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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 

SHORT-CIRCUIT CURRENTS –  

CALCULATION  OF EFFECTS 

 

Part 2:  Examples  of calculation  

 
FOREWORD 

1 )  The  I n ternational  E lectrotechn ical  Comm ission  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  national  e l ectrotechn ical  comm i ttees  ( I EC National  Commi ttees).  The  object  of I EC i s  to  promote  
i n ternational  co-operation  on  a l l  questions  concern ing  standard ization  i n  the  e l ectri cal  and  e l ectron ic fi e l ds .  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC publ i shes  I n ternational  S tandards,  Techn ical  Speci fi cations,  
Techn ical  Reports,  Publ i cl y Avai l able  Speci fi cations  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC 
Publ i cation(s)”).  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC National  Comm i ttee  i n terested  
i n  the  subject  deal t  wi th  may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-
governmental  organ i zations  l i a i s i ng  wi th  the  I EC a l so  parti ci pate  i n  th i s  preparation .  I EC col l aborates  cl osely 
wi th  the  I n ternational  Organ ization  for S tandard ization  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by 
agreement  between  the  two  organ izations.  

2)  The  formal  decis ions  or agreements  of I EC on  techn ical  matters  express,  as  nearl y as  possible,  an  i n ternational  
consensus  of opin ion  on  the  re levant  subjects  s i nce  each  techn ical  comm i ttee  has  representation  from  al l  
i n terested  I EC National  Commi ttees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by I EC National  
Commi ttees  i n  that  sense.  Wh i l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  con ten t of I EC 
Publ i cations  i s  accurate,  I EC cannot be  hel d  responsible  for the  way i n  wh ich  they are  used  or for any 
m is i n terpretation  by any end  user.  

4)  I n  order to  promote  i n ternational  un i form i ty,  I EC National  Commi ttees  undertake  to  apply I EC Publ i cations  
transparentl y to  the  maximum  extent  possib le  i n  thei r national  and  reg ional  publ i cations.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond ing  national  or reg ional  publ i cation  shal l  be  cl earl y i nd icated  i n  
the  l atter.  

5)  I EC i tsel f does  not  provide  any attestation  of conform i ty.  I ndependent  certi fi cation  bod ies  provide  conform i ty 
assessment services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsible  for any 
services  carried  ou t  by i ndependent certi fi cati on  bod ies .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cation .  

7)  No  l i abi l i ty shal l  attach  to  I EC or i ts  d i rectors,  employees,  servants  or agents  i ncl ud ing  i nd ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC National  Commi ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud ing  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cation  or any other I EC 
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cation  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ibi l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
paten t ri gh ts.  I EC shal l  not  be  hel d  responsible  for i den ti fyi ng  any or a l l  such  paten t ri gh ts .  

The main  task of I EC techn ical  committees  i s  to  prepare  I n ternational  Standards.  However,  a  
techn ical  committee  may propose  the  publ ication  of a  techn ical  report when  i t  has  col lected  
data  of a  d i fferent kind  from  that wh ich  i s  normal ly publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC TR 60865-2,  wh ich  i s  a  techn ical  report,  has  been  prepared  by I EC techn ical  
committee  73:  Short-ci rcu i t  currents.  

Th is  second  ed i tion  cancels  and  replaces  the  fi rst ed i tion  publ ished  in  1 994.  Th is  ed i tion  
consti tu tes  a  techn ical  revis ion .  

Th is  ed i tion  i ncludes  the  fol lowing  s ign i ficant techn ical  changes  wi th  respect to  the  previous  
ed i tion .  

a)  The  determ inations  for au to  reclosure  together wi th  rig id  conductors  have  been  revised .   
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b)  The  configurations  in  cases  of flexible  conductor arrangements  have  been  changed .  

c)  The  in fluence  of m id -span  droppers  to  the  span  has  been  included .   

d )  For vertical  cable-connection  the  d isplacement and  the  tensi le  force  onto  the  lower fixing  
poin t may be  calcu lated  now.  

e)  Add i tional  recommendations  for foundation  loads  due  to  tensi le  forces  have  been  added .  

f)  The  subclause  for determ ination  of the  thermal  equ ivalent short-ci rcu i ts  current has  been  
deleted  ( i s  part of I EC 60909-0:2001  now).   

g )  The  standard  I EC 60865-1 : 201 1  has  been  reorgan ized  and  some of the  symbols  have  been  
changed  to  fol low the  conceptual  characteristic of in ternational  standards .  

The  text of th is  techn ical  report i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

73/1 68/DTR 73/1 73/RVC 

 
Fu l l  i n formation  on  the  voting  for the  approval  of th is  techn ical  report can  be  found  in  the  report 
on  voting  i nd icated  in  the  above table.  

Th is  publ ication  has  been  drafted  in  accordance wi th  the  I SO/IEC Di rectives,  Part 2 .  

A l i st  of a l l  parts  in  the  I EC 60865 series,  publ ished  under the  general  ti tle  Short-circuit 
currents – Calculations of effects,  can  be  found  on  the  I EC websi te.  

The  committee  has  decided  that the  contents  of th is  publ ication  wi l l  remain  unchanged  unti l  the  
stabi l i ty date  ind icated  on  the  I EC websi te  under "h ttp: //webstore. iec.ch"  in  the  data  related  to  
the  speci fic publ ication .  At th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn,  

•  replaced  by a  revised  ed i tion ,  or 

•  amended .  

A bi l i ngual  version  of th is  publ ication  may be  i ssued  at a  l ater date.  
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SHORT-CIRCUIT CURRENTS –  

CALCULATION  OF EFFECTS 

 

Part 2:  Examples  of calculation  

 

 

 

1  Scope  

The object of th is  part of I EC 60865,  wh ich  is  a  Techn ical  Report,  i s  to  show the  appl ication  of 
procedures  for the  calcu lation  of mechan ical  and  thermal  effects  due  to  short ci rcu i ts  as  
presented  in  I EC 60865-1 .  Thus,  th is  techn ical  report i s  an  add i tion  to  I EC  60865-1 .  I t  does  not,  
however,  change the  basis  for standard ized  procedures  g i ven  in  that publ ication .  

The  fol lowing  poin ts  shou ld  particu larly be  noted :  

a)  The  examples  in  th is  Techn ical  Report i l l ustrate  how to  make the  calcu lations  accord ing  to  
I EC 60865-1  in  a  s impl i fied  and  easy-to-fol low manner.  They are  not i n tended  as  a  check 
for computer programs.  

b)  The  numbers  in  parentheses  at the  end  of the  equations  refer to  the  equations  in  
I EC 60865-1 : 201 1 .  

c)  The  system  vol tages  are  referred  to  as  nom inal  vol tages.  

d )  The  resu l ts  are  rounded  to  th ree  s ign i ficant d ig i ts.  

e)  Short-ci rcu i t effects  appear as  exceptional  l oad  in  add i tion  to  the  mechan ical  l oads  of the  
normal  operation  of a  swi tchgear.  I n  the  fol lowing  examples  wi th  rig id  conductors ,  a  
possible  static preload ing  is  therefore  calcu lated  too.  Depend ing  on  whether i t  concerns  the  
load  of the  normal  operation  or the  load  during  the  short-ci rcu i t d i fferent safety factors  
come to  use.  The  height of these  factors  has  been  chosen  typical ly and  is  recommended  
for the  use.  However,  other safety factors  may be  necessary depend ing  on  the  safety 
concept.  

2  Normative references   

I EC 60865-1 : 201 1 ,  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  uni ts  

For symbols  and  un i ts,  reference is  made to  I EC 60865-1 : 201 1 .  

I n  add i tion ,  the  fol lowing  symbols  are  used :  

Fstr, k  Dead  load  (characteristic value)  N  

Fstr, d  Dead  load  (design  value)  N  

Fst, r, d  Force  on  support of rig id  conductors  (design  value)  due  to  dead  load  N  

hS ,  h I  Height of the  substructure,  i nsu lator m  

Hs  Horizontal  component of the  force  at the  lower fixing  poin t of one  sub-
conductor of a  d ropper 

N  
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Jst,m  Second  moment of main  conductor area  wi th  respect to  the  d i rection  of 
the  dead  load  

m 4  

Ik  Steady-state  short-ci rcu i t current (r.m .s)  accord ing  to  I EC  60909-0  A 

leff  Effective  length  of a  span  m  

lf  Form  factor of a  span  m  

lh  Extend  of one  head  armature  and  clamp m  

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

MS, d ,  MI , d  Bend ing  moment on  the  bottom  on  the  substructure,  insu lator (design  
value)  

Nm  

Vs  Vertical  component of the  force  at the  upper fixing  poin t of one  sub-
conductor of a  d ropper 

N  

Wst,m  Section  modu lus  of main  conductor wi th  respect to  the  d i rection  of the  
dead  load  

m 3  

gF  Partial  safety factor for action  1  

gM  Partial  safety factor for material  property 1  

σst,m , d  Bend ing  stress  caused  by the  dead  load  (design  value)   N /m 2  

σst,m , k   Bend ing  stress  caused  by the  dead  load  (characteristic value)  N /m 2  

 

4 Example 1  – Mechanical  effects  on  a  1 0  kV arrangement wi th  single  rig id  

conductors  

4.1  General  

The basis  for the  calcu lation  i n  th is  example  i s  a  three-phase 1 0  kV busbar wi th  one  conductor 
per phase.  The  conductors  are  continuous  beams  wi th  equ id istant s imple  supports.  The  
conductor arrangement is  shown  in  F igure  1 .  Accord ing  to  I EC 61 936-1  [1 ] 1 ,  the  calcu lation  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-ci rcu i t currents  and  dead  load .  

