+9,72.0,594) = 2371N = 2,37 kN
Ft,d,GO = FSt,GO (1 + ¥60 V60 ) =250 N- (1 +9,72- 0,745) =2060 N =2,06 kN

(33)
The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:

Fyg =max{Fiq 20 Frg 60} =Max {237 kN; 2,06 kN} = 2,37 kN

7.5 Dynamic conductor sag at midspan

All the following quantities are calculated at a conductor temperature of 60°C which leads to a
greater conductor sag than a conductor temperature of —20°C.

The elastic expansion is:

Sela = Neo (Fid,0 — Fsteo) = 1193-107° %-(2060 N-250N)=2,16-10" (34)

The thermal expansion is:

L \2 4 3 2
T .
gth=cth(—’k J Tresf0 _ ¢ 57.10-18 M [ 19-10° A ] 95955 541104 (35)
4 4

n 4g A%s (1-243-107° m?
because
Tiy=0,3s  greater than Tres60 _ 0. 525 _0146s
with
Cth = 0,27-10718 m4/(Azs) for all-aluminium conductors

The factor Cp is:

2 2
3 4 3(10,4m _ B
Cp =, [1+3| =<0 feg) = 142 22N (546,108 12,41.104) =133 (36
D \/ S(fes,GOJ (¢ela + £th) \/ 8(0,356m]( ) (36)

The factor Cg is:
Cr =115 (37)

because

r=412 greater than 1,8

The dynamic conductor sag at midspan is:
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fod = Cr Cp fas60 = 415-1,33-0,356 m = 0,55 m (38)

7.6  Tensile force F; 4 after short-circuit caused by drop

Because

r=4,12 greater than 0,6

and

Smax.-20 = Omax,60 = 180° greater than 70°

the drop force after short-circuit 7 4 is significant:

5 o
Frg.20 =12 Fat .20 \/1+8./;_20 max20 _ 45 350 N. [1+8.3,84.100 — 2366 N = 2,37 kN
" ’ 180° 180°
(43)
é‘ o
Frago = b2 Faygo 1+ 860~ —12.250 N [1+8-10,5 180° _ 766 N =2,77 kN
o ’ 180° 180°
The drop force F 4 is the maximum of F; 4 oo and F 4 go:
F g = max {F; o9 ;Ff‘d,eo} =max{2,37kN; 2,77 kN} = 2,77 kN
7.7  Horizontal span displacement b, and minimum air clearance a,;,
The maximum horizontal span displacement is:
bh = feq=0,55m (44)
because
Smaxe0 = 180°  greater than 90°
and the minimum air clearance is:
min =a—2b,=2m-2-0,55m =0,90 m (48)

7.8 Conclusions

According to IEC 60865-1:2011, 6.5.1 and 6.5.3, the supports (post insulators and steel
structures) and the foundations have to withstand a bending force

max {F g ; Fr g} =max{2,37 kN; 2,77 kN} = 2,77 kN

given by the tensile force F; 4 after short-circuit caused by drop.

The clamping device for the conductor anchoring shall be specified with a rating based on the
force
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max{1,5Ft,d ; 1,0Ff‘d} = max{1,5-2,37 kN;1,0-2,77 kN} = max{3,56 kN; 2,77 kN} =3,56 kN
The horizontal displacement is 0,55 m and the minimum air clearance is 0,90 m.

8 Example 5. — Mechanical effects on strained conductors

8.1 General

The basis for the calculations in this example is a three-phase 380 kV arrangement with
strained twin-bundle conductors as shown in Figure 5. In the span there are two connections of
pantograph-disconnectors, which also operate as spacers, and between the connections one
spacer.

The calculation is carried out for two different centre-line distances between sub-conductors
showing the effect of the pinch force.

L lg /]
> 132 ls?:
—liini= i * +* i~ —A
N
—————— i A - |—m
N
——llHNN - - - i< —A
— — IEC
Figure 5 — Arrangement with strained conductors
8.2 Common data
Initial symmetrical three-phase short-circuit current (r.m.s.) Iy = 63 kA
Factor for the calculation of the peak short-circuit current K = 1,81
Duration of the short-circuit current flow Ty = 05s
System frequency f = b0Hz
Centre-line distance between supports l = 48 m

Length of one insulator chain l; = 53m
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Cord length [, =1 - 2J; le = 37,4m
Centre-line distance between conductors a = &m
Resultant spring constant of both span supports of one span S = 500 N/mm
Twin conductor 2 EN 1046-AL1/45-ST1A
— Number of sub-conductors n = 2
— Outer diameter of one sub-conductor d = 43 mm
— Cross-section of one sub-conductor Ag = 1090 mm?
— Mass per unit length of one sub-conductor mg = 3,25kg/m
— Young’s modulus E = 60000 N/mm?
Static tensile forcg pf one f!exible main conductor at a temperature r _ 178 kN
of —20°C (local minimum winter temperature) st,-20 ’
Static tensile .force of one.flexible main conductor at a temperature r _ 154 kN
of 60°C (maximum operating temperature) st,60 ’
Additional concentrated masses representing the connections of
panthograph disconnectors
— Number of spacers ng 3
— Mass of one connection me 36 kg
— Mass of one spacer Mg 2 kg
— Distances ls1 4,2m
lgp = 95m
lgg = 142m
Conventional value of acceleration of gravity g = 9,81 m/s?
8.3 Centre-line distance between sub-conductors a; = 0,1 m
8.3.1 Electromagnetic load and characteristic parameters
The characteristic electromagnetic load per unit length is:
to o (I8 1, 4n-107 Vs (63:10° A)2 37,4m
F’:ZOJS p 7": o m-0,75- 5 . 4i,3m =92,8N/m (19a)
The parameter r is:
e F' 92,8 N/m _112 (20)

T amicg  2.4,24kg/m-9,81m/s?

where mg; is the resulting mass per unit length of one sub-conductor including concentrated
masses:

2mg + mes :3,25k_g+M:4,24 kg/m
nlg m 2.37,4m

'
Mmge = mg +

The direction of the resulting force on the conductor is:
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oy = arctanr = arctan1,12 = 48,2° (21)

The equivalent static conductor sags at midspan are:

nmig gl _2-4,24kg/m-9,81m/s? (48 m)*

Jes,-20 = =135m
T 8 Fy 0 8-17,8-10° N o)
p nm gl?  2-4,24kg/m-9,81m/s?.(48 m) 56
. ,60 = = =1
ST 8y 8-15,4-10° N
The periods of the conductor oscillation are:
T =27 [0,8765:20 _ o O,SLmZ ~2,09s
g 9,81m/s (23)
Tgo = 2 0,872560 _ oy o,sﬂm2 =224s
g 9,81m/s
The resulting periods of the conductor oscillation are:
Tres,-20 = r L-20 i -2,09 ==179s
- 2 2 2 2 ’
4 2 n°( O 4 2 b 48,2°j
W1+ [ 1-=— V141122 [1- 2
: 64(90") 64( 90°
- - - - (24)
Ttes,60 = r Te0 i —2’24 -=191s
, 2 2 2 2 ’
4 > e ( & 4 2 n° (48,2°
i+ [ 1= Y1+1122 [1- 2
: 64(900j 64( 90°
The stiffness norms are:
1 1 1 1 8
N.og=—+ = + =577-10"° 1/N
7SI nEefa04  5-10°N/m-48m  2.2,87-10"° N/m?-1090-10°6 m? (25)
1 1 1 1 _8
Neo = —+ = + =5,85-108 1N
7SI nEsep4s 5-105N/m-48m  2.2,72-10'0 N/m?-1090-10~5 m?
with the actual Young’s moduli
i F T [ 106 2 i
Eeff 00 = E 0,3+0,7sin(L2090°J -6-10'0 iz 0,3+0,7sin %90o
’ i n As Gin m* | 50-10° N/m ]
=2,87-10"0 N/m? (26)
i F il i 108 2 i
Eetioo = E 0,3+0,7sin(L6090°J =6-10° ﬂz 0,3+0,7sin mgoo
’ i n As Gin m* | 50-10° N/m |

=2,72-10"0 N/m?

because
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F, 103
st20 178N 5474109 N/m2  less than otin = 50-108 N/m?
nds  2.1090-10° m
F, 108
steo __TO4A0R 7 06.108 N/m? lessthan  op, = 50-10° N/m?
nds  2.1090-107° m
The stress factors are:
2 (2.9,81m/s? 4,24 kg/m-48 m)’
4'2(): (ngmécl) =( B mis—-%, gim- m) =204
- 3 3 tl
246520 N20 24 (17,8-10° N) .5,77-10"8 N
) , (28)
(ngmiol?  (2-981m/s?-4,24kg/m-48 m)
foo =5 g = 3 =311
24Fg60 Neo 24 (15,4.103 N) .5,85-1078 1/N
Because
Txv1=0,5s less than 0,475 =0,4-209s=0,836s
It1=0,5s less than 0,475 =0,4-2,245=0,896 s
in the Equations (29), (32), and (35) it is to be inserted:
Tk1 = 0,5 S
The swing-out angles at the end of short-circuit current flow are:
Sond.20 = 61| 1-cos [360°L] - 48,2"{1 —003(360" Oﬁﬂ _57,0°
7;'es,-20 179s (29)
end,60 = 01| 1- cos[360°£} =48,2° {1 - 003(360°~ 0.5s H =51,8°
Tres,60 191s
because
_Jfia _05s _ 0,279 less than 0,5
J}es,-ZO 179s
Tk1 _ 0,5s

=—""=0,262 lessthan 0,5
7;'es,60 191s

The maximum swing-out angles 6,5 .20 @nd dpax 60 depend respectively on y.54 and ygo which
depend on g 20 @Nd Seng 60:

— for O less than Sgpg o9 = 57,0° less than 90° is:
X-20 = 1-78iNGgnq 20 = 1-1,12-sin57,0° = 0,0607 (30)
and for —0,985 less than y.,5 = 0,0607 less than 0,766:

Omax.-20 = 10°+arccos y.5o = 10°+arccos0,0607 = 96,5° (31)
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— for 0 less than dgnq g0 = 51,8° less than 90° is:
60 = 1-78iNSenq 60 = 1-112-sin51,8° = 0,120 (30)
and for 0,985 less than ygq = 0,120 less than 0,766:
Omax,60 = 10° +arccos ygg = 10° +arccos 0,120 = 93,1° (31)
8.3.2 Tensile force Fy 4 during short-circuit caused by swing out
The calculation is done according to IEC 60865-1:2011, 6.2.3.