 

Figure 1  – Conductor arrangement 

______________ 

1   The  numbers  i n  square  brackets  refer to  the  B ib l i ography.  

IEC 

cm  

b
m
 

a  a  

g  

main  conductor axis  
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4.2  Data 

 

I n i tial  symmetrical  th ree-phase short-ci rcu i t current (r.m .s. )  kI′′  = 1 6  kA 

Factor for the  calcu lation  of the  peak short-ci rcu i t current k  = 1 , 35  

System  frequency f = 50  Hz 

No au tomatic reclosing     

    

N umber of spans   ≥ 3  

Centre-l ine  d istance  between  supports  l = 1  m  

Centre-l ine  d istance  between  conductors  a  = 0,2  m  

    

Rectangu lar conductor EN  AW-61 01 B  T7     

– D imensions  bm  = 60  mm  

 cm  = 1 0  mm  

– Mass  per un i t  l ength  of main  conductor mm′  = 1 , 62  kg/m  

– Young ’s  modu lus  E = 70  000  N /mm 2  

– Stress  correspond ing  to  the  yield  poin t  fy  = 1 20  N /mm 2  to  

1 80  N /mm 2  

Conventional  value  of acceleration  of gravi ty g  = 9,81  m /s2  

    

Partial  safety factors;  for example  accord ing  to  EN  1 990  [2 ]     

– Normal  l oad  case  gF  = 1 , 35  

 gM  = 1 , 1  

– Exceptional  l oad  case  gF  gM= 1 , 0  

NOTE  Safety factors  d i ffer i n  nati onal  s tandards.  

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

load  

The dead  load  on  the  conductor i s :  

str,k m 2

str,d F str,k

kg m
1, 62 1, 00 m 9, 81 1 5, 9 N

m s

1 ,35 1 5, 9 N 21, 5 N

F m l g

F Fg

′= = ⋅ ⋅ =

= = ⋅ =
 

The  conductor bend ing  stress  is :  

str,k 6 2 2
st,m,k 6 3

st,m

2 2
st,m,d F st,m,k

1 5, 9 N 1 ,00 m
0, 33 1 0 N/m 0, 33 N/mm

8 8 6 1 0 m

1 ,35 0, 33 N/mm 0, 45 N/mm

F l

W
s

s g s

−

⋅
= = = ⋅ =

⋅ ⋅

= = ⋅ =

 

wi th  
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c b
J

J
W

b

−

−
−

⋅
= = = ⋅

⋅
= = = ⋅

3 3
4 7 4m m

st,m

7 4
st,m 6 3

st,m
m

0 01 0 0 060
m 1, 8 1 0 m

1 2 1 2

1, 8 1 0 m
6 1 0 m

/2 0 03 m

, ,

,

 

NOTE  The  equation  for the  calcu lation  of s
st,m, k

 g i ves  the  maximum  value  for two  spans .  The  actual  val ue  for 

three  or more  spans  i s  s l i gh tl y l ower.  

The conductors  have  sufficient strength  i f 

y
st,m,d

M

f
s

g
≤  

wi th  the  lower value  of fy.  The  partial  safety factors  for normal  load  case  gF ,  gM  see  4. 2.  Th is  
g ives:  

2
y2 2

st,m,d
M

1 20 N/mm
0, 45 N/mm 1 09 N/mm

1 ,1
less than

f
s

g
= = =  

The  forces  on  the  supports  are  in  the  d i rection  of the  dead  load :  

– for the  ou ter supports  (A)  wi th  αA  =  0 , 4,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

st,r,dA A str,d 0, 4 21, 5 N 8,6 NF Fα= = ⋅ =  

– for the  i nner supports  (B)  wi th  αB  =  1 , 1 ,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

st,r,dB B str,d 1,1 21, 5 N 23, 7 NF Fα= = ⋅ =  

NOTE  I n  some standards  the  safety factors  for the  supports  can  i ncl ude  the  parti a l  safety factor gF  for action .  

4.4 Exceptional  load  case:  Effects  of short-circu i t  currents  

4.4. 1  Maximum force on  the  central  main  conductor 

The maximum  electromagnetic force  on  the  central  main  conductor i s :  

 ( )π

π π

7 2
2 30

m3 p
m

3 4 1 0 Vs 3 1, 00 m
30, 6 1 0 A 803 N

2 2 2 Am 2 0,202 m

l
F i

a

m −⋅
= = ⋅ ⋅ ⋅ ⋅ =  (2)  

where  

3
p k2 1, 35 2 1 6 kA 30,6 kA 30,6 1 0 Ai Ik ′′= = ⋅ ⋅ = = ⋅  

and  the  effective  d istance  between  the  main  conductors   

 m
1 2

0, 20 m
0, 202 m

0, 99

a
a

k
= = =  (6)  

wi th  k1 2  accord ing  to  I EC 60865-1 : 201 1 ,  F igure  1  wi th  a1 s  =  a ,  bs  =  bm ,  cs  =  cm ,  for 

bm/cm  =  60  mm/1 0  mm  =  6 ,  and  a/cm  =  200  mm/1 0  mm  =  20.  
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4.4.2  Conductor stress  and  forces  on  the  supports  

4.4.2.1  General  

The calcu lations  can  be  made  accord ing  to  the  fol lowing  4. 4. 2. 2  or 4 . 4. 2. 3.  

4.4.2.2  Simpl i fied  method  

4.4.2.2.1  Conductor bending  stress  

The maximum  bend ing  stress  i s :  

 6 2 2m3
m,d σm rm 6 3

m

803 N 1 ,00 m
1, 0 0, 73 73, 3 1 0 N/m 73, 3 N/mm

8 8 1 1 0 m

F l
V V

W
s β

−
⋅

= = ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

VsmVrm  =  1 , 0  (VsmVrm )max  accord ing  to  I EC 60865-1 : 201 1 ,  Table  2  

β  =  0 , 73   accord ing  to  I EC 60865-1 : 201 1 ,  Table  3  

 

36
48

m

m
m m1 01

m005,0

m1 05,0

2/

−
−

⋅=
⋅

==
c

J
W  

The  busbar i s  assumed  to  wi thstand  the  short-ci rcu i t force  i f 

 q fs s+ ≤m,d st,m,k y  (1 1 )  

wi th  the  lower value  of fy.  sst,m , k  see  4. 3.  For rectangu lar cross-section  q  =  1 , 5,  see  
I EC 60865-1 : 201 1 ,  Table  4.  Th is  g ives:  

q fs s+ = + = = ⋅ =2 2 2 2 2
m,d st,m,k y73, 3 N/mm 0, 33 N/mm 73, 6 N/mm 1 ,5 1 20 N/mm 1 80 N/mmless than  

4.4.2.2.2  Forces  on  the  supports  

The  equ ivalent static force  on  the  supports  is :  

 r,d F rm m3F V V Fα=  ( 1 5)  

Accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 ,  wi th  the  upper value  of fy  and  stot, d  =  sm,d  +  sst,m , k  i t  
i s :  

2
tot,d

2
y

73, 6 N/mm
0, 51 1

0, 8 0,8 1 80 N/mmf

s
= =

⋅
 

Therefore,  wi th  a  three-phase short-ci rcu i t we  meet range  2  in  IEC  60865-1 : 201 1 ,  Table  2 ,  

tot,d

y

0, 370 1
0, 8 f

s
< <  

hence  
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y
F rm

tot,d

0, 8 1
1, 96

0, 51 1

f
V V

s
= = =  

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 4,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dA F rm A m3 1, 96 0, 4 803 N 630 NF V V Fα= = ⋅ ⋅ =  

For the  i nner supports  (B)  i t  i s  wi th  αB  =  1 , 1 ,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dB F rm B m3 1, 96 1,1 803 N 1 731 NF V V Fα= = ⋅ ⋅ =  

4.4.2.3  Detai led  method  

4.4.2.3.1  Relevant natural  frequency fcm  and  factors  VF ,  Vrm  and  Vsm  

The  relevant natural  frequency of the  main  conductor i s :  

 
( )

1 0 2 8 4
m

cm 2 2
m

3, 56 7 1 0 N/m 0, 5 1 0 m
52, 3 Hz

1 ,62 kg/m1, 00 m

E J
f

ml

g −⋅ ⋅ ⋅
= = ⋅ =

′
 (1 6)  

where  

g  =  3 , 56  accord ing  to  I EC 60865-1 : 201 1 ,  Table  3  

Jm  =  0 , 5  ⋅  1 0 -8m 4  see  4 . 4. 2. 2. 1  

The  frequency ratio  i s :   

cm 52, 3 Hz
1, 05

50 Hz

f

f
= =  

From  F igure  4  and  5. 7.3  of I EC 60865-1 : 201 1 ,  the  fol lowing  values  for the  factors  VF ,  Vsm  and  

Vrm  are  obtained :  

F

σm

rm

1, 8

1, 0

1, 0

V

V

V

=

=

=

 

4.4.2.3.2   Conductor bending  stress  

The maximum  bend ing  stress  i s :  

 6 2 2m3
m,d σm rm 6 3

m

803 N 1 ,00 m
1, 0 1, 0 0, 73 73, 3 1 0 N/m 73, 3 N/mm

8 8 1 1 0 m

F l
V V

W
s β

−
⋅

= = ⋅ ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

VsmVrm  =  1 , 0 ⋅1 , 0  accord ing  to  4 . 4. 2 .3. 1  

β  =  0 , 73  accord ing  to  I EC 60865-1 : 201 1 ,  Table  3  

Wm  =  1 ⋅1 0 -6m 3  see  4. 4. 2. 2. 1  

The  busbar i s  assumed  to  wi thstand  the  short-ci rcu i t force  i f 



I EC TR 60865-2:201 5  © I EC 201 5  – 1 3  – 

 q fs s+ ≤m,d st,m,k y  (1 1 )  

wi th  the  lower value  of fy.  sst,m , k  see  4. 3.  For rectangu lar cross-section  q  =  1 , 5,  see  
I EC 60865-1 : 201 1 ,  Table  4.  Th is  g ives:  

q fs s+ = + = = ⋅ =2 2 2 2 2
m,d st,m,k y73, 3 N/mm 0, 33 N/mm 73, 6 N/mm 1 ,5 1 20 N/mm 1 80 N/mmless than  

4.4.2.3.3  Forces  on  the  supports  

The equ ivalent static force  on  supports  becomes:  

 r,d F rm m3F V V Fα=  ( 1 5)  

Accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 ,  wi th  the  upper value  of fy  and  stot, d  =  sm,d  +  sst,m , k  i t  
i s :  

2
tot,d

2
y

73, 6 N/mm
0, 51 1

0, 8 0,8 1 80 N/mmf

s
= =

⋅
 

Therefore,  wi th  a  three-phase short-ci rcu i t we  meet range  2  in  IEC  60865-1 : 201 1 ,  Table  2 ,  

tot,d

y

0, 370 1
0, 8 f

s
< <  

hence  

y
F rm

tot,d

0, 8 1
1, 96

0, 51 1

f
V V

s
= = =  

Accord ing  to  4 . 4. 2. 3. 1  above,  F rm 1, 8 1, 0 1, 8V V = ⋅ =  wh ich  is  less  than  the  value  1 , 96  accord ing  

to  I EC 60865-1 : 201 1 ,  Table  2 .  