The load parameters are:

P60 = 020 = 3(\/1”2 _1) = 3(\/1+1,122 —1) =150 (32)

because

Tres,-ZO _ 1,79s

=0,448s
4

Tx1=0,5s  greater than

T:
Ti1=0,5s greater than %’60:$=0,4788

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and g are:
- for 950 =1,50 and ¢ 5o = 2,04:

W00 = 0,691
— for ggg = 1,50 and fgo = 3,11:

l//eo = 0,759

The tensile forces during the short-circuit forces are:

Ft,d,-20 = FSt,-20(1+(p-20l//-20) = 17,8 kN(1+1 ,500,691) = 36,3 kN
The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:

Fyg =max{Fig 20 Ftq60) = Max{36,3kN;32,9 kN} = 36,3 kN

8.3.3 Dynamic conductor sag at midspan

All the following quantities are calculated at a conductor temperature of 60 °C which leads to a
greater conductor sag than at a conductor temperature of =20 °C.

The elastic expansion is:

Sela = Neo (Fia,60 ~ Fstgo) = 5,85-107 %.(32,9 ~15,4).10° N =1,02-10"° (34)
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The thermal expansion is:

r \2 4 3 2

T .

&[h:cth[ Ik ] “res80 _g,27.10718 . 63-10 /2 ; A91S 108104 (35)
nds) 4 A2s | 2.1090-106 m 4

because

T;
Ti1=05s  greater than %‘60 = % =0,478's

and for ASCR conductors with Ay /Ag; = 1046 mm/45 mm = 23,2 greater than 6:
¢ = 0,27-10718 m*/(A%s)

The factor Cp is:

2 2
3 / 3( 48m -3 -4
Cp =,/1+—= + =,/1+= 1,02-107 +1,08-10" | =1,18 36
D \/ S[fes,GOJ (€ela + th) \/ 8(1,56mj( ) (36)

The factor Cg is:

Cr =0,97+0,17=0,97+0,1-1,12 = 1,08 (37)
because
0,8 less than r=112 less than 18
The dynamic conductor sag at midspan is:
fed = Cr Cp fesgo=108-118-156 m=1,99 m (38)

8.3.4  Tensile force F; 4 after short-circuit caused by drop

Because
r=112 greater than 0,6
and
Omax,-20 = 96,5° greater than 70°
Omax,60 = 93,1° greater than 70°

the tensile force after short-circuit 7 4 is significant:

5 o
Fra.20 =12+ Fap20 \/1+8§_20%(’)'020 ~12-17,8 kN-\/1+8-2,04- 51’2’50 — 66,7 kN

é‘ o
Fra60 =12 Fte0 1/1+8§60%0"2° =12.15,4 kN-\/1+8~3,11- ?z’go = 68,8 kN

(43)
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The tensile force Fy 4 is the maximum of F; 4 oo and F 4 go:

Fyg =max {F; g 20 Fid60} = max{66,7 kN;68,8 kN} = 68,8 kN

8.3.5 Horizontal span displacement b,, and minimum air clearance a,;,

The maximum horizontal span displacement for strained conductors with [/, =17 - 2/, is:
bh = fedSiNoy =199 m-sin48,2°=1,48m (45)

because

Smax60 =93,1°  greaterthan ;= 48,2°
and the minimum air clearance is:
Amin =a—2b, =5m-2-1,48m=2,04m (48)

8.3.6  Pinch force Fy, 4

The sub-conductors clash effectively during short-circuit because Equation (53) is fulfilled:

as _ 0,1m

- =2,33 less than 2,5 (53)
d 0,043m

and

I =9,35m greater than 70ag =70-0,1m=7m (53)
with

| It 2ptisy I 42+2:95+142  374m _ o,
s 4 4 4 ’

The tensile forces caused by pinch are:

Fig20 = 11Fg,20 = 11-36,3kN = 39,9 kN 1)
Fyige0 = 11F 60 =11-32,9kN = 36,2 kN

Fi 4.-20 @nd Fy 4 o are calculated in 8.3.2.

The pinch force Fy; 4 is the maximum of F\; 4 o9 and Fy,; 4 g0

F

bid = Max{Fyiq 20 Fpid,0 | = Max{39,9 kN;36,2 kN} = 39,9 kN

8.3.7 Conclusions

According to IEC 60865-1:2011, 6.5.2, to the structure, the insulators and the connectors the
maximum value of Fy 4, F; 4 and Fy,; 4 shall be applied as a static load:
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max {Fq; Frq; Fpia | = max {36,3 kN;68,8 kN;39,9 kN} = 68,8 kN

given by the tensile force I 4 after short-circuit caused by drop.
The maximum horizontal displacement is 1,48 m and the minimum air clearance is 2,04 m.

8.4 Centre-line distance between sub-conductors ag = 0,4 m
8.4.1 Preliminary remarks

In this case it is

as _0,400m _ 9,30
d 0,043m

and neither Equation (52) nor Equation (53) of IEC 60865-1:2011 is fulfilled. Therefore the
pinch force Fiid is to be calculated with the Equations (54) and following of IEC 60865-1:2011,
6.4. The other results are the same as 8.3.2, 8.3.3, 8.3.4 and 8.3.5, they do not depend on the
centre-line distance of the sub-conductors:

Tensile force during short-circuit Fyq = 363kN
Tensile force after short-circuit Frq = 68,8kN
Maximum horizontal displacement b, = 1,48m

Minimum air clearance 2,04 m

Amin =
8.4.2 Characteristic dimensions and parameters

The short-circuit current force between the sub-conductors is:

Y g v
sz(n_%&(_kj Is va (54)
n\n ) ag vy
The factor v4 for calculation of v; is:
—d )mg 0,400 m-0,043 m)- 3,25 kg/m
vi=f 1180° (2 gms _50.. 11800' | ) - 9 =242 (55)
sin \/:UO(I{('] n-1 S sin > 47[-1077E. 63103A ) 2-1
"oY2nin) as 2r  Am 2 0,400 m

According to IEC 60865-1:2011, Figure 9, the factor v, for v; = 2,42 and x= 1,81 is:
vy = 2,22

According to IEC 60865-1:2011, Figure 10, the factor v5 for ag/d = 9,3 is:
vy = 0,250

With this the short-circuit current force between the sub-conductors is:
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2
y -7 3
Fo=(n 1)%[17@ s v2 _(5_q). 4710 VS.[63-10 A] 935m 222 o\ aiokn (54)
27\ n ) agvs 2n  Am 2 0,4m 0,25

The strain factors are:

earpg = 157520 1§ Ngo (sin180°)2 _15.17.8-10° N-(9,35 m)? -5,77.10°¢ N -[Sin18o°]2 o5
st-20 = b =1, =1,
(as—d) n (0,400 m 0,043 m)? (56)
eupep = 157260 12 Neg (sin1800j2 5. 15.4:10°N-(9.35 m)?.5,85-1078 N .[Sinmoof 0.927
st, =1 =1 =Y,
(as —d)? n (0,400 m 0,043 m)?
3 0\3 41,2-103 N(9,35m)>5,77.108 YN 0\3
oi.20 = 0,375n 1255 Nag (sin180) =0,375-2. (935m) ; / ~(sin180 ) -320
ag—d) n (0,400 m—0,043 m) (57)
3 0\3 412-10° N(9,35m)*5,85-1078 YN 0\3
01,60 :0,375nLN6g(sin@) _0,375.2. (9:35m) : / (sin 182}~ 325
ag—d) n (0,400 m—0,043 m)
The parameters j_,5 and jgq are:
J20 = %i20 _ | 320 594
) 1+€St -20 1+1,06 ’
: (58)
& 2
oo = R0 | 925 __y 4

Tregeo  V1+0,927

8.4.3  Pinch force F; 4

Because

J.o0 =3,94 greater than 1
Jeo = 4,11 greater than 1

the sub-conductors clash and the tensile forces due to contraction are calculated according to
IEC 60865-1:2011, 6.4.2:

Ve,-20
Foid-20 = Fst,20 [1 + ge 5-20]
(59)

Ve,60
Fide0 = Fsteo| 1+ 60
€st,60

According to IEC 60865-1:2011, Figure 11, and

- Withjp9 = 3,94 and &g o = 1,06 the factor &5 is:
&0 =2,86

- with jgg = 4,11 and & g9 = 0,927 the factor &4 is:

560 = 2,91
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The factors v, g and v, gg are:
- 1/2
2 4 sin—1800 )
119 o Iﬁj Iy n arctan,fvy | 1
20==+|-n(n-1)=| = | N. 1- ——
Ve-20 =5 8”(” )271[11 20 V2 —d 2 Ja

2 4
-7 3
=l+ g.z.(zq).ﬂﬁ. 63-10° A .5,77-1078 1.2,22. 9,35m (60)
2 |8 2n  Am 2 N 0,400 m—-0,043 m
12
sin1800 )
2 1_arc’(an\/8,3 _1
2,87° 8,3 4
=114

r 1/2

o

1 4
2 4] sin
119 o [ Ix ls ( n ) arctan /vy 1
=—+ —n(n-1)=——| N 1- -——
Veg0 =5 F 8"(" )Zn(nj 60‘/2£as_d 2 v 2

2 4
7 3
:l+ g.z.(zq).ﬂﬁ. 63-10° A .5,85.1078 1.2,22. 9,35m (60)
2 |8 27 Am 2 N 0,400 m-0,043 m
172
sin1800 )
2 1_arctan\/8,3 _1
2,913 8,3 4
=112

with the factor vy:

ag—d 0,400m-0,043m _

= 8,3 61
Ty 0,043 m (61)
With this, the tensile forces caused by pinch are:

Fpid,-20 = Fst-20 [1 + :eti(; g_zoj =17,8 kN- (1 +%.2, 86} = 72,6 kN

™ ’ (59)
Ve 60 1,12
F, =F, 1+ -2 =15,4KkN-| 1+ -2,91|=69,5kN
pi,d,60 st,GO( Set00 CfaoJ ( 0,927 j

The pinch-force F; 4 is the maximum value of F;; 4 oo and Fy; 4 0:

Fyig = Max{Fyiq 20 Fpia,e0 ) = Max{72,6 kN;69,5 kN} = 72,6 kN
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8.4.4 Conclusions
According to IEC 60865-1:2011, 6.5.2 and 6.5.3, to the structure, the insulators and the

connectors and to the foundations the maximum value of F 4, F; 4 and F; 4 shall be applied as
a static load:

max {Fq; Frq; Fpia | = max {36,3 kN;68,8 kN; 72,6 kN} = 72,6 kN

given by the pinch force F, 4.

The maximum horizontal displacement is 1,48 m and the minimum air clearance is 2,04 m.

9 Example 6 — Mechanical effects on strained conductors with dropper in the
middle of the span

9.1 General

The basis for the calculations in this example is a three-phase 380 kV arrangement with
strained twin-bundle conductors as shown in Figure 6. In the span there is one connection of
pantograph-disconnectors and one dropper in midspan, both operate as spacers.

The calculation is carried out for the arrangement of droppers with plane parallel to the main
conductors and plane perpendicular to the main conductors.

/
lc li

/;

i I 0T — ] -w\
X

WA\

s 111111 I o VLILITHIY, ' e - Hii———
N

e | 111111 e I o I, - L] e - HinnnliF———
N

e || T TN - - L e - Hinnib—

IEC

Figure 6 — Arrangement with strained conductors and droppers in midspan.
Plane of the droppers parallel to the main conductors
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9.2 Common data

Initial symmetrical three-phase short-circuit current (r.m.s.)
Factor for the calculation of the peak short-circuit current
Duration of the first short-circuit current flow

System frequency

Centre-line distance between supports

Length of one insulator chain

Cord length [, = [ - 2[;

Centre-line distance between conductors

Resultant spring constant of both span supports of one span
Twin conductor 2 EN 1046-AL1/45-ST1A

— Number of sub-conductors

— Centre-line distance between sub-conductors

— Outer diameter of one sub-conductor

— Cross-section of one sub-conductor

— Mass per unit length of one sub-conductor

— Young’s modulus

Static tensile force of one flexible main conductor at a temperature

of —20°C (local minimum winter temperature)

Static tensile force of one flexible main conductor at a temperature

of 60°C (maximum operating temperature)

Additional concentrated masses representing the connections of

panthograph disconnectors
— Number of spacers
— Mass of one connection

— Distances

Conventional value of acceleration of gravity

9.3 Plane of the dropper parallel to the main conductors

9.3.1 General

In addition to 9.2, the following data are given:
Height of the dropper at a main conductor temperature of 60°C
(maximum operating temperature)

Width of the dropper at a main conductor temperature of 60°C
(maximum operating temperature)

Cord length of the dropper

48 m
53m
37,4 m
5m

500 N/mm

2

0,1Tm

43 mm

1 090 mm?
3,25 kg/m

60 000 N/mm?

17,4 kN

15,0 kN

2

36 kg
2,5m
18,6 m
16,3 m
9,81 m/s?

[
N
[
3
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9.3.2 Current flow along the whole length of the main conductor span
9.3.2.1 Electromagnetic load and characteristic parameters

The characteristic electromagnetic load per unit length is:

2
"2 -7 63-10° A
1 .
= H0 75Uk) I _ 4m-10 £-0,75-( ) S7AM g 8N/m (19a)
2n a [ 2t Am 5m 48 m
The parameter r is:
__F 92,8 N/m 127 (20)

Camicg  2.3,73kg/m-9,81m/s>

where mg; is the resulting mass per unit length of one sub-conductor including concentrated
mass:

iy —m,+ e — 30559, 30K 4754 0m
nlg m 2-37,4m
The direction of the resulting force on the conductor is:
o1 = arctanr = arctan1,27 = 51,8° (21)

The equivalent static conductor sags at midspan are:

nmig g1 _2:3,73kg/m-9,81m/s? (48 m)*

f 20 = = 1,21 m
S 8 Fg20 8-17,4-10° N 2
nml, gl? 2-3,73kg/m-9,81m/s? (48 m)®
Jes 60 = = 3 =141m
8 Fst 60 8-15,0-10° N
The periods of the conductor oscillation are:
Tgo = 2n /o,sfe~°~'20 =2n o,s-Lm2 =197s
g 9,81m/s
(23)
Tao = 27.10,872260 _ o o,s-Lm2 ~213s
g 9,81m/s

The resulting periods of the conductor oscillation are:
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Ttes,-20 = N T-202 s 27 _1,972 518 2}21’638
4, 2|, W 1 4 2 n ,8°
N2 1= Y1+12721-2
: 64(90") 64( 90° j
T ) 213 ) (24)
Ttes,60 = r 602 o7 — 5 > =177s
4 2 n o1 4 2 n“(518°
N2 - 2 Y1+12721-2
: 64(90") 64( 90°
The stiffness norms are:
1 1 1 1 8
Nopg = —+ - + =5,78-108 N
207S1 nEeo04s 5-10°N/m-48m  2.2,84-10"° N/m2.1090-10° m? (25)
1 1 1 1 s
Neg = — + - + =5,87-108 1N
7SI nEgeo4s 5.10°N/m-48m  2.2,70-10'0 N/m2.1090-10 m?
with the actual Young’s moduli
r F 7 [ 106 2 1
Eeft 20 = E o,mo,nm(ﬂgooj =6.1o1°ﬂ2- 0,3+0,7sin m.goo
’ | n Ag O¥in m* | 5-10° N/m ]
=2,84-10'" N/m? (26)
r E 1 [ 406 2 i
Eeftgo = E o,3+o,7sin(ﬂgo°] =6-1o1°i2- 0,3+0,7sin M-gm
’ | n Ag O¥in m* | 5-10" N/m |
=2,70-10" N/m?
because
F, 108
st-20 17,410 6N > =7,98-10° N/m? less than ofin = 50108 N/m?
nds  2.1090-10° m
F, 108
steo __150-10 6N > =6,88-10% N/m? less than o = 50-108 N/m?2
nds  2.1090-10%m
The stress factors are:
2 (2.981m/s?-373kg/m-48m|
£ g =18 Mec!) :(" mis? 3,73 kgim 48 m) - 1,69
- 3 3 Ll
24 Fgt,20 N-20 24(17,4.103 N) .5,78-1078 1/N
(28)

2
;2 . 2, )
o (ngmig 1) (2:9.81m/s? 3,73 kg/m-48 m) o
3 3 ’
24 Fst,60 Neo 24(15,0-103 N) .5,87-1078 1/N

Because

Tk1=0,5s less than 0,4759=0,4-197s=0,788s
Tx1=05s lessthan 0,4T50=0,4-213s=0,852s
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in the Equations (29), (32), and (395) it is to be inserted:
Tk1 =0,5s

The swing-out angles at the end of short-circuit current flow are:

Send, 20 = O {1 - cos[360°iﬂ _51,8° {1 - 003(360" -&%H - 69,9°

Ttes,-20 ’ (29)
Oend .60 = 01| 1-cos 360°£ = 51,8"{1 —cos(360°~ 05s H =62,3°
Y}es,GO 177s
because
_Ta 05s =0,307 less than 0,5
Tres,-20 163s
Tk1 _ 0,5 S

= =0,283 less than 0,5
Tres,GO 177s

The maximum swing-out angles &, 20 @nd dpax 60 depend respectively on y.5q and gy which
depend on gy 20 @nd Jeng 60:

— for 0 less than dyng o0 = 69,9° less than 90° is:
X-20 =1-78iNGgnq 20 = 1-1,27-sin69,9° = -0,193 (30)
and for 0,985 less than y 5,45 = -0,193 less than 0,766:
Smax,-20 = 10°+arccos y.oo = 10° +arccos (-0,193) = 111° (31)
— for O less than Sgpq g9 = 62,3° less than 90° is:
260 = 1-78iNJgng 60 = 1-1,27 -sin62,3° = -0,124 (30)
and for —0,985 less than ygq = —0,124 less than 0,766:

Smax,60 = 10°+arccos ygg = 10°+arccos (-0,124) = 107° (31)
9.3.2.2 Tensile force Fy 4 during short-circuit caused by swing out without dropper in
midspan

The calculation is done according to IEC 60865-1:2011, 6.2.3.

The load parameters are:

9-20 = P60 = 3(\/1 +r? - 1) = 3@/1 +127% - 1] =185 (32)

because
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Ttes,-20 _ 1,63s —0.408s

Tx1=0,5s greater than 4

T
Ti1=0,5s greater than %’60:$:0,4433

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and g are:
- for ¢,0=1,85and ¢ 5= 1,69:

V.00 = 0,641
— for ggg = 1,85 and Jgo = 2,60:

Yeo = 0,714

The tensile forces during the short-circuit are:

Fi,d,-20 = FSt,-20 (1 + @20 l//_zo) =17,4KkN- (1 +1,85- 0,641) =38,0kN

33
Ft,d,60 :Fst,60 (1+(060 l//60)=15,0 kN(1+1,850,714)=34,8 kN ( )

The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:
Fyg =max{Fiq 20 Ftq60 = Max{38,0 kN;34,8 kN} = 38,0 kN

9.3.2.3 Dynamic conductor sag at midspan

The elastic expansions are:

Sela-20 = Noo (Fid.20 — Fet20) = 5,78-1078 %~(38,0 ~17,4)-10°N=1,19-10"3
1 (34)

N (34,8-15,0)-10° N=116-10"

-8
Zela,60 = Neo (Fia,60 — Fet0) = 58710

The thermal expansions are:

" 2 4 3 2
T .

gth_zozcth([_kj M=0,27.10*18 "; . 63-10 ’;\ 5 _1763320,919_1074
’ n Ag 4 As (2:1090-10°m 4

(35)

. N2 4 3 2

T .

gthm:cth[ i ] Tres60 _gp7.q0 18 M| 03I A | 1775 _ 9951074
’ n A 4 A%s (2:1090-10°m 4

because
Ttes,20 163s
Tk1=0,5s greater than T == = 0,408 s

Ty
Tiy=05s  greater than %’60 = ? =0,443s

and for ASCR conductors with Ay /As; = 1046 mm/45 mm = 23,2 greater than 6
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e = 0,27-10718 m*/(A2s)