For the  outer supports  (A)  i t  i s  wi th  αA  =  0 , 4,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dA F rm A m3 1, 8 1, 0 0, 4 803 N 578 NF V V Fα= = ⋅ ⋅ ⋅ =  

For the  inner supports  (B)  i t  i s  wi th  αB  =  1 , 1 ,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dB F rm B m3 1, 8 1, 0 1,1 803 N 1 590 NF V V Fα= = ⋅ ⋅ ⋅ =  

4.5 Conclusions  

The busbar wi l l  wi thstand  the  dead  load    

The  calcu lated  bend ing  stress  is  sst,m , d  1  N /mm 2  

The  outer supports  have  to  wi thstand  a  vertical  force  
of 

Fst, r, dA  9  N  

The  inner supports  have  to  wi thstand  a  vertical  force  
of 

Fst, r, dB  24  N  
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 S impl i fied  

method  
Detai led  
method  

The  busbar wi l l  wi thstand  the  short-ci rcu i t load     

The  calcu lated  bend ing  stress  i s  stot, d  74  N /mm 2  74  N /mm 2  

The  outer supports  have  to  wi thstand  an  equ ivalent 
static force  of 

Fr, dA  630  N  580  N  

The  inner supports  have  to  wi thstand  an  equ ivalent 
static force  of 

Fr, dB  1  740  N  1  590  N  

 

The  stresses  and  forces  are  rounded .  

The  forces  calcu lated  wi th  the  detai led  method  are  less  than  calcu lated  wi th  the  s impl i fied  
method .  

5 Example 2  – Mechanical  effects  on  a  1 0  kV arrangement wi th  mul tiple  rig id  

conductors  

5.1  General  

The basis  for the  calcu lation  i n  th is  example  i s  the  same three-phase 1 0  kV busbar as  in  
Example  1 ,  bu t now wi th  three  sub-conductors  per main  conductor as  shown  in  F igure  2 .  The  

cross-sections  of the  sub-conductors  are  60  mm  ×  1 0  mm  as  the  conductors  of Example  1 .  The  
connecting  p ieces  are  spacers.  Accord ing  to  I EC 61 936-1  [1 ] ,  the  calcu lation  is  done  for the  
normal  l oad  case  considering  the  dead  load  of the  busbar and  the  exceptional  l oad  case  
considering  the  combination  of effects  of short-ci rcu i t  currents  and  dead  load .  

 

Figure 2  – Posi tion  of the  sub-conductors  and  connecting  pieces  

5.2  Data (addi tional  to  the  data of Example 1 )  

Number of sub-conductors  n  =  3  

D imension  of sub-conductor in  the  d i rection  of the  force  cs  =  1 0  mm  

Number of sets  of spacers  k =  2  

Centre-l ine  d istance  between  connecting  pieces  ls  =  0 , 5  m  

D imension  of spacers  of EN  AW-61 01 B  T7  60  mm  ×  60  mm  ×  
1 0  mm  

IEC 

ls  

l  

cs  

cs  c
m
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5.3  Normal  load  case:  Conductor stress  and  forces  on  the  supports  caused  by dead  

load  

I n  4 . 3  (Example  1 ) ,  the  fol lowing  values  are  calcu lated  for one  conductor 

Dead  load  of the  conductor Fstr, k  = 1 5,9  N  

 Fstr, d  = 21 , 5  N  

Conductor bend ing  stress  sst,m , k  = 0,33  N /mm 2  

 sst,m , d  = 0,45  N /mm 2  

I n  th is  Example  2 ,  the  conductor bend ing  stress  is  the  same as  i n  Example  1 ,  4 . 3.  Accord ing  to  
the  number of sub-conductors,  the  vertical  forces  on  the  supports  are  n  times  h igher 

– for the  ou ter supports  (A)  wi th  αA  =  0 , 4,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

st,r,dA A str,d 3 0, 4 21, 5 N 25,8 NF n Fα= = ⋅ ⋅ =  

– for the  inner supports  (B)  wi th  αB  =  1 , 1 ,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

st,r,dB B str,d 3 1,1 21, 5 N 71, 0 NF n Fα= = ⋅ ⋅ =  

5.4 Exceptional  load  case:  Effects  of short-circu i t  currents  

5.4. 1  Maximum forces  on  the  conductors  

5.4. 1 . 1  Maximum force on  the  central  main  conductor 

The maximum  electromagnetic force  on  the  central  main  conductor i s :  

 ( )π

π π

7 2
2 30

m3 p
m

3 4 1 0 Vs 3 1, 00 m
30, 6 1 0 A 81 1 N

2 2 2 Am 2 0,20 m

l
F i

a

m −⋅
= = ⋅ ⋅ ⋅ ⋅ =  (2)  

where  

3
p k2 1, 35 2 1 6 kA 30,6 kA 30,6 1 0 Ai Ik ′′= = ⋅ ⋅ = = ⋅  

and  the  effective  d istance  between  the  main  conductors  

 m
1 2

0, 2 m
0, 20 m

1, 00

a
a

k
= = =  (6)  

wi th  k1 2  accord ing  to  I EC 60865-1 : 201 1 ,  F igure  1  wi th  a1 s  =  a ,  bs  =  bm ,  cs  =  cm ,  for 

bm/cm  =  60  mm/50  mm  =  1 , 2  and  a/cm  =  200  mm/50  mm  =  4 .  The  d imensions  bm  and  cm  are  
shown  in  I EC 60865-1 : 201 1 ,  F igure  2  b).  

5.4.1 .2  Maximum force on  the  sub-conductor 

The maximum  electromagnetic force  on  the  outer sub-conductor between  two ad jacent 
connecting  pieces  i s :  

 
π

π π

22 7 3
p0 s

s -3
s

4 1 0 Vs 30, 6 1 0 A 0, 5 m
51 5 N

2 2 Am 3 20,2 1 0 m

i l
F

n a

m −    ⋅ ⋅
= = ⋅ ⋅ =     ⋅   

 (4)  

where  
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 1 2 1 3

s 1 2 1 3

1 0, 60 0, 78 1

20 mm 40 mm 20, 2 mm

k k

a a a
= + = + =  (8)  

wi th  k1 2  and  k1 3  from  I EC 60865-1 : 201 1 ,  F igure  1 :  

– k1 2  =  0 , 60  for a1 2/cs  =  20  mm/1 0  mm  =  2  and  bs/cs  =  bm/cs  =  60  mm/1 0  mm  =  6  

– k1 3  =  0 , 78  for a1 3/cs  =  40  mm/1 0  mm  =  4  and  bs/cs  =  bm/cs  =  60  mm/1 0  mm  =  6  

or as  from  I EC 60865-1 : 201 1 ,  Table  1 .  

5.4.2  Conductor stress  and  forces  on  the  supports  

5.4.2.1  General  

The calcu lations  can  be  made accord ing  to  5. 4. 2 . 2  or 5. 4. 2.3.  

5.4.2.2  Simpl i fied  method  

5.4.2.2. 1  Bending  stress  caused  by the  forces  between  the main  conductors  

The maximum  bend ing  stress  caused  by the  forces  between  the  main  conductors  i s :  

 6 2 2m3
m,d σm rm 6 3

m

81 1 N 1 ,00 m
1, 0 0, 73 24, 7 1 0 N/m 24, 7 N/mm

8 8 3 1 0 m

F l
V V

W
s β

−
⋅

= = ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

( )σm rm σm rm max

3 3
4 8 4s s

s

8 4
6 3s

s
s

6 3 6 3
m s

1, 0 according to IEC 60865-1 ,  Table 2

0, 73 according to IEC 60865-1 ,  Table 3

0 01 0 0 060
m 0 5 1 0 m

1 2 1 2

0 5 1 0 m
1 1 0 m

/2 0 005 m

3 1 1 0 m 3 1 0 m according

V V V V

c b
J

J
W

c

W n W

β

−

−
−

− −

= =

=

⋅
= = = ⋅

⋅
= = = ⋅

= = ⋅ ⋅ = ⋅

, ,
,

,

,

 to IEC 60865-1 ,  5.4.2

 

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

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

 6 2 2s s
s,d σs rs 6 3

s

51 5 N 0, 5 m
1, 0 1 6,1 1 0 N/m 1 6,1 N/mm

1 6 1 6 1 1 0 m

F l
V V

W
s

−
⋅

= = ⋅ = ⋅ =
⋅ ⋅

 (1 0)  

where  

( )maxrsσsrsσs
0,1 VVVV ==  accord ing  to  I EC 60865-1 : 201 1 ,  Table  2  

Ws  =  1 ⋅1 0
-6m 3  see  5. 4. 2. 2 . 1  

5.4.2.2.3  Total  conductor stress  

The total  conductor stress  i s  wi th  the  stresses  calcu lated  in  5. 4. 2. 2. 1 ,  5. 4. 2 . 2. 2  and  5. 3:  

 s s s s= + + = + + =2 2 2 2
tot,d m,d s,d st,m,k 24, 7 N/mm 1 6,1 N/mm 0, 33 N/mm 41,1 N/mm  (1 2)  
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The  busbar i s  assumed  to  wi thstand  the  short-ci rcu i t force  i f 

 q fs ≤tot,d y  ( 1 3)  

wi th  the  lower value  of fy.  For rectangu lar cross-sections  q  =  1 , 5,  see  I EC 60865-1 : 201 1 ,  Table  
4  or 5. 4. 2.  Th is  g ives:  

q fs = = ⋅ =2 2 2
tot,d y41,1 N/mm 1 ,5 1 20 N/mm 1 80 N/mmless than  

I t  i s  recommended  that the  stress  caused  by the  forces  between  sub-conductors  holds  

 s,d yfs ≤  (1 4)  

wi th  the  lower value  of fy.  Th is  g ives:  