The factors Cp are:

2 2
CD,-20:\/1+§( : ](gela,-20+5th,.2o)=\/1+§[48—m] (1,19~10‘3+0,919-10‘4):1,33

8\ fes-20 8l 121m (36)
3( 1 Y 3( 48m \ 3 4
(b 60 :\/Hg(.fes,eoj (gela,GO +8th,60) =\/1+§[mj (1,16~10 +0,998-10 ):1,24
The factor Cg is:
Cr =0,97+0,17=0,97+0,1-1,27 =110 (37)
because
0,8 less than r=127 less than 18
The dynamic conductor sags at midspan are:
fed-20 = Cr Cp 20 fes,20=110-133-121m =177 m (38)

fed,60 = CF CD,GO fes,60 = 1,101,241,41 m= 1,92 m

9.3.24 Tensile force Fy 4 during short-circuit caused by swing out with dropper in
midspan

The calculation is done according to IEC 60865-1:2011, 6.2.5, because

\/(h-zo + fos,20 +_féd,_20)2 +w? = \/(7,2 m+1,21m+1,77 m)2 +(2 m)2 =10,4m greaterthan [, =7,6m

\/(heo + fos60 + fadgo) + WP = J7.0m+141m+192m)2 +(2m)2 =10,5m  greaterthan 1, =7,6m
with the dropper height at —20°C due to the change of sag with the temperature of the main
conductor

hpo = hgo +(fes60 — fes20) =7,0m+(1,41m-121m)=7,2m
and hgg=h=7,0m.

The actual swing-out angles are:

(hao + fes,-zo)2 + f&120 - (13 - W2)
2 fod,20 (720 + fes-20)

(7.2m+121m ) +(177 m)? - ((7.6 m)? - (2.0 m)?)
2-1,77m-(7,2m+1,21m)

0.pp = arccos
(39)

= arccos =47,5°
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2.2 (2 2
s , \%
(heo + fes,60)” + fod,60 (12 -w?)

Ogp = arccos =
2 fed,60 (760 + fes,60) (39)
2 2 2 2
7,0 1,41 1,92 -{(7,6 -(2,0
 arocos 7O+ 141m - (192m)° (76 m)* - 20m)?)
2:1,92m-(7,0m+1,41m)
The load parameters are:
900 = 3(rsind.g +€0s 559 —1) = 3(1,27 sin47,5° + cos 47,5° - 1) = 1,84 1)
Pe0 = 3(rsindgg +€os 5o — 1) = 3(1,27 sin50,2° + c0s 50,2° - 1) = 1,85
because
00 =47,5° lessthan 6y =518°
Jgo = 50,2° less than 01="518°
and also
Oend.-20 = 69,9° greater than 000 = 47,5°
Send60 = 62,3° greater than 0go = 50,2°
According to IEC 60865-1:2011, Figure 8, the factors y_,5 and ygq are:
— for Q.00 = 1,84 and 4_20 = 1,692
l//_20 = 0,641
— for (060 = 1,85 and 4/60 = 2,60:
Yeo = 0,714
The tensile forces during the short-circuit are:
ﬂ,d,-ZO = FSt,-ZO (1 +¢.20 l//_zo) = 17,4 kN - (1 + 1,84 'O, 641) = 37,9 kN (42)

Ft,d,60 = FSt,GO (1 + P60 l//so) = 15,0 kN(1+ 1,850,714) = 34,8 kN
The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:
Fyg =max{Fig 0 Fr a0} = Max{37,9kN;34,8 kN} = 37,9 kN

9.3.2.5 Tensile force F; 4 after short-circuit caused by drop
Because
r=127 greater than 0,6

and

Omax.-20 = 111° greater than 70°
Omax,60 = 107° greater than 70°
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however
0.0 = 47,5° less than 60°
o =50,2° less than 60°

the tensile force F% 4 after short-circuit is not significant.

When calculating according to IEC 60865-1:2011, 6.2.3, in addition the tensile force F; 4 after
short-circuit is to be calculated according to IEC 60865-1:2011, 6.2.6. Because

r=127 greater than 0,6

and

Smax,-20 = 111° greater than 70°
Smax,60 = 107° greater than 70°

The tensile forces after short-circuit are:

5 o

Fig-20 =12+ Fst 20 \/1+sg_20%6f° =12-17,4kN- /‘I+8-1,69-1;(1)0 = 63,8 kN
é‘ o

Frae0 =12 Fse0 /1+8;60 TZB’SO =12-15,0 kN- ‘I+8-2,60~1ggo = 65,8 kN

The tensile force F 4 is the maximum of F; 4 oo and F 4 go:

(43)

Fy g =max{Fiq 20;Ftq60} =Max{63,8 kN;658 kN} = 65,8 kN

9.3.2.6 Horizontal span displacement b, and minimum air clearance a,;,

All the following quantities are calculated at a conductor temperature of 60°C which leads to a
greater conductor sag than a conductor temperature of —20°C.

The maximum horizontal span displacement for stranded conductors with /. =1 - 2/; is:

b = fed 60 SiNJg0 = 1,92 m-sin30,2° = 1,48 m (47)

because
0o = 90,2° less than Smax.60 = 107°
Jgo = 50,2° less than 01=518°

The minimum air clearance is:
Amin =a—2b,=5m-2-148m=2,04m (48)

When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, in addition
the horizontal displacement b, and the minimum air clearance a,,, shall be calculated
according to IEC 60865-1:2011, 6.2.7.
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b = fode0 SiNd =192 m-sin51,8°=151m (45)

because

Omax,60 =107°  greater than 51 =518°
and the minimum air clearance is:
Amin=a—2b,=5m-2-151Tm=1,98m (48)

9.3.2.7 Pinch force F; 4

The sub-conductors clash effectively during short-circuit because Equation (53) is fulfilled:

g _ 0Im 545 lessthan 2,5 (53)
d 0,043m
and
I =125m greater than 70as =70-01m=7m (53)
with
I = Is1+lsp+1ls3 I _ 2,5+18,6+16,3 m 37,4m —125m
3 3 3
The tensile forces caused by pinch are:
Fpid-20 =11Frq.00 =11-38,0kN = 41,8 kN (51)

Fyige0 =11F 60 =11-34,8 KN = 38,3 kN

Fi 4.-20 @and Fy 4 g0 @re calculated in 9.3.2.2.
The pinch force Fy; 4 is the maximum of F\; 4 o9 and F,; 4 g0
Fpi,d = max {Fpi,d,-zo ;Fpi,d,eo} =max{41,8kN;38,3kN} =418 kN

9.3.2.8 Conclusions

According to IEC 60865-1:2011, 6.5.2 and 6.5.3, to the structure, the insulators and the
connectors and to the foundations the maximum value of F} 4, F; 4 and Fy; 4 shall be applied as
a static load:

max {Fg; Frq; Fpi,d | = Max {37,9 kN;0 kN; 41,8 kN} = 41,8 kN

given by the tensile force Foid caused by pinch.

The maximum horizontal displacement is 1,48 m and the minimum air clearance is 2,04 m.
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When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, to the
structure, the insulators and the connectors and to the foundations the maximum value of F g
Ff g and F; 4 shall be applied as a static load:

max {Fq; Frq; Fpia | = max {38,0 kN;65,8 kN; 41,8 kN} = 65,8 kN

given by the tensile force Ft g after short-circuit caused by drop without dropper in midspan.
The maximum horizontal displacement is 1,51 m and the minimum air clearance is 1,98 m.

9.3.3 Current flow along half of the length of the main conductor and along the
dropper

9.3.3.1 Electromagnetic load and characteristic parameters
The characteristic electromagnetic load per unit length is:

2
n\2 -7 63-10° A
1 .
F':”OO,75( %) lc/2+lv/2:4n 107" Vs .075.( ) 137,4m/2+7,6 m/2

—-0, =558N/m (19b)
2n a / 2n  Am 5m 48 m

The parameter r is:

F' 55,8 N/m

=—-= >=0,763 (20)
nmgcg 2-3,73kg/m-9,81m/s

7

where
m'sc = 3,73 kg/m see 9.3.2.1

The direction of the resulting force on the conductor is:
o1 = arctanr = arctan0,763 = 37,3° (21)
The equivalent static conductor sags at midspan are, see 9.3.1.1:
Jes20 =121m Jesgo =141m (22)
The periods of the conductor oscillation are, see 9.3.2.1:
Too=197s Te0 =213 s (23)

The resulting periods of the conductor oscillation are:

Tres, 20 = - T'2°2 57 = 197 . ==180s
4 2 e O 4 2 n“(37,3°
P12 1= 41:0,7632 | 1-
"1 64 (90°j 64 [ 90°
- - . - 24
Teo 213 (24)

Z}es,ﬁo = r 7=

2 2 2 2
4 2 e O 4 2 n“ (37,3°
o2 1= [0 ] | 4yi0,7632|1- % (30
o 64(90") " 64( 90°

=-=195s
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The stiffness norms are, see 9.3.2.1:
N.oo =5,78-10"8 1N Neo =5,87-107 1/N (25)
The stress factors are, see 9.3.2.1:
$20=169 $e0 = 2,60 (28)
In the Equations (29), (32), and (35) it is to be inserted, see 9.3.2.1:
Tk1 = 0,5 S
The swing-out angles at the end of short-circuit current flow are:
Oend 20 = 04| 1—cos 360°L =37,3°-| 1-cos 360°~ﬁ =43,8°
’ Ttes,-20 180s
(29)
Oend.60 = 01| 1—cos 360°A =37,3°-| 1-cos 360°-O’£ =38,8°
’ Tres 60 195s
because
_Ta _05S 578 jessthan 0,5
Ttes,-20 1.80s
Tk1 _ 0,5 S

= =0,256 less than 0,5
Tres,60 195s

The maximum swing-out angles 6,5 .20 @nd dpax 60 depend respectively on .54 and ygo which
depend on g 20 @Nd Seng 60:

— for O less than Sgpq oo = 43,8° less than 90° is:
X-20 =1-78iNGeng 20 = 1-0,763-sin43,8° = 0,472 (30)
and for —-0,985 less than y.,5 = 0,472 less than 0,766:
Omax.-20 = 10°+arccos y.p9 =10° +arccos 0,472 = 71,8° (31)
— for O less than 6gpq g9 = 38,8° less than 90° is:
Z60 = 1-78iNdgng 60 = 1-0,763-sin38,8° = 0,522 (30)
and for —0,985 less than ygy = 0,522 less than 0,766:

Omax,60 = 10° +arccos ygg = 10°+arccos 0,522 = 68,5° (31)

9.3.3.2 Tensile force F; 4 during short-circuit caused by swing out without dropper in
midspan

The calculation is done according to IEC 60865-1:2011, 6.2.3.
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The load parameters are:

P50 = P20 = 3(\/1 +r2 —1j = 3(\/1 +0,7632 —1) =0,774 (32)

because

Tres,-zo _ 1,80s
4
Tres,60 _ 1,95s

Tk1=0,5s greater than =0,450s

Tx1=0,5s greater than =0,488s

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and ygq are:
— for @,0=0,774 and ¢ 5y = 1,69:

W0 = 0,702
— for ggo = 0,774 and ¢go = 2,60:

l//60 = 0,774

The tensile forces during the short-circuit are:

Fi,d’_zo = FSt,-ZO (1 +@.20 (//_20) = 17,4 kN- (1 + 0,774 . 0,702) = 26,9 kN

33
Ft,d,60 = FSt,ﬁO (1 + P60 !//60) = 15,0 kN - (1 + 0,774 . 0,774) = 24,0 kN ( )

The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:
Fyg =max{Fq 20:F d60] = max{26,9 kN;24,0 kN} = 26,9 kN

9.3.3.3 Dynamic conductor sag at midspan

The elastic expansions are:

Sela20 = N.20 (Fra,-20 ~ Fet-20) = 5.78-107 %-(26,9—17,4)-103 N =0,543-103
] (34)

-8
Zela,60 = Neo (Fid,60 ~ Fete0) = 5,87-10 N

(24,0-15,0)-10° N=0,528-107°

The thermal expansions are:

n Ag A%s | 2.1090-10% m?2

L \2 4 3 2

T; )

5th60:Cth[—Ik j res80 _,27.10718 n12 | 6310 'Z‘ 5 1958 _440.1074
' nds) 4 A2s (2.1090-10° m

v \2 4 3 2
T: .
.20 =Cth( Ix ] %,-2020127.10_13 m ( 63-10° A ] '1,8‘?5:1’02.10_4

(3%5)

because
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1
Ti1=05s  greater than %’ZO = % =0,450s

Tk1=0,5s greater than

and for ASCR conductors with Ay /Ag; = 1046 mm/45 mm = 23,2 greater than 6

e = 0,27-10718 m*/(A2s)

The factors Cp are:

2 2
o0 = J1+3 1 (ela-20 + éth,20) = 1,3[48m (0,543-10‘3+1,02-10‘4):1,18
’ 8 fes,20 ’ ’ 8(1,21m

(36)
3( 1 YV 3( 48m 3 4
Cbeo = \/HE[K,&J (£eta0 + €ih60) = \/HE(WJ (0,528.10 +110-10 ) -113
The factor Cg is:
Cg =105 (37)
because
r=0,763 less than 0,8
The dynamic conductor sags at midspan are:
fed,-20 = Cr Cp 20 fes,-20=105-1,18-1,21m =150 m (38)

fed,60 = CF CD,GO fes,60 = 1,051,131,41 m= 1,67 m

9.3.3.4 Tensile force Fy 4 during short-circuit caused by swing out with dropper in
midspan

The calculation is done according to IEC 60865-1:2011, 6.2.5, because

\/(h_20 + fos.-20 + fed,-20 )2 +w? = \/(7,2 m+1,21m+150 m)2 +(2 m)2 =10,1m greaterthan [, =7,6m

\/(hGO + fos60 + fedg0)> + W2 = \/(7,0 m+141m+167m)’+(2m)? =10,3m  greaterthan [, =7,6 m

with the dropper height at —20°C due to the change of sag with the temperature of the main
conductor

h_zo = hGO +(fes,60 —fes’_zo) =7,0m+ (1,41 m-—1,21 m) =7,2m
and h60 =h=7,0m.

The actual swing-out angles are:
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(h20 + fes,-20 )2 + f&120 - (72 - W2)
2 fod,20 (720 + fes,20)

(7.2m+1,21m )2 +(150 m)? —((7,6 m)> ~ (2,0 m)?)

O.pp = arccos

= arccos = 40,4°
2-1,50m-(7,2m+1,21m)
2

s (he0 + fes,60) + &80 ~(2-w?)
50 = arccos =
2 fed,60 (760 + fes,60)
(7.0m+141m)? + (1,67 m)> -((7.6 m)% - (2.0 m)?)
= arccos =45,3°

2-1,67m-(7,0m+1,41m)

The load parameters are:

020 = Peo = 3(\/1+r2 —1j - 3(\/1+0,7632 —1j -0,774

because

b.00 = 40,4° greater than 04 =37,3°
Seo = 45,3° greater than 04 =37,3°

and also

Tres,20 _ 180s

Tk1=0,5s greater than =0,450s

Ty
Tiy=05s  greater than %ﬁo = 1%% =0,488s

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and ygq are:
— for @,0=0,774 and ¢ 5y = 1,69:

W0 = 0,702
— for ggo = 0,774 and ¢go = 2,60:

(//60 = 0,774

The tensile forces during the short-circuit are:

Ft,d,-20 = FSt,-20 (1 +¢-20 l//_zo) = 17,4 kN - (1 + 0,774 . 0,702) = 26,9 kN
F't,d,GO = FSt,GO (1 + ¥60 l//60) = 15,0 kN - (1 + 0, 774 . 0, 774) = 24,0 kN

The tensile force F 4 is the maximum value of F 4 oo and F 4 go:

Fyg =max{Fq 20:F d60] = max{26,9 kN;24,0 kN} = 26,9 kN

(39)

(39)

(40)

(42)
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9.3.3.5 Tensile force F; 4 after short-circuit caused by drop

Because

r=0,763 greater than 0,6
and

Omax-20 = 71,8°  greater than  70°

Omax,60 = 68,5°  less than 70°
however

090 =40,4° less than 60°
g =45,6° less than 60°

the tensile force F; 4 after short-circuit is not significant.

When calculating according to IEC 60865-1:2011, 6.2.3, in addition the tensile force F; 4 after
short-circuit is to be calculated according to IEC 60865-1:2011, 6.2.6. Because

r=0,763 greater than 0,6
and

Omax-20 = 718°  greaterthan  70°
Smax,60 = 68,5°  less than 70°

the drop force becomes:

5 o
Frg.20 =12 Fy .20 \/1+8g_20%&20 =12-17,4kN- [1+8-169- :;’go =52,8 kN 43)

Fra60 =0 kN
The tensile force F 4 is the maximum of F; 4 oo and Fy 4 go:

Fy g =max{Fiq 20;F;d60} =max{52,8 kN;0 kN} = 52,8 kN

9.3.3.6 Horizontal span displacement b, and minimum air clearance a,;,

All the following quantities are calculated at a conductor temperature of 60°C which leads to a
greater conductor sag than a conductor temperature of —20°C.

The maximum horizontal span displacement for stranded conductors with /. =1 - 2/; is:
b = fed 60 SiNd1 = 1,68 m-sin37,3° =1,02m (47)

because
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Se0 = 45,3° less than Omax.60 = 68,5°
g = 45,3° greater than 01 =37,3°

and the minimum air clearance is:
aminza—th =5m-2-102m =296 m (48)

When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, in addition
the horizontal displacement b, and the minimum air clearance a,,;, shall be calculated
according to IEC 60865-1:2011, 6.2.7:

b = fed,60 Sindy = 1,68 m-sin37,3°=1,02m (45)

because

Smax,60 = 68,5° greater than 61 =37,3°
and the minimum air clearance is:
Amin=a—-2b,=5m-2-1,02m=2,96m (48)

9.3.3.7 Pinch force F; 4

The sub-conductors clash effectively during short-circuit because Equation (53) is fulfilled, see
9.3.2.7.

The tensile forces caused by pinch are:

Fyid20 = 11Fg.20 = 11-26,9 kN = 29,6 kN

Fyige0 = 11Fa60 = 11-24,0 kN = 26,4 kN

(51)

F 4.-20 @nd Fy 4 go @re calculated in 9.3.3.2.
The pinch force F; 4 is the maximum of F\; 4 5o and Fy, 4 g0:

E

bid = Max {Fyig 20 Fpid,0 | = Max{29,6 kN; 26,4 kN} = 29,6 kN

9.3.3.8 Conclusions

According to IEC 60865-1:2011, 6.5.2 and 6.5.3, to the structure, the insulators and the
connectors and to the foundations the maximum value of F 4, F; 4 and F; 4 shall be applied as
a static load:

max {Fq; Frq; Fpi, | = max {26,9 kN;0 kN; 29,6 kN} = 29,6 kN

given by the tensile force Foid caused by pinch.

The maximum horizontal displacement is 1,02 m and the minimum air clearance is 2,96 m.
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When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, to the
structure, the insulators and the connectors and to the foundations the maximum value of Fi g
Ff g and F; 4 shall be applied as a static load:

max {Fq; Frq; Fpia | = max {26,9 kN;52,8 kN; 29,6 kN} = 52,8 kN

given by the tensile force Ft g after short-circuit caused by drop without dropper in midspan.
The maximum horizontal displacement is 1,02 m and the minimum air clearance is 2,96 m.

9.4 Plane of the dropper perpendicular to the main conductors
9.4.1 General

Droppers in three-phase systems can be arranged as shown in Figure 7. It is not possible to
predict in which pair of main conductors the short-circuit currents flow. In all cases, the
calculation should be done according to IEC 60865-1:2011.

1 !
J L

In two-line-systems with outwards mounted droppers arranged according to configuration 4 in Figure 1, the
maximum horizontal displacement b, shall be calculated according to IEC 60865-1:2011, 6.2.5. The minimum air-
clearance can be calculated by replacing in Equation (39) the plus-sign by a minus sign.