2 2
s,d y1 6,1 N/mm 1 20 N/mmless than fs = =  

5.4.2.2.4 Forces  on  the  supports  

The equ ivalent static force  on  supports  is :  

 r,d F rm m3F V V Fα=  ( 1 5)  

Accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 ,  wi th  the  upper value  of fy  i t  i s :  

2
tot,d

2
y

41,1 N/mm
0, 285

0, 8 0,8 1 80 N/mmf

s
= =

⋅
 

therefore  wi th  a  three-phase short-ci rcu i t  we  meet range  1  i n  I EC 60865-1 : 201 1 ,  Table  2 ,  

tot,d

y

0, 370
0, 8 f

s
<  

hence  

F rm 2, 7V V =  

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 4,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dA F rm A m3 2, 7 0, 4 81 1 N 876 NF V V Fα= = ⋅ ⋅ =  

For the  inner supports  (B)  i t  i s  wi th  αB  =  1 , 1 ,  see  IEC 60865-1 : 201 1 ,  Table  3:  

r,dB F rm B m3 2, 7 1,1 81 1 N 2409 NF V V Fα= = ⋅ ⋅ =  
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5.4.2.3  Detai led  method  

5.4.2.3.1  Relevant natural  frequency fcm  of the  main  conductors,  fcs  of the  sub-

conductors  and  factors  VF ,  Vsm ,  Vss ,  Vrm  and  Vrs  

The relevant natural  frequency of the  main  conductors  i s :  

 
( )

1 0 2 8 4
s

cm 2 2
s

3, 56 7 1 0 N/m 0, 5 1 0 m
0, 97 50, 8 Hz

1 ,62 kg/m1, 00 m

E J
f e

ml

g −⋅ ⋅ ⋅
= = ⋅ ⋅ =

′
 ( 1 7)  

where  

e  =  0 , 97  accord ing  to  I EC 60865-1 : 201 1 ,  F igure  3c),  for 







== 5,02 s

l

l
k and  the  rad io  

 04,0
m00,1kg/m62,13

2m0,06kg/m62,1

s

z =
⋅⋅

⋅⋅
=

′ lmn

m
 

g  =  3 , 56  accord ing  to  I EC 60865-1 : 201 1 ,  Table  3  

Js  =  0 , 5 ⋅1 0 -8m 4  see  5. 4. 2 . 2. 1  

The  relevant natural  frequency of the  sub-conductors  i s :  

 
( )

1 0 2 8 4
s

cs 2 2
ss

3, 56 3, 56 7 1 0 N/m 0, 5 1 0 m
209 Hz

1 ,62 kg/m0, 5 m

E J
f

ml

−⋅ ⋅ ⋅
= = ⋅ =

′
 ( 1 8)  

The  frequency ratios  are :  

cm 50, 8 Hz
1, 02

50 Hz

f

f
= =  

cs 209 Hz
4,1 8

50 Hz

f

f
= =  

Th is  g ives  from  IEC 60865-1 : 201 1 ,  F igure  4  and  5. 7. 3,  the  fol lowing  values  for the  factors  VF ,  

Vsm ,  Vss ,  Vrm  
 and  Vrs :  

V

V V

V V

=

= =

= =

F

σm σs

rm rs

1, 8

1, 0 1, 0

1, 0 1, 0

 

5.4.2.3.2  Bending  stress  caused  by the  forces  between  the main  conductors  

The maximum  bend ing  stress  caused  by the  forces  between  the  main  conductors  i s :  

 6 2 2m3
m,d σm rm 6 3

m

81 1 N 1 ,00 m
1, 0 1, 0 0, 73 24, 7 1 0 N/m 24, 7 N/mm

8 8 3 1 0 m

F l
V V

W
s β

−
⋅

= = ⋅ ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

VsmVrm  =  1 , 0 ⋅1 , 0  accord ing  to  5. 4. 2 .3. 1  

β  =  0 , 73  accord ing  to  I EC 60865-1 : 201 1 ,  Table  3  
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Wm  =  3 ⋅1 0 -6m 3  see  5. 4. 2. 2. 1  

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

The maximum  bend ing  stress  caused  by the  forces  between  the  sub-conductors  i s :  

 6 2 2s s
s,d σs rs 6 3

s

51 5 N 0, 5 m
1, 0 1, 0 1 6,1 1 0 N/m 1 6,1 N/mm

1 6 1 6 1 1 0 m

F l
V V

W
s

−
⋅

= = ⋅ ⋅ = ⋅ =
⋅ ⋅

 ( 1 0)  

where  

VssVrs  =  1 , 0 ⋅1 , 0  accord ing  to  5. 4. 2. 3. 1  

Ws  =  1 ⋅1 0
-6m 3  see  5. 4. 2. 2. 1  

5.4.2.3.4 Total  bending  stress  in  the  busbar 

The total  conductor stress  is  wi th  the  stresses  calcu lated  in  5. 4. 2.3. 2  and  5. 4. 2. 3.3  and  5. 3:  

 2 2 2 2
tot,d m,d s,d st,m,k 24, 7 N/mm 1 6,1 N/mm 0, 33 N/mm 41,1 N/mms s s s= + + = + + =  (1 2)  

The  busbar i s  assumed  to  wi thstand  the  short-ci rcu i t force  i f 

 tot,d yq fs ≤  ( 1 3)  

wi th  the  lower value  of fy.  For rectangu lar cross-sections  q  =  1 , 5,  see  I EC 60865-1 : 201 1 ,  Table  
4.  Th is  g ives:  

2 2 2
tot,d y41,1 N/mm 1 ,5 1 20 N/mm 1 80 N/mmless than q fs = = ⋅ =  

I t  i s  recommended  a  value  

 s,d yfs ≤  (1 4)  

wi th  the  lower value  of fy.  Th is  g ives:  

2 2
s,d y1 6,1 N/mm 1 20 N/mmless than fs = =  

5.4.2.3.5  Forces  on  the  supports  

The equ ivalent static force  on  supports  is :  

 r,d F rm m3F V V Fα=  ( 1 5)  

Accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 ,  wi th  the  upper value  of fy  i t  i s :  

2
tot,d

2
y

41,1 N/mm
0, 285

0, 8 0,8 1 80 N/mmf

s
= =

⋅
 

Therefore  wi th  a  th ree-phase short-ci rcu i t  we  meet range  1  i n  I EC 60865-1 : 201 1 ,  Table  2 ,  
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tot,d

y

0, 370
0, 8 f

s
<  

hence  

F rm 2, 7V V =  

Accord ing  to  5. 4. 2.3. 1  above,  VF  
Vrm  =  1 , 8  ·  1 , 0  =  1 , 8,  wh ich  is  less  than  the  value  2 , 7  obtained  

from  IEC 60865-1 : 201 1 ,  Table  2 .  

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 4,  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dA F rm A m3 1, 8 1, 0 0, 4 81 1 N 584 NF V V Fα= = ⋅ ⋅ ⋅ =  

For the  inner supports  (B)  i t  i s  wi th  αB  =  1 , 1 ;  see  IEC 60865-1 : 201 1 ,  Table  3 :  

r,dB F rm B m3 1, 8 1, 0 1,1 81 1 N 1 606 NF V V Fα= = ⋅ ⋅ ⋅ =  

5.5 Conclusions  

The busbar wi l l  wi thstand  the  dead  load    

The  calcu lated  bend ing  stress  is  sst,m , d  1  N /mm 2  

The  outer supports  have  to  wi thstand  a  vertical  force  
of 

Fst, r, dA  26  N  

The  inner supports  have  to  wi thstand  a  vertical  force  
of 

Fst, r, dB  71  N  

 

  S impl i fied  
method  

Detai led  
method  

The  busbar wi l l  wi thstand  the  short-ci rcu i t force     

The  calcu lated  bend ing  stresses  are  stot, d  42  N /mm 2  42  N /mm 2  

 ss, d  1 7  N /mm 2  1 7  N /mm 2  

The  ou ter supports  have  to  wi thstand  an  equ ivalent 
static force  of 

Fr, dA  880  N  590  N  

The  inner supports  have  to  wi thstand  an  equ ivalent 
static force  of 

Fr, dB  2  41 0  N  1  61 0  N  

The  forces  calcu lated  wi th  the  detai led  method  are  l ess  than  calcu lated  wi th  the  s impl i fied  
method .  

6 Example 3.  – Mechanical  effects  on  a  h igh-vol tage arrangement wi th  rig id  

conductors  

6.1  General  

The basis  for the  calcu lation  i n  th is  example  i s  a  three-phase 380  kV busbar,  wi th  one  tubu lar 
conductor per phase.  The  conductor arrangement is  shown  in  F igure  3.  Th is  example  includes  
calcu lations  wi thout and  wi th  au tomatic reclosing .  W i thout au tomatic reclosing  on ly one  short-
ci rcu i t current duration  exists,  wi th  au tomatic reclosing  two  short-ci rcu i t  current durations  exist 
wi th  an  in terval  wi thout current flow.  
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Accord ing  to  I EC 61 936-1  [1 ] ,  the  calcu lation  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-ci rcu i t  currents  and  dead  load .  