Figure 7 — Possible arrangement of perpendicular droppers
in three-phase system and two-line system

In addition to 9.2, the following data are given:

Height of the dropper at a main conductor temperature of 60°C i - 7m
(maximum operating temperature) B

Width of the dropper at a main conductor temperature of 60°C w = 15m
(maximum operating temperature) o
Cord length of the dropper I, = 74m

9.4.2 Current flow along the whole length of the main conductor span
9.4.2.1 Electromagnetic load and characteristic parameters

The electromagnetic load and the characteristic parameters are calculated in 9.3.2.1, they do
not depend on the dropper:

The characteristic electromagnetic load per unit length is:
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F'=92,8N/m

The parameter r is:

r=127
The direction of the resulting force on the conductor is:

61 =518°
The equivalent static conductor sags at midspan are:

fes-20="121m Jes g0 =141m

The periods of the conductor oscillation are:
Too=197s Teo =2,13 s

The resulting periods of the conductor oscillation are:

Tres,20 = 1,63 s Tresgo =177
The stiffness norms are:
Noo=578-108 1N Neo =5,87-1078 /N
The stress factors are:
$20 =169 {60 = 2,60

In the Equations (29), (32), and (35) it is to be inserted
Tk1 =0,5s
The swing-out angles at the end of short-circuit current flow are:
Send,-20 = 69,9° Send,60 = 62,3°
The maximum swing-out angles are:

5max,-20 =111° 5max,60 =107°

(19a)

(20)

(21)

(22)

(23)

(24)

(25)

(28)

(29)

(31)

9.4.2.2 Tensile force Fy 4 during short-circuit caused by swing out without dropper in

midspan

The tensile force F; 4 during short-circuit caused by swing out without dropper in midspan is the

same as in 9.3.2.2, it does not depend on the dropper.
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The tensile forces during the short-circuit are:
Fi g.-20 = 38,0kN Fia60 = 34,8 kN (33)
The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:
Fyg =max{Fiq 0;Frq60] =Max{38,0kN;34,8 kN} = 38,0 kN

9.4.2.3 Dynamic conductor sag at midspan

The dynamic conductor sags at midspan are the same as in 9.3.2.3:

Jed-20=177m Jede0 =192m (38)

9.4.2.4 Tensile force F; 4 during short-circuit caused by swing out with dropper in
midspan

The calculation is done according to IEC 60865-1:2011, 6.2.5, because

\/(h_zo + fos20) + W2 + fod 20 = J7.2m+121m)2 +(15m)? +177m=10,3m greater than 1, =7,4m

\/(heo + fes.60 )2 +w? + fed 0 = \/(7,0 m+1,41 m)2 +(15 m)2 +192m=10,5m  greaterthan [, =7,4m

with the dropper height at —20°C due to the change of sag with the temperature of the main
conductor

h_zo = hGO +(fes,60 —fes’_zo) = 7,0 m+(1,41 m—1,21 m) = 7,2 m
and h60 =h=7,0m.

The actual swing-out angles are:

2 2 2_ 2
hog + fes.- + féd.-20 —\ly — h
020 = arccos( 20 * fes.20)" * fea 20 (2V v ) +arccos 20+ es,—220
2féd,-20\/ (h_g0 + fes,20)" + w? \/ (h_go + fes,20)" + w?
2 2 2 2
7,2 1,21 1,77 -1(7,4 -(1,5
:arccos( m+121m )" +(1,77 m) (( m)“ —(1,5m) )+arccos 7,2m+121m
2477 my(7.2m+121m)? + (15 m)° J7.2m+121m) + (15m)?
_ 552 (39)
(Mo + fes 60)2 + f&i60 —(13 -w?) heo + fes,60
Jg0 = arccos = — +arccos ih = =
2fed,60\/(h60 + fes60) + w? \/(hso + fes60) + w?
(7.0m+141m)?+(192m)? —((7,4 m)* = (15 m)?) 7.0m+141m
= arccos + arccos
2.192m-y/(7,0m+141m)2 + (15 m)’ J(7.0m+141m)? + (15 m)?
=58,2°

The load parameters are:
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P60 = 920 = 3(\/1+ r? _1) = 3(\/1+ 1277 - 1) =185 (32)
because

090 =55,2° greaterthan ;=518°
Ogp =58,2° greaterthan 6y =518°

and

T
Ti1=0,5s greater than %ﬂ):@:OAOSS

Tres,60 _ 177s

Tx1=0,5s greater than =0,443s

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and ygq are:
— for @y =1,85and ¢,y =1,69:
W.og = 0,641
— for gg9 = 1,85 and g = 2,60:
wgo = 0,714
The tensile forces during the short-circuit are:

F'td‘_zo = FSt,-20 (1 + @20 1/1_20) =17,4 kN- (1 +1,85-0, 641) =38,0kN

42
Fi,d,GO =FS'[,60(1+¢60‘//60)=15’0 kN(1+1,850,714)=34,8 kN ( )

The tensile force F 4 is the maximum value of F 4 oo and F 4 go:
Fyg =max{Fiq 0 Ft g0} =Max{38,0kN;34,8 kN} = 38,0 kN

9.4.2.5 Tensile force F¢ 4 after short-circuit caused by drop

Because

r=127 greater than 0,6
and

Omax.-20 =111°  greaterthan  70°

Omax 60 = 107°  greaterthan  70°
however

000 =552° less than 60°
Ogo = 58,2° less than 60°

the tensile force F% 4 after short-circuit is not significant.
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When calculating according to IEC 60865-1:2011, 6.2.3, in addition the tensile force F; 4 after
short-circuit is to be calculated according to IEC 60865-1:2011, 6.2.6. Because

r=127 greater than 0,6
and

Omax.-20 =111°  greaterthan  70°
Omax 60 = 107°  greaterthan  70°

the drop force becomes:

5 o
Fig.20 =12 Fat 20 \/1+8g_20 mO20 12474 KN 1+8-1,69~% - 63,8 kN
(43)
Omax,60 107°
Frao = 1.2+ Faygo 1+ 8a0 “T2500 —12.15,0kN- [1+8:2,60- 12 - 65,8 kN

The tensile force F 4 is the maximum of F; 4 oo and F 4 go:

Fig =max {F; g 20:Ft 460} = max{63,8 kN;65,8 kN} = 65,8 kN

9.4.2.6 Horizontal span displacement b, and minimum air clearance a,;,

All the following quantities are calculated at a conductor temperature of 60°C which leads to a
greater conductor sag than a conductor temperature of —20°C.

The maximum horizontal span displacement for stranded conductors with /. =1 - 2/; is:

by = fedgoSindy =1,92m-sin51,8°=151m (47)

because
0o = 58,2° less than Smax,60 = 107°

and because
Jgo = 58,2° greater than 01="518°
and the minimum air clearance is:
amin=a—2b,=5m-2-151m=1,98m (48)

When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, in addition
the horizontal displacement b, and the minimum air clearance a,,;, shall be calculated
according to IEC 60865-1:2011, 6.2.7:

b = fed,60SiNd1 =1,92m-sin31,8°=1,51m (45)

because
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04 =518° less than Smax.60 = 107°

and the minimum air clearance is:
Amin=a—2b,=5m-2-151m =198 m (48)

9.4.2.7 Pinch force F; 4

The sub-conductors clash effectively during short-circuit because Equation (53) is fulfilled, see
9.3.2.7.

The tensile forces caused by pinch are:

Fyig-20 = 11F 420 =11-38,0kN = 41,8 kN 1)

Frige0 =11Fq60 =11-34,8 KN = 38,3 kN

F 4.-20 @nd Fy 4 go are calculated in 9.3.2.2.

The pinch force Fy; 4 is the maximum of F\; 4 o9 and Fy,; 4 g0
Fyig = mMax{Fyiq 20 Fpid 0} = max{41,8 kN;38,3 kN} = 41,8 kN

9.4.2.8 Conclusions
According to IEC 60865-1:2011, 6.5.2 and 6.5.3, to the structure, the insulators and the

connectors and to the foundations the maximum value of F} 4, F; 4 and Fy; 4 shall be applied as
a static load:

max {Fyq;Fiq;Fi g} =max{38,0kN;0kN;41,8 kN} = 41,8 kN

given by the tensile force Foid caused by pinch.
The maximum horizontal displacement is 1,51 m and the minimum air clearance is 1,98 m.

When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, to the
structure, the insulators and the connectors and to the foundations the maximum value of £} 4,
Fy 4 and Fy; 4 shall be applied as a static load:

max {Fq; Frq;F;

b} =max {38,0 kN;65,8 kN;41,8 kN} = 65,8 kN

given by the tensile force F; 4 after short-circuit caused by drop without dropper in midspan.

The maximum horizontal displacement is 1,51 m and the minimum air clearance is 1,98 m and
has the same value as with dropper.

9.4.3 Current flow along half of the length of the main conductor and along the
dropper

9.4.3.1 Electromagnetic load and characteristic parameters

The characteristic electromagnetic load per unit length is:
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" 2 —
F':&o,75(1") lo/2+1y/2 _4n-107" Vs

2
3
(63'10 A) 37,4m/2+7,4m/2

0,75-
2n a / 2t Am 5m 48 m
The parameter r is:
. I*’“ _ 55,6 N/m . — 0,760
nmgc g 2-3,73kg/m-9,81m/s
where
m'se = 3,73 kg/m see 9.3.2.1

The direction of the resulting force on the conductor is:
o1 = arctanr = arctan0,760 = 37,2°

The equivalent static conductor sags at midspan are, see 9.3.2.1:

Jes-20=121m Jesgo =1,41m

The periods of the conductor oscillation are, see 9.3.2.1:

T_20=1,97S T60=2,13S
The resulting periods of the conductor oscillation are:
T 59 1,97
Tres 20 = — SETETEY
4y 2 T 1 4f 2 n ,2°
1+ - 1+0,760° | 1—-—| ——
: 64[90") 64( 90° ]
Ts0 2,13
Tres,60 = — T
4 2 L 1 4f 2 T ,2°
1+ 1-— 1+0,760° | 1-—
: 64(90°j 64( 90° j

The stiffness norms are, see 9.3.2.1:

N.p =5,78-108 1N Neo =5,87-10"8 /N

The stress factors are, see 9.3.2.1:
g0 =169 ¢e0 = 2,60
In the Equations (29), (32), and (35) it is to be inserted, see 9.3.2.1:

Tk1 =O,5 S

The swing-out angles at the end of short-circuit current flow are:

=181s

=195s

-556N/m (19b)

(20)

(21)

(22)

(23)

(24)

(25)

(28)
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o o o 0’58 o
Oend,-20 = 01| 1-cos 360 =37,2°-|1-cos| 360°-—— | | =43,3
Ttes,-20 181s
o o o 0’53 o
Jend .60 = 91| 1—-cos 360 =37,2°-| 1-cos| 360°-—— || = 38,7
Ttes 60 195s
because
_Ta _05S 576 lessthan 0,5
Ttes,-20 181s
Tk1 _ 0,5s

=0,256 less than 0,5
Ttes 60 195s

(29)

The maximum swing-out angles &5 .20 @nd dpax 60 depend respectively on y.54 and gy which

depend on g 20 @Nd Seng 60:

— for O less than Sgpg oo = 43,3° less than 90° is:
X-20 =1-78iNGeng 20 = 1-0,760-sin43,3° = 0,479
and for —-0,985 less than y.,5 = 0,479 less than 0,766:
Omax.-20 = 10°+arccos y.p0 =10°+arccos 0,479 = 71,4°
— for O less than Sgpq 69 = 38,7° less than 90° is:
X60 = 1-78iNdgng 60 = 1-0,760-sin38,7° = 0,525
and for —0,985 less than ygq = 0,525 less than 0,766:

Smax,60 = 10° +arccos ygg = 10° +arccos 0,525 = 68,3°

(30)

(31)

(30)

(31)

9.4.3.2 Tensile force F; 4 during short-circuit caused by swing out without dropper in

midspan

The calculation is done according to IEC 60865-1:2011, 6.2.3.

The load parameters are:

P60 = P20 = 3(\/1 +r? _1j = 3(\/1 +0,7602 —1j =0,768

because

Tres,-20 1, 81 S

Tx1=0,5s greater than =0,453s

Tres,60 _ 1,95s

Tk1=0,5s greater than =0,488s

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and g are:
— for Q.00 = 0,768 and 4220 = 1,69:

(32)
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l//_20 = 0,702
— for Pe0 = 0,768 and 460 = 2,60:
l//60 = 0,775

The tensile forces during the short-circuit are:

Fi,d’_zo = FSt,-ZO (1 + @.20 (//_20) = 17,4 kN- (1 + 0,768 . 0,702) = 26,8 kN

33
Ft,d,GO = FSt,GO (1 + P60 !//60) = 15,0 kN - (1 + 0,768 . 0,775) = 23,9 kN ( )
The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:
Fyg =max{Fq 20;Fq60} = max{26,8 kN;23,9 kN} = 26,8 kN
9.4.3.3 Dynamic conductor sag at midspan
The elastic expansions are:
-8 1 3 -3
Zela,-20 = N-20 (Fid,-20 — Fet-20) = 5,78-10 N~(26,8— 17,4)10° N=0,543-10
(34)
Sela60 = Neo (Fids0 — Fsteo ) = 5,87-107° %-(23,9—15,0)103 N=0,522-10"3
The thermal expansions are:
R m* 63.10°A | 181s
gth_20=cth(—kj 20 _0,27.10718 ——. — | -—=—=102.10"*
’ n s 4 A“s |2:1090-10° m (35)

N2 4 5 2

T .

8th60=cth(—lk ] resf0 _g,27.107"8 mz | 6310 'Z‘ ; 1998 _ 4140104
’ nds) 4 AZs | 2.1090-10% m 4

because

Tres,-ZO _ 181s

Txk1=0,5s greater than - 0,453's

T
T1=05s greater than Trespo _195s

=0,488s
and for ASCR conductors with Ay /Ags =1046 mm/45 mm = 23,2 greater than 6

e =0,27-10718 m*/(A2s)

The factors Cp are:
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3 1 Y 3( 48m
m -3 —4
q =, [1+—= 20+ &ho0) =41+=| —— (0,543-107° +1,02-107" ) =1,18
D,-20 8[fes-20J (5e|a, 20 T+ ¢th, 20) \/ 8(1,21mj ( ) 6)
3( 1 Y 3(48m Y
m -3 -4
G =, [1+—= + =, [1+=| ——| 10,522-107° +1,10-107" ) = 1,13
D,60 8{fes,60] (gela,GO 5th,6o) \/ 8[1,41m] ( )
The factor Cg is:
Cr =1,05 (37)
because
r=0,760 less than 0,8
The dynamic conductor sags at midspan are:
Jed,-20 = Cr Cp 20 fes,-20="105-118:121m =150 m (38)

fed,60 = CF CD,GO fes,60 = 1,051,131,41 m = 1,67 m

9.4.3.4 Tensile force Fy 4 during short-circuit caused by swing out with dropper in
midspan

The calculation is done according to IEC 60865-1:2011, 6.2.5, because

\/(h-zo + fos,-20 )2 + W2 4 fog 20 = \/(7,2 m+1,21 m)2 +(15 m)2 +1,77m=10,3m greaterthan [, =7,4m

\/(h60 + fos60 ) + WP + fo0 = J(7.0m+141m)? +(15m)2 +192m=105m greaterthan 4, =7,4m

with the dropper height at —20°C due to the change of sag with the temperature of the main
conductor

hp0 = heo +(fes,60 — fes-20) = 7,0 m+(1,41m-121m)=7,2m
and hgg=h=7,0m.

The actual swing-out angles are:
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(hao + fes,-zo)2 + &0 —Elg - W2) -+ arccos h_pq + fes,-zs
2fed,—20\/(h—20 + fes20) + w? \/(h—zo + fes-20) + w?
(7,2m+1,21m)? +(150 m)? —((7,4 m)? - (15 m)?) 7.2m+121m

+ arccos
2450 m-4(7.2m+1,21m) + (15 m)° J(7.2m+121m)? + (15 m)°

J.p9 = arccos

= arccos

=47,1° (39)

2
(Mo + fes,60)” + féa.60 - (12 -w?) heg + fes,60 _
> > + arccos > > =
2fed,60\/(h60 + fes,60) +W \/(hao + fes60) +W
(7.0m+1,41m )%+ (167 m)> (7,4 m)? - (15m)?) + arccos 7,0m+1,41m
2167 m-y(7,0m+141m)? + (15 m)? J(7.0m+141m)2 + (15 m)’

560 = arccos

= arccos

=52,7°

The load parameters are:

¢-20 = P60 = 3(\/1 +r? —1) = 3(\/1 +0,7602 —1) =0,768 (40)

because

090 =47,1° greaterthan & =37,2°
Sg0 =52,7° greaterthan &y =37,2°

and also

Ty
Tiy=05s  greater than %"ZO = % =0,453s

7;'es,60 _ 1,95s

Tk1=0,5s greater than =0,488s

According to IEC 60865-1:2011, Figure 8, the factors y_,5 and g are:

for Q.00 = 0,768 and 4220 = 1,69:

l//_20 = 0,702

for (060 = 0,768 and 460 = 2,60:

l//eo = 0,775

The tensile forces during the short-circuit are:

Ft,d,-20 = FSt,-ZO (1 + @20 1/1_20) =17,4 kKN- (1 +0,768 - 0,702) = 26,8 kN

42
Ft,d,60 = FSt,6O (1+(p60 1/160) = 15,0 kN(1+0,7680,775)=23,9 kN ( )

The tensile force F 4 is the maximum value of Fy 4 oo and F 4 go:

Fyg =max{Fiq 20 Ft g0 = Max{26,8 kN;23,9 kN} = 26,8 kN
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9.4.3.5 Tensile force F; 4 after short-circuit caused by drop

Because

r=0,760 greater than 0,6
and

Omax-20 = 71,4°  greater than  70°

Omax,60 = 68,3°  less than 70°
however

009 =47,1° lessthan  60°
Ogg =52,7° less than  60°

the tensile force F 4 after short-circuit is not significant.

When calculating according to IEC 60865-1:2011, 6.2.3, in addition the tensile force F; 4 after
short-circuit is to be calculated according to IEC 60865-1:2011, 6.2.6. Because

r=0,760 greater than 0,6

and
Smax,20 = 71,4°  greater than ~ 70°

Smax,60 = 68,3°  less than 70°
the drop forces become:
5 R o
Fig.20 =12 Fst 20 \/1+8./;_20 %6020 =12-17,4kN-,[1+8-169 -% =52,7 kN 43)

Fra60 =0 kN
The tensile force F 4 is the maximum of F; 4 oo and F 4 go:
Fyg =max{Fiq 20:Fqp0 =max{52,7 kN;0 kN} = 52,7 kN

9.4.3.6 Horizontal span displacement b, and minimum air clearance a,;,

All the following quantities are calculated at a conductor temperature of 60°C which leads to a
greater conductor sag than a conductor temperature of —20°C.

The maximum horizontal span displacement for strained conductors with /, =17 - 2/, is:
bh = fed g0 SiNd1 = 1,67 m-sin37,2° =1,02m (47)

because

Ogo = 57,2° less than Smax,60 = 68,3°
Ogp =952,7° greater than 01=37,2°
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and the minimum air clearance is:
Amin=a—-2b,=5m-2-102m=2,96m (48)

When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, in addition
the horizontal displacement b, and the minimum air clearance a,,;, shall be calculated
according to IEC 60865-1:2011, 6.2.7:

by = fod 60 SiNd; =1,67 m-sin37,2° =1,02m (45)

because

Omax,60 = 68,3° greater than 04 =37,2°

and the minimum air clearance is:
Amin=a—-2b,=5m-2-102m=2,96m (48)

9.4.3.7 Pinch force F; 4

The sub-conductors clash effectively during short circuit because Equation (53) is fulfilled, see
9.3.2.6.

The tensile forces caused by pinch are:

Fig20 = 11Fg,20 = 11-26,8 kN = 29,5 kN 1)
Frige0 =11F g0 =11-23,9kN = 26,3kN

F 4.-20 @nd Fy 4 go are calculated in 9.4.3.4.