 

 

Figure 3  – Two-span  arrangement wi th  tubu lar conductors  

6.2  Data  

I n i tial  symmetrical  th ree-phase short-ci rcu i t current (r.m .s. )  kI′′  = 50  kA 

Factor for the  calcu lation  of the  peak short-ci rcu i t current k  = 1 , 81  

System  frequency f = 50  Hz 

    

Number of spans    2  

Centre-l ine  d istance  between  supports  l  = 1 8  m  

Centre-l ine  d istance  between  conductors  a  = 5  m  

Height of the  i nsu lator wi th  clamp h I  = 3,7  m  

Height of the  support hS  = 7,0  m  

    

Tubu lar conductor 1 60  mm  ×  6  mm  EN  AW-61 01 B  T6      

– Mass  per un i t  l ength  mm′  = 7,84  kg/m  

– Outer d iameter d  = 1 60  mm  

– Wal l  th ickness  t  = 6  mm  

– Young ’s  modu lus  E  = 70  000  N /mm 2  

IEC 

h
l 

h
s
 

a
 

a
 

l  l  
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– Stress  correspond ing  to  the  yield  poin t  fy  = 1 60  N /mm 2  to  

240  N /mm2  

Conventional  value  of acceleration  of gravi ty g  = 9,81  m /s2  

    

Partial  safety factors;  for example  accord ing  to  EN  1 990  [2]     

– Normal  l oad  case  gF  =  

1 , 35  

 gM  =  

1 , 1  

– Exceptional  load  case  gF  gM=  1 , 0  

NOTE  Safety factors  d i ffer i n  national  s tandards.  

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

load  

The dead  load  on  the  conductor i s  

str.k m 2

str,d F str,k

kg m
7, 84 1 8 m 9, 81 1 384 N

m s

1 ,35 1 384 N 1 868 N

F m l g

F Fg

′= = ⋅ ⋅ =

= = ⋅ =
 

The  conductor bend ing  stress  is  

6 2 2str
st,m,k 6 3

m

2 2
st,m,d F st,m,k

1 384 N 1 8 m
28, 8 1 0 N/m 28, 8 N/mm

8 8 1 08 1 0 m

1 ,35 28, 8 N/mm 38, 9 N/mm

F l

W
s

s g s

−

⋅
= = = ⋅ =

⋅ ⋅

= = ⋅ =

 

wi th  

( )( ) ( )( )π π4 44 4 4 6 4
m

6 4
6 3m

m

2 0,1 6 0,1 6 2 0, 006 m 8, 62 1 0 m
64 64

8, 62 1 0 m
1 08 1 0 m

/2 0,1 6/2 m

J d d t

J
W

d

−

−
−

= − − = ⋅ − − ⋅ = ⋅

⋅
= = = ⋅

 

The  conductors  have  sufficient strength  i f 

y
st,m,d

M

f
s

g
≤  

wi th  the  lower value  of fy.  The  partial  safety factors  for normal  l oad  case  gF ,  gM  see  6. 2 .  Th is  
g ives:  

2
y2 2

st,m,d
M

1 60 N/mm
38, 9 N/mm 1 45 N/mm

1 ,1
less than

f
s

g
= = =  

The  force  on  the  supports  are  i n  the  d i rection  of the  dead  load :  

– for the  ou ter supports  (A)  wi th  αA  =  0 , 375,  see  I EC 60865-1 : 201 1 ,  Table  3:  

st,r,dA A str,d 0, 375 1 868 N 701 N 0, 701 kNF Fα= = ⋅ = =  

– for the  i nner supports  (B)  wi th  αB  =  1 , 25,  see  IEC 60865-1 : 201 1 ,  Table  3:  
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st,r,dB B str,d 1, 25 1 868 N 2335 N 2, 335 kNF Fα= = ⋅ = =  

6.4 Exceptional  load  case:  Effects  of short-circu i t  currents  

6.4.1  Maximum force  on  the  central  main  conductor 

The maximum  electromagnetic force  on  the  central  main  conductor becomes:  

 ( )2 π

π π

7 2
30

m3 p
m

3 4 1 0 Vs 3 1 8 m
1 28 1 0 A 1 0200 N 1 0, 2 kN

2 2 2 Am 2 5 m

l
F i

a

m −⋅
= = ⋅ ⋅ ⋅ ⋅ = =  (2)  

where  

3
p k2 1, 81 2 50 kA 1 28 kA 1 28 1 0 Ai Ik ′′= = ⋅ ⋅ = = ⋅  

and  am  =  a  =  5  m  accord ing  to  I EC 60865-1 : 201 1 ,  5. 3.  

6.4.2  Conductor stress  and  forces  on  the  supports  

6.4.2. 1  General  

The calcu lations  can  be  made accord ing  to  the  fol lowing  6. 4. 2 . 2  or 6 . 4. 2.3.  

6.4.2.2  Simpl i fied  method  

6.4.2.2.1  Calcu lation  wi thout three-phase automatic reclosing  

6.4.2.2.1 . 1  Conductor bending  stress  

The  maximum  bend ing  stress  i s :  

 
F l

V V
W

s β
−

⋅ ⋅
= = ⋅ ⋅ = ⋅ =

⋅ ⋅

3
6 2 2m3

m,d σm rm 6 3
m

1 0, 2 1 0 N 18 m
1, 0 0, 73 1 55 1 0 N/m 1 55 N/mm

8 8 1 08 1 0 m
 (9)  

where  

( )maxrmσmrmσm
0,1 VVVV ==  accord ing  to  I EC 60865-1 : 201 1 ,  Table  2  

β  =  0 , 73  accord ing  to  I EC 60865-1 : 201 1 ,  Table  3  

Wm  =  1 08 ⋅1 0 -6m3  see  6. 3  

For tubu lar cross-section ,  the  total  bend ing  stress  becomes:  

2 2 2 2 2 2
tot,d m,d st,m,k 1 55 28, 8 N/mm 1 58 N/mms s s= + = + =  

The  busbar is  assumed  to  wi thstand  the  short-ci rcu i t  force  i f 

 tot,d yq fs ≤  ( 1 1 )  

wi th  the  lower value  of fy.  For tubu lar cross-section  i n  accordance wi th  I EC 60865-1 : 201 1 ,  
Table  4:  
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( )
( )

( )( )
( )( )

33

4 4

1 1 2 0, 006 m/ 0,1 60 m1 1 2 /
1, 7 1, 7 1, 32

1 1 2 / 1 1 2 0, 006 m/ 0,1 60 m

t d
q

t d

− − ⋅− −
= = ⋅ =

− − − − ⋅
 

Th is  g ives:  

2 2 2
tot,d y1 58 N/mm 1 ,32 1 60 N/mm 21 1 N/mmless than q fs = = ⋅ =  

6.4.2.2.1 .2  Forces  on  the  supports  and  moments  on  the  substructures  

The equ ivalent static force  on  supports  i s :  

 r,d F rm m3F V V Fα=  ( 1 5)  

Accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 ,  wi th  the  upper value  of fy  i t  i s :  

2
tot,d

2
y

1 58 N/mm
0, 823

0, 8 0,8 240 N/mmf

s
= =

⋅
 

Therefore  we  meet range  2  in  I EC  60865-1 : 201 1 ,  Table  2 ,  

tot,d

y

0, 370 1
0, 8 f

s
< <  

hence  

y
F rm

tot,d

0, 8 1
1, 22

0, 823

f
V V

s
= = =  

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 375,  see  I EC 60865-1 : 201 1 ,  Table  3:  

r,dA F rm A m3 1, 22 0, 375 1 0, 2 kN 4,67 kNF V V Fα= = ⋅ ⋅ =  

For the  i nner supports  (B)  i t  i s  wi th  αB  =  1 , 25,  see  I EC 60865-1 : 201 1 ,  Table  3:  

r,dB F rm B m3 1, 22 1, 25 1 0, 2 kN 1 5,6 kNF V V Fα= = ⋅ ⋅ =  

The  bend ing  moments  on  the  substructures  are:  

– on  the  bottom  of the  ou ter insu lators  

IA,d r,dA I 4, 67 kN 3,7 m 1 7,3 kNmM F h= = ⋅ =  

– on  the  bottom  of the  ou ter supports  

SA,d r,dA S 4, 67 kN 7, 0 m 32,7 kNmM F h= = ⋅ =  

– on  the  bottom  of the  i nner insu lators  

IB,d r,dB I 1 5, 6 kN 3,7 m 57,7 kNmM F h= = ⋅ =  

– on  the  bottom  of the  inner supports  

SB,d r,dB S 1 5, 6 kN 7, 0 m 1 09 kNmM F h= = ⋅ =  
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6.4.2.2.2  Calcu lation  wi th  three-phase automatic reclosing  

6.4.2.2.2.1  General  

I n  networks  wi th  th ree-phase automatic reclosing  d i fferent mechan ical  stresses  can  occur 
during  the  fi rst and  the  second  short-ci rcu i t current flow duration .  I n  6. 4 . 2. 2. 1 ,  the  stresses  and  
forces  during  the  fi rst short-ci rcu i t current flow duration  are  calcu lated .   

6.4.2.2.2.2  Conductor bending  stress  

The maximum  bend ing  stress  during  the  second  short-ci rcu i t current flow duration  is :  

 
3

6 2 2m3
m,d σm rm 6 3

m

1 0, 2 1 0 N 18 m
1, 8 0, 73 279 1 0 N/m 279 N/mm

8 8 1 08 1 0 m

F l
V V

W
s β

−
⋅ ⋅

= = ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

( )maxrmσmrmσm
8,1 VVVV ==  accord ing  to  I EC 60865-1 : 201 1 ,  Table  2  

β  =  0 , 73  accord ing  to  I EC  60865-1 : 201 1 ,  Table  3  

Wm  =  1 08 ⋅1 0 -6m3  see  6. 3  

The  bend ing  stress  during  the  second  short-ci rcu i t current flow duration  i s  g reater than  during  
the  fi rst short-ci rcu i t current flow duration  calcu lated  in  6. 4 . 2. 2. 1 . 1 .  