The pinch force Fy; 4 is the maximum of F\; 4 o9 and Fy,; 4 g0

Fyig = max{Fyiq 20 Fpi,a,60 | = Max{29,5 kN; 26,3 kN} = 29,5 kN

9.4.3.8 Conclusions

According to IEC 60865-1:2011, 6.5.2 and 6.5.3, to the structure, the insulators and the
connectors and to the foundations the maximum value of F} 4, F; 4 and Fy; 4 shall be applied as
a static load:

max {Fyq: Frq; Fpia | = max {26,8 kKN;0 kN; 29,5 kN} = 29,5 kN

given by the tensile force Foid caused by pinch.
The maximum horizontal displacement is 1,02 m and the minimum air clearance is 2,96 m.

When calculating according to IEC 60865-1:2011, 6.2.3, without dropper in midspan, to the
structure, the insulators and the connectors and to the foundations the maximum value of £, 4,
Ff 4 and F; 4 shall be applied as a static load:
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max {Fiq; Frq; Fpia | = max {26,8 kN;52,8 kN; 29,5 kN} = 52,8 kN

given by the tensile force Ft g after short-circuit caused by drop without dropper in midspan.

The maximum horizontal displacement is 1,02 m and the minimum air clearance is 2,96 m.

10 Example 7 — Mechanical effects on vertical main conductors (droppers)

10.1 General

The basis for the calculation in this example is a three-phase 380-kV-arrangement with
droppers as shown in Figure 8. The droppers are fixed at the lower fixing point with horizontal
connectors. At the upper end a V-shaped insulator-chain is given to prevent a swing-out of the
fixing-point in the direction of the short-circuit force.

Y=

Ry
&
&
F
=
F
=
F

3

h
A :’%w]

Figure 8 — Arrangement with strained conductors

10.2 Data

Initial symmetrical three-phase short-circuit current (r.m.s.) Iy = 40KkA
Factor for the calculation of the peak short-circuit current x = 1,81
System frequency f = 50Hz
Height of dropper h = 12,3 m
Width of dropper w = 5m
Centre-line distance between supports [ =~h? + w? = \/(12,3 m)? + (5 m)? I = 13,28m
Cord length of the dropper I, = 14m
Centre-line distance between conductors a = 6m
Centre-line distance between connecting pieces g, = 13,28m
Centre-line distance between sub-conductors ag = 0,1m

Resultant spring constant of both span supports of one span S = 100 N/mm
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Twin conductor 2 EN 550-AL1/71-ST1A
— Number of sub-conductors

— Sub-conductor diameter

— Sub-conductor cross-section

— Sub-conductor mass per unit length

— Young’s modulus

Conventional value of acceleration of gravity

10.3 Short-circuit tensile force and maximum horizontal displacement

The short-circuit tensile force is:

o

l

471077 Vs (40'103 A)2 14m

2
]"
Ft,d:_lvg._;( ) V—%-Mm-

3 a;_

2n H
for cable length
1,4w=14-5m=7m less than Iy =14m

The maximum horizontal displacement is:

2
= ) ——=1+U, - - Y n—|—
0,6 Y 1+0,44 h 11-0,321 h|f

; ! 17,

:{0,6 14m 1+o,44[14—m_1j_0,32|n

13,28m
=185m

13,28 m

for cable length
Iy=14m less than

The minimum air clearance is:

less than

5m

14 m

(13,28 m)?

13,28 m

Umin =a—-2by =6M-2.185m=2,3m

10.4 Pinch force

10.4.1 Static tensile force regarding droppers

]

14 m

21=2-13,28m=26,6m

32,2 mm
611,2 mm?

1,95 kg/m
62 000 N/mm?

9,81 m/s?

=3484 N=3,48kN (49)

3,3w=33-5m=16,5m

(50)

(48)

The horizontal component of the force caused by one sub-conductor at the lower fixing point
may be calculated with the conductor sagging curve as a parabola, for example as in [3]:

1 (195kg/m-9,81m/s2)” (5 m)?

24 J1am)? -(123m)’

-1

5m

=33,6 N=34N
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The vertical component of the force caused by one sub-conductor at the upper fixing point is:

Ve :m;zvg:1,95@.14m-9,8132:268N
m s

The average tensile force in the dropper is:

H.+V,
Fy=n (Hs+Vs) :2’(268N+34N) _ 302N
2 2
10.4.2 Characteristic dimensions and parameters
Because
as _ 0,100 m 311 and 11213,28m:133
d 0,0322m as 0,100 m

neither Equation (52) nor Equation (53) of IEC 60865-1:2011 is fulfilled, the pinch force Fiid is
to be calculated with the Equations (54) and following of IEC 60865-1:2011, 6.4.

The short-circuit current force between the sub-conductors is:

Iy 2l v

Fy = (n 1)2&(_kj Is vy (54)
T\ n ) agvs

The factor v, for calculation of v; is:
—d)m, 0,100 m—0,0322 195k/
m=r ’I180° o 2)ms ~50 11800' _(o100m- m)195kem 643 (55)
sin \/ﬂ()([k) n—1 S sin S /4m 107 Vs (4010 A} 2-1
" N2nln) as 2n Am | 2 0,100 m

According to IEC 60865-1:2011, Figure 9, the factor v, for v, = 0,643 and x= 1,81 is:
vy = 2,11

According to IEC 60865-1:2011, Figure 10, the factor v5 for ag/d = 3,11 is:
vy = 0,483

With this the short-circuit current force between the sub-conductors is:

" 2 — 3
sz(nf1)&(’fkj s vy _(p 44710 Vs 140107 A “28m a1 - 46411.10° N=46,4kN (54)
a5 V3 2 Am | 2 01m 0483

The stiffness norm is:

Nt ! N L ~79,6-108 1N (25)

Sl nEerAds 1.10°N/m-13,28m 2-1,89-10'0 N/m2.611,2-10°° m?
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with the actual Young’s modulus

n Ag oin 2 50-10% N/m?

6 2
Eeﬁ=E{O,3+0,7sin[i90°ﬂ=6,2~1010l-[0,3+0,7sin[0’247 107 N/m .900]} o5
m

-1,89-10"0 N/m?
because

Fy _ 302N
nds 2.6112-10°° m?

=0,247-10°% N/m? less than ofin = 50-10% N/m?

The strain factors are:

2 )2 302N-(13,28 m)?-79,6-1078 1/N )2
FStlSN(sinwoj ~15. (13,28m)” 79, / -(sinwoj ~138  (56)

Est = 1,5
T (as—d) (0,100 m-0,0322 m)?

n

3 0\3 46,4-10° N-(13,28m)>-79,6-10° /N o\3
i = 0375052 (5in 180°)" _ 0,375 2. (13.28m) 0 (sin180°)" ~ 2,08-10° (57)
(ag-d) (0,100 m-0,0322 m) 2

The parameter j is:

. / 105
= £pi _ 2,08-10 _119 (58)
1+ &gt 1+13,8
10.4.3 Pinch force F,; 4

Because

j=119 greater than 1

the sub-conductors clash and the tensile forces due to contraction are calculated according to
IEC 60865-1:2011, 6.4.2:

V,
Foid :Fst[1+g_e‘fj (59)
st

According to IEC 60865-1:2011, Figure 11, and with j = 119 and &5 = 13,8 the factor & is:
£=2355,0

The factor v, is:
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_ 112
2 4(sin1800j4
ve=1+ gn(ﬂ—ﬂﬂ £ Nvy ' L 1_arctan val 1
2 |8 27\ n ag—d 53 \/Z 4
1 _9 47-1077 Vs (40-10° A ? 1 13,28 m 4
——+|2.2.(2-1). 28 . .79,6-1078 —.2,11. ’ (60)
2 |8 27 Am 2 N 0,100 m—0,0322 m
1/2
sin1800 )
2 arctan+/2,11 1
A1 -
55,0° J2,11 4
=130

with the factor vy:

ag—d 0,00m-0,0322m

_ ~ 211 61
4Ty 0,0322m (61)
With this, the tensile force is:
Fiqg=Fq4l1 Ve =302N-|1 1’30550 =1878 N =1,88 kN 59
pi,d = I'st +€_§ = : +m 0= =1, (59)
st :

10.5 Conclusions

According to IEC 60865-1:2011, 6.5.2 and 6.5.3, to the structure, the insulators and the
connectors and to the foundations the maximum value of F; 4 and F; 4 shall be applied as a
static load:

max{FLd;Fp

i,d} =max{3,48 kN;1,88 kN} =3,48 kN

given by the short-circuit tensile force £ 4.

The maximum horizontal displacement is 1,85 m and the minimum air clearance is 2,3 m.

11 Example 8 — Thermal effect on bare conductors

11.1 General

The basis for the calculation is a three-phase 10 kV busbar with one conductor per phase.

11.2 Data

Initial symmetrical three-phase short-circuit current (r.m.s.) Iy = 24,0KkA
Steady-state short-circuit current (r.m.s.) I, = 19,2KkA
Factor for the calculation of the peak short-circuit current x = 1.8
Duration of short-circuit current I, = 08s

System frequency f = 50Hz
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Rectangular conductor of EN AW-6101B with cross-section 4 = 600 mm?
Conductor temperature at the beginning of short-circuit %, = 65°C
Conductor temperature at the end of short-circuit 9, = 170°C

11.3 Calculations

For 9, =65°C and 9, = 170°C, the rated short-time withstand current density is found from
IEC 60865-1:2011, Figure 13b):

Sinr = 80,7 A/mm?

The thermal equivalent short-circuit current is according to Equation (103) of
IEC 60909-0:2001:

Iih = IiNm +n = 24,0 kA /0,056 + 0,86 = 23,0 kA
m and n are found from IEC 60909-0:2001, Figures 21 and 22, for
f T, =501/s-0,8s =40 ; k=18 ; I/, =24,0kA/19,2kA =1,25

For the conductor cross-section 4 = 600 mm? the thermal equivalent short-circuit current
density is:

3
Sy =1 - 230107 A _ 555 pjmm?
4 600 mm

The busbar has sufficient thermal strength if:

Sth = 38,3 Almm? less than Sthr T _ 80,7 Lz s _ 90,2 A/mm? (65)
T mm 0,8s

11.4 Conclusion

The busbas has sufficient thermal strength.
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