The  total  bend ing  stress  becomes:  

2 2 2 2 2 2
tot,d m,d st,m,k 279 28, 8 N/mm 281 N/mms s s= + = + =  

The  busbar i s  assumed  to  wi thstand  the  short-ci rcu i t  force  i f 

 tot,d yq fs ≤  ( 1 1 )  

wi th  the  lower value  of fy  and  where  q  =  1 , 32,  see  6. 4. 2. 2 . 1 . 1 .  Th is  g ives:  

2 2 2
tot,d y281 N/mm 1 ,32 1 60 N/mm 21 1 N/mmgreater than q fs = = ⋅ =  

Considering  on ly the  resu l t  of the  s impl i fied  method ,  the  busbar is  not assumed  to  wi thstand  
the  short-ci rcu i t force.  Therefore  i t  i s  necessary to  apply the  detai led  method  to  veri fy that the  
conductors  are  assumed  to  wi thstand  the  short-ci rcu i t  force.  

6.4.2.2.2.3  Forces  on  the  supports  

The fol lowing  calcu lation  i s  made on ly for i n formation ,  as  a  resu l t of the  conductors  not 
wi thstand ing  the  short-ci rcu i t force  accord ing  to  the  s impl i fied  method .   

The  equ ivalent static force  on  the  supports  is :  

 r,d F rm m3F V V Fα=  ( 1 5)  

During  the  fi rst short-ci rcu i t current flow i t  i s ,  see  6 . 4. 2. 2. 1 . 2 :  

( )F rm 1
1, 22V V =  



 – 26  – I EC TR 60865-2:201 5  © IEC 201 5  

Accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 ,  wi th  the  upper value  of fy  i t  i s  during  the  second  
short-ci rcu i t  current flow:  

2
tot,d

2
y

281 N/mm
1, 46

0, 8 0,8 240 N/mmf

s
= =

⋅
 

therefore  we  meet range  3  in  I EC  60865-1 : 201 1 ,  Table  2 ,  

tot,d

y

1
0, 8 f

s
<  

hence  during  the  second  short-ci rcu i t  current flow 

( )F rm 2
1, 0V V =  

Accord ing  to  I EC 60865-1 : 201 1 ,  5 . 6,  the  greater of both  values  is  to  be  i nserted  in  Equation  
(1 5):  

( ) ( ){ } { }F rm F rm F rm1 2
max ; max 1, 22 ; 1, 00 1, 22V V V V V V= = =  

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 375,  see  I EC 60865-1 : 201 1 ,  Table  3:  

r,dA F rm A m3 1, 22 0, 375 1 0, 2 kN 4,67 kNF V V Fα= = ⋅ ⋅ =  

For the  i nner supports  (B)  i t  i s  wi th  αB  =  1 , 25,  see  I EC 60865-1 : 201 1 ,  Table  3:  

r,dB F rm B m3 1, 22 1, 25 1 0, 2 kN 1 5,6 kNF V V Fα= = ⋅ ⋅ =  

6.4.2.3  Detai led  method  

6.4.2.3. 1  Relevant natural  frequency fcm  and  factors  VF ,  Vsm  and  Vrm   

The relevant natural  frequency of the  main  conductors  is :  

 
( )

1 0 2 6 4
m

cm 2 2
m

2, 45 7 1 0 N/m 8, 62 1 0 m
2,1 0 Hz

7, 84 kg/m1 8 m

E J
f

ml

g −⋅ ⋅ ⋅
= = ⋅ =

′
 (1 6)  

where  

g  =  2 , 45  accord ing  to  I EC  60865-1 : 201 1 ,  Table  3  

Jm  =  8 , 62 ⋅1 0 -6m4  see  6. 3  

The  frequency ratio  i s :  

cm 2,1 0 Hz
0, 042

50 Hz

f

f
= =  

For th is  ratio,  the  factors  VF ,  Vsm  and  Vrm  
 are  accord ing  to  I EC 60865-1 : 201 1 ,  5 . 7. 3,  F igure  4  

and  F igure  5:  
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F

σm

rm

rm

0, 36

0, 32

1, 0 without three-phase automatic reclosing

1, 8 with  three-phase automatic reclosing

V

V

V

V

=

=

=

=

 

6.4.2.3.2  Calcu lation  wi thout three-phase automatic reclosing  

6.4.2.3.2. 1  Conductor bending  stress  

The maximum  bend ing  stress  i s :  

 
3

6 2 2m3
m,d σm rm 6 3

m

1 0, 2 1 0 N 18 m
0, 32 1, 0 0, 73 49, 6 1 0 N/m 49, 6 N/mm

8 8 1 08 1 0 m

F l
V V

W
s β

−
⋅ ⋅

= = ⋅ ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

VsmVrm  =  0 , 32 ⋅1 , 0  =  0 , 32  accord ing  to  6. 4. 2. 3. 1 ,  value  wh ich  i s  less  than  1 , 0  =  (VsmVrm)max 

 accord ing  to  I EC 60865-1 : 201 1 ,  Table  2  

β  =  0 , 73  accord ing  to  I EC  60865-1 : 201 1 ,  Table  3  

Wm  =  1 08 ⋅1 0 -6m3  see  6. 3  

The  total  bend ing  stress  i s :  

2 2 2 2 2 2
tot,d m,d st,m,k 49, 6 28, 8 N/mm 57, 4 N/mms s s= + = + =  

The  busbar is  assumed  to  wi thstand  the  short-ci rcu i t force  i f 

 tot,d yq fs ≤  ( 1 1 )  

wi th  the  lower value  of fy  and  where  q  =  1 , 32,  see  6. 4. 2. 2 . 1 . 1 .  Th is  g ives:  

2 2 2
tot,d y57, 4 N/mm 1 ,32 1 60 N/mm 21 1 N/mmless than q fs = = ⋅ =  

6.4.2.3.2.2  Forces  on  the  supports  and  moments  on  the  substructures  

The equ ivalent static force  on  the  supports  i s :  

 r,d F rm m3F V V Fα=  ( 1 5)  

Accord ing  to  6. 4. 2 .3. 1  above,  F rm 0, 36 1, 0 0, 36V V = ⋅ =  wh ich  i s  lower than  the  value  

V V=
σm rm max

1,0 ( )  accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 .   

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 375,  see  IEC 60865-1 : 201 1 ,  Table  3:  

r,dA F rm A m3 0, 36 1, 0 0, 375 1 0, 2 kN 1 ,38 kNF V V Fα= = ⋅ ⋅ ⋅ =  

For the  i nner supports  (B)  i t  i s  wi th  αB  =  1 , 25,  see  I EC 60865-1 : 201 1 ,  Table  3:  

r,dB F rm B m3 0, 36 1, 0 1, 25 1 0, 2 kN 4,59 kNF V V Fα= = ⋅ ⋅ ⋅ =  
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The  bend ing  moments  on  the  substructures  are:  

– on  the  bottom  of the  ou ter i nsu lators  

IA,d r,dA I 1, 38 kN 3,7 m 5,1 1 kNmM F h= = ⋅ =  

– on  the  bottom  of the  ou ter supports  

SA,d r,dA S 1, 38 kN 7,0 m 9,66 kNmM F h= = ⋅ =  

– on  the  bottom  of the  i nner i nsu lators  

IB,d r,dB I 4, 59 kN 3,7 m 1 7,0 kNmM F h= = ⋅ =  

– on  the  bottom  of the  inner supports  

SB,d r,dB S 4, 59 kN 7,0 m 32,1 kNmM F h= = ⋅ =  

6.4.2.3.2.3  Calcu lation  wi th  three-phase automatic reclosing  

6.4.2.3.2.3. 1  Conductor bending  stress  

The maximum  bend ing  stress  during  the  second  short-ci rcu i t current flow duration  is :  

 
3

6 2 2m3
m,d σm rm 6 3

m

1 0, 2 1 0 N 18 m
0, 58 0, 73 90, 0 1 0 N/m 90, 0 N/mm

8 8 1 08 1 0 m

F l
V V

W
s β

−
⋅ ⋅

= = ⋅ ⋅ = ⋅ =
⋅ ⋅

 (9)  

where  

VsmVrm  =  0 , 32 ⋅1 , 8  =  0 , 58  accord ing  to  6. 4. 2. 3. 1  above,  value  wh ich  i s  less  than  

1 , 8  =  (VsmVrm )max 

 accord ing  to  I EC 60865-1 : 201 1 ,  Table  2  

β  =  0 , 73  accord ing  to  I EC  60865-1 : 201 1 ,  Table  3  

Wm  =  1 08 ⋅1 0 -6m3  see  6. 3  

The  bend ing  stress  during  the  second  short-ci rcu i t current flow duration  i s  g reater than  during  
the  fi rst short-ci rcu i t current flow duration ,  see  6. 4. 2 .3. 2. 1 .  

The  total  bend ing  stress  is :  

2 2 2 2 2 2
tot,d m,d st,m,k 90, 0 28, 8 N/mm 94, 5 N/mms s s= + = + =  

The  busbar is  assumed  to  wi thstand  the  short-ci rcu i t force  i f 

 tot,d yq fs ≤  ( 1 1 )  

wi th  the  lower value  of fy  and  where  q  =  1 , 32,  see  6. 4. 2. 2 . 1 . 1 .  Th is  g ives:  

2 2 2
tot,d y94, 5 N/mm 1 ,32 1 60 N/mm 21 1 N/mmless than q fs = = ⋅ =  

6.4.2.3.2.3.2  Forces  on  the  supports  and  moments  on  the  substructures  

The equ ivalent static force  on  the  supports  is :  
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 r,d F rm m3F V V Fα=
 ( 1 5)  

During  the  fi rst short-ci rcu i t current flow i t  i s ,  see  6. 4. 2 .3. 1 :  

( )F rm 1
0, 36 1, 0 0, 36V V = ⋅ =  

During  the  second  current flow i t  i s  accord ing  to  6. 4. 2 .3. 1  

( )F rm 2
0, 36 1, 8 0, 65V V = ⋅ =  

wh ich  is  l ower than  the  value  1 , 0  accord ing  to  I EC 60865-1 : 201 1 ,  Table  2 .  

Accord ing  to  I EC 60865-1 : 201 1 ,  5. 6,  the  greater of both  values  i s  to  be  i nserted  in  Equation  
(1 5):  

( ) ( ){ } { }F rm F rm F rm1 2
max ; max 0, 36 ; 0, 65 0, 65V V V V V V= = =  

For the  ou ter supports  (A)  i t  i s  wi th  αA  =  0 , 375,  see  IEC 60865-1 : 201 1 ,  Table  3:  

F V V Fα= = ⋅ ⋅ =r,dA F rm A m3 0, 65 0, 375 1 0, 2 kN 2,49 kN  

For the  inner supports  (B)  i t  i s  wi th  αB  =  1 , 25,  see  I EC 60865-1 : 201 1 ,  Table  3:  

F V V Fα= = ⋅ ⋅ =r,dB F rm B m3 0, 65 1, 25 1 0, 2 kN 8,29 kN  

The  bend ing  moments  on  the  substructures  are:  

– on  the  bottom  of the  ou ter insu lators  

IA,d r,dA I 2, 49 kN 3,7 m 9,21 kNmM F h= = ⋅ =  

– on  the  bottom  of the  ou ter supports  

SA,d r,dA S 2, 49 kN 7, 0 m 1 7,4 kNmM F h= = ⋅ =  

– on  the  bottom  of the  i nner i nsu lators  

IB,d r,dB I 8, 29 kN 3,7 m 30,7 kNmM F h= = ⋅ =  

– on  the  bottom  of the  inner supports  

SB,d r,dB S 8, 29 kN 7, 0 m 58,0 kNmM F h= = ⋅ =  

6.4.3  Conclusions  

The busbar wi l l  wi thstand  the  dead  l oad    

The  calcu lated  bend ing  stress  i s  sst,m , d  39  N /mm 2  

The  outer supports  have  to  wi thstand  a  vertical  force  
of 

Fst, r, dA  0 , 701  kN  

The  inner supports  have  to  wi thstand  a  vertical  force  
of 

Fst, r, dB  2 , 335  kN  
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   S impl i fied  
method  

Detai led  
method  

a)  W i thout three-phase automatic reclosure     

 The  busbar wi l l  wi thstand  the  short-ci rcu i t force     

 The  calcu lated  bend ing  stress  is  stot, d  1 58  N /mm 2  57  N /mm 2  

 The  outer supports  have  to  wi thstand  an  
equ ivalent static force  of 

Fr, dA  4 , 7  kN  1 , 38  kN  

 The  inner supports  have  to  wi thstand  an  
equ ivalent static force  of 

Fr, dB  1 5, 6  kN  4, 59  kN  

     

b)  W i th  three-phase automatic reclosure     

 The  calcu lated  bend ing  stress  i s  stot, d  281  N /mm 2  95  N /mm 2  

 The  busbar i s  assumed  to  wi thstand  the  short-
ci rcu i t force  when  using  the  detai led  method  but 
not when  using  the  s impl i fied  method  

 
  

 The  ou ter supports  have  to  wi thstand  an  
equ ivalent static  force  of 

Fr, dA  4 , 7  kN  2 , 49  kN  

 The  inner supports  have  to  wi thstand  an  
equ ivalent static force  of 

Fr, dB  1 5, 6  kN  8, 29  kN  

7 Example 4.  – Mechanical  effects  on  a  1 1 0  kV arrangement wi th  slack 

conductors  

7.1  General  

The basis  for the  calcu lations  in  th is  example  is  a  th ree-phase flexible  busbar connection  wi th  
one  a l l -alum in ium  stranded  conductor per phase  wi th  varying  d istances  between  the  
conductors.  The  anchor poin ts  at each  end  of the  span  are  post i nsu lators  on  steel  
substructures  as  shown  in  F igure  4.  

The  effective  length  of the  span  i s  the  d istance  between  the  axis  of the  supports  reduced  by 

– the  extend  of the  connection  plate  of the  equ ipment includ ing  the  clamp,  and  

– an  add i tional  form  factor wh ich  depends  on  conductor sti ffness  and  mounting  form ,  for 
example  0, 1  m  to  0, 3  m .  
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Figure 4  – Arrangement wi th  slack conductors  

7.2  Data  

I n i tia l  symmetrical  th ree-phase short-ci rcu i t current (r.m .s. )  kI′′  =  1 9  kA 

Duration  of the  fi rst short-ci rcu i t  current flow Tk1  =  

0,3  s  

Centre-l ine  d istance  between  supports  l  =  

1 1 , 5  m  

Extend  of one  head  armature  and  clamp lh  =  0,4  m  

Form  factor lf  =  0, 1 5  m  

Centre-l ine  d istances  between  conductors  a1  =  

1 , 6  m  

 a2  =  

2,4  m  

Resu l tant spring  constant of both  span  supports  S =  

1 00  N /mm  

Al l -alum in ium  stranded  conductor EN  243-AL1     

– Number of sub-conductors  n  =  1  

– Cross  section  As  =  

243  mm2  

– Mass  per un i t l ength  sm′  =  

0,671  kg/m  

– Young ’s  modu lus  E  =  

55 000  N /mm 2  

Static tensi le  force  of one  flexible  main  conductor at a  temperature   

of −20°C ( local  m in imum  winter temperature)  

Fst, -20  =  

350  N  

Static tensi le  force  of one  flexible  main  conductor at a  temperature   

of 60°C (maximum  operating  temperature)  

Fst, 60  =  

250  N  

Conventional  value  of acceleration  of gravi ty g  =  

9,81  m /s2  

IEC 

a
2
 

a
2
 a
1
 

a
1
 

lh  

lf  

lh  

lf  

l  
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7.3  Electromagnetic load  and  characteristic parameters  

The characteristic electromagnetic load  per un i t length  is :  

 
( ) ( )π

π π

2
32 7

k0 c

eff

1 9 1 0 A4 1 0 Vs
0, 75 0, 75 1, 0 27,1 N/m

2 2 Am 2 m

I l
F

a l

m − ⋅′′ ⋅
′ = = ⋅ ⋅ ⋅ =  (1 9a)  

wi th  the  effective  length  of the  span  

l l l l= − − = − ⋅ − ⋅ =eff h f2 2 1 1, 5 m 2 0, 4 m 2 0,1 5 m 1 0, 4 m  

and  

l l=c eff  

and  an  equ ivalent d istance  

1 2 1, 6 m 2, 4 m
2 m

2 2

a a
a

+ +
= = = .  

The  parameter r  i s :  

 
F

r
n m g

′
= = =

′ ⋅ ⋅ 2
s

27,1 N/m
4,1 2

1 0,671 kg/m 9,81 m/s
 (20)  

The  d i rection  of the  resu l ting  force  on  the  conductor i s :  

 1 arctan arctan 4,1 2 76, 4rδ = = = °  (21 )  

The  equ ivalent static conductor sags  at m idspan  are:  

 

( )

( )

222
s eff

es,-20
st,-20

222
s eff

es,60
st,60

1 0,671 kg/m 9,81 m/s 1 0, 4 m
0, 254 m

8 8 350 N

1 0,671 kg/m 9,81 m/s 1 0, 4 m
0, 356 m

8 8 250 N

n m g l
f

F

n m g l
f

F

⋅ ⋅ ⋅′
= = =

⋅

⋅ ⋅ ⋅′
= = =

⋅

 (22)  

The  periods  of the  conductor osci l lation  are:  

 

π π

π π

es,-20
20 2

es,60
60 2

0, 254
2 0, 8 2 0, 8 0, 904 s

9,81 m/s

0, 356
2 0, 8 2 0, 8 1, 071 s

9,81 m/s

f
T

g

f
T

g

= = =

= = =

-

 (23)  

The  resu l ting  periods  of the  conductor osci l lation  are:  
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π π

π π

T
T

r

T
T

r

δ

δ

= = =
   °   + − + −      ° °         

= = =
   °   + − + −      ° °         

-20
res,-20 2 22 2

4 42 21

60
res,60 2 22 2

4 42 21

0, 904
0, 494 s

76, 4
1 1 1 4,1 2 1

64 90 64 90

1, 071
0, 585 s

76, 4
1 1 1 4,1 2 1

64 90 64 90

 (24)  

The  sti ffness  norms are:  

 

6
-20 5 1 0 2 6 2

eff eff,-20 s

6
60 5 1 0 2 6 2

eff eff,60 s

1 1 1 1
1,1 88 1 0 1 /N

1 0 N/m 1 0,4 m 1 1, 82 1 0 N/m 243 1 0 m

1 1 1 1
1,1 93 1 0 1/N

1 0 N/m 1 0,4 m 1 1, 78 1 0 N/m 243 1 0 m

N
S l n E A

N
S l n E A

−
−

−
−

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅

 (25)  

wi th  the  actual  Young ’s  modu l i  

 

6 2
st,-20 9

eff,-20 2 6 2
s fin

1 0 2

st,60 9
eff,60 2

s fin

N 1, 44 1 0 N/m
0, 3 0, 7 sin 90 55 1 0 0, 3 0, 7 sin 90

m 50 1 0 N/m

1, 82 1 0 N/m

N 1, 03 1
0, 3 0, 7 sin 90 55 1 0 0, 3 0, 7 sin

m

F
E E

n A

F
E E

n A

s

s

     ⋅
= + ° = ⋅ ⋅ + ⋅ °      ⋅      

= ⋅

   ⋅
= + ° = ⋅ ⋅ +  

  

6 2

6 2

1 0 2

0 N/m
90

50 1 0 N/m

1, 78 1 0 N/m

  
⋅ °   ⋅   

= ⋅

 (26)  

because  

F

n A

F

n A

s

s

−

−

= = ⋅ = ⋅
⋅ ⋅

= = ⋅ = ⋅
⋅ ⋅

st,-20 6 2 6 2
fin6 2

s

st,60 6 2 6 2
fin6 2

s

350 N
1, 44 1 0 N/m less than 50 1 0 N/m

1 243 1 0 m

250 N
1, 03 1 0 N/m less than 50 1 0 N/m

1 243 1 0 m

 

The  stress  factors  are:  

 

( ) ( )
( )

( ) ( )
( )

2
22

s eff
-20 3 3 6

st, -20 -20

2
22

s eff
60 3 3 6

st,60 60

1 9,81 m/s 0,671 kg/m 1 0, 4 m
3, 84

24 24 350 N 1,1 88 1 0 1/N

1 9,81 m/s 0,671 kg/m 1 0, 4 m
1 0, 5

24 24 250 N 1,1 93 1 0 1/N

n g m l

F N

n g m l

F N

ζ

ζ

−

−

⋅ ⋅ ⋅′
= = =

⋅ ⋅

⋅ ⋅ ⋅′
= = =

⋅ ⋅

 (28)  

Because  

k1 -20

k1 60

0, 3 s less than 0, 4 0, 4 0, 904 s 0, 361 s

0, 3 s less than 0, 4 0, 4 1, 071 s 0, 428 s

T T

T T

= = ⋅ =

= = ⋅ =
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in  the  Equations  (29),  (32),  and  (35)  i t  i s  to  be  i nserted :  

k1 0, 3 sT =  

The  swing-out ang les  at the  end  of short-ci rcu i t  current flow are:  

 end,-20 end,60 12 2 76, 4 1 53δ δ δ= = = ⋅ ° = °  (29)  

because  

k1

res,-20

k1

res,60

0, 3 s
0, 607 greater than 0,5

0, 494 s

0, 3 s
0, 51 3 greater than 0,5

0, 585 s

T

T

T

T

= =

= =
 

The maximum  swing-out ang les  δmax, -20  and  δmax, 60  depend  respectively on  χ-20  and  χ60  wh ich  

depend  on  δend , -20  and  δend , 60 :  

 For δend , -20  =  δend , 60  =  1 53°  g reater than  90°  i t  i s :  

 -20 60 1 1 4,1 2 3,1 2rχ χ= = − = − = −  (30)  

 and  for -20 60 3,1 2χ χ= = −  l ess  than  –0,985 i t  i s :  

 max,-20 max,60 1 80δ δ= = °  (31 )  

7.4 Tensi le  force Ft,d  during  short-circu i t  caused  by swing  out 

The calcu lation  i s  done  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 3.  

The  load  parameters  are:  

 2 2
60 -20 3 1 1 3 1 4,1 2 1 9, 72rϕ ϕ    = = + − = + − =   

   
 (32)  

because  

res,-20
k1

res,60
k1

0, 494 s
0, 3 s greater than 0,1 24 s

4 4

0, 585 s
0, 3 s greater than 0,1 46 s

4 4

T
T

T
T

= = =

= = =

 

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for ϕ-20  =  9 , 72  and  ζ -20  =  3 , 84:  

ψ-20  =  0 , 594  

– for ϕ60  =  9 , 72  and  ζ60  =  1 0 , 5:  

ψ60  =  0 , 745  
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The  tensi le  forces  during  the  short-ci rcu i t are :  

 
( ) ( )
( ) ( )

t,d, -20 st, -20 -20 -20

t,d,60 st,60 60 60

1 350 N 1 9, 72 0, 594 2371 N 2, 37 kN

1 250 N 1 9, 72 0, 745 2060 N 2, 06 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ = =

= + = ⋅ + ⋅ = =
 (33)  

The  tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 2, 37 kN ; 2, 06 kN 2, 37 kN  

7.5 Dynamic conductor sag  at  midspan  

Al l  the  fol lowing  quanti ties  are  calcu lated  at a  conductor temperature  of 60°C wh ich  leads  to  a  

greater conductor sag  than  a  conductor temperature  of −20°C.  

The  e lastic expansion  i s :  

 ( ) ( )6 3
ela 60 t,d,60 st,60

1
1,1 93 1 0 2060 N 250 N 2,1 6 1 0

N
N F Fe − −= − = ⋅ ⋅ − = ⋅  (34)  

The  thermal  expansion  is :  

 

22 4 3
res,60 1 8 4k

th th 2 6 2
s

m 1 9 1 0 A 0, 585 s
0, 27 1 0 2, 41 1 0

4 4A s 1 243 1 0 m

TI
c

n A
e − −

−

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

 (35)  

because  

T
T = = =res,60
k1

0, 585 s
0, 3 s greater than 0,1 46 s

4 4
 

wi th  

( )1 8 4 2
th 0, 27 1 0 m A s for al l -aluminium conductorsc −= ⋅  

The  factor CD  i s :  

 ( ) ( )l
C

f
e e − −   

= + + = + ⋅ + ⋅ =       

2 2
3 4eff

D ela th
es,60

3 3 1 0, 4 m
1 1 2,1 6 1 0 2, 41 1 0 1, 33

8 8 0, 356 m
 (36)  

The  factor CF  i s :  

 F 1,1 5C =  (37)  

because  

4,1 2 greater than 1, 8r =  

The  dynam ic conductor sag  at m idspan  is :  
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 f C C f= = ⋅ ⋅ =ed F D es,60 1,1 5 1, 33 0, 356 m 0, 55 m  (38)  

7.6  Tensi le  force Ff,d  after short-circu i t  caused  by drop 

Because 

4,1 2 greater than 0, 6r =  

and  

max,-20 max,60 1 80 greater than 70δ δ= = ° °  

the  d rop  force  after short-ci rcu i t Ff, d  i s  s ign i ficant:  

 

max,-20
f,d,-20 st,-20 20

max,60
f,d,60 st,60 60

1 80
1, 2 1 8 1, 2 350 N 1 8 3, 84 2366 N 2,37 kN

1 80 1 80

1 80
1, 2 1 8 1, 2 250 N 1 8 1 0, 5 2766 N 2,77 kN

1 80 1 80

F F

F F

δ
ζ

δ
ζ

°
= + = ⋅ ⋅ + ⋅ ⋅ = =

° °

°
= + = ⋅ ⋅ + ⋅ ⋅ = =

° °

-

 (43)  

The  drop  force  Ff, d  i s  the  maximum  of Ff, d , -20  and  Ff, d , 60 :  

{ } { }F F F= = =f,d f, -20 f,d,60max ; max 2, 37 kN ; 2, 77 kN 2, 77 kN  

7.7  Horizontal  span  d isplacement bh  and  min imum air clearance amin  

The  maximum  horizontal  span  d isplacement is :  

 b f= =h ed 0, 55 m  (44)  

because  

max,60 1 80 greater than 90δ = ° °  

and  the  m in imum  ai r clearance is :  

 a a b= − = − ⋅ =min h2 2 m 2 0, 55 m 0, 90 m  (48)  

7.8  Conclusions  

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 1  and  6. 5.3,  the  supports  (post insu lators  and  steel  
structures)  and  the  foundations  have  to  wi thstand  a  bend ing  force  

{ } { }F F = =t,d f,dmax ; max 2, 37 kN ; 2, 77 kN 2, 77 kN  

g iven  by the  tensi le  force  Ff, d  after short-ci rcu i t caused  by d rop.  

The  clamping  device  for the  conductor anchoring  shal l  be  speci fied  wi th  a  rating  based  on  the  
force  
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{ } { } { }F F = ⋅ ⋅ = =t,d f,dmax 1, 5 ; 1, 0 max 1, 5 2, 37 kN ; 1, 0 2, 77 kN max 3, 56 kN ; 2, 77 kN 3, 56 kN  

The  horizontal  d isplacement i s  0 , 55  m  and  the  m in imum  ai r clearance is  0 , 90  m .  

8 Example 5.  – Mechanical  effects  on  strained  conductors  

8.1  General  

The basis  for the  calcu lations  in  th is  example  is  a  three-phase 380  kV arrangement wi th  
strained  twin-bund le  conductors  as  shown  in  F igure  5.  I n  the  span  there  are  two connections  of 
pantograph-d isconnectors,  wh ich  also  operate  as  spacers,  and  between  the  connections  one  
spacer.   

The  calcu lation  is  carried  ou t for two d i fferent centre- l ine  d istances  between  sub-conductors  
showing  the  effect of the  pinch  force.  

 

Figure 5  – Arrangement wi th  strained  conductors  

8.2  Common  data 

I n i tia l  symmetrical  three-phase  short-ci rcu i t current (r.m .s. )  kI′′  =  63  kA 

Factor for the  calcu lation  of the  peak short-ci rcu i t  current k  =  1 , 81  

Duration  of the  short-ci rcu i t current flow Tk1  =  0 , 5  s  

System  frequency f =  50  Hz 

    

Centre-l ine  d istance  between  supports  l  =  48  m  

Length  of one  insu lator chain  li  =  5 , 3  m  

IEC 

a
 

li  

l  

lc  li  

ls1  ls2  ls2  ls3  

a
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Cord  length  lc  =  l −  2li  lc  =  37, 4  m  

Centre-l ine  d istance  between  conductors  a  =  5  m  

Resu l tant spring  constant of both  span  supports  of one  span  S  =  500  N /mm  

Twin  conductor 2  EN  1 046-AL1 /45-ST1 A    

– Number of sub-conductors  n  =  2  

– Outer d iameter of one  sub-conductor d =  43  mm  

– Cross-section  of one  sub-conductor As  =  1  090  mm 2  

– Mass  per un i t length  of one  sub-conductor sm′  =  3 , 25  kg/m  

– Young ’s  modu lus  E  =  60  000  N /mm 2  

Static tensi le  force  of one  flexible  main  conductor at a  temperature   

of −20°C ( local  m in imum  winter temperature)  
Fst, -20  =  1 7, 8  kN  

Static tensi le  force  of one  flexible  main  conductor at a  temperature   

of 60°C (maximum  operating  temperature)  
Fst, 60  =  1 5, 4  kN  

Add i tional  concentrated  masses  representing  the  connections  of 
panthograph  d isconnectors  

   

– Number of spacers  nc  =  3  

– Mass  of one  connection  mc  =  36  kg  

– Mass  of one  spacer mcs  =  2  kg  

– D istances  ls1  =  4 , 2  m  

 ls2  =  9 , 5  m  

 ls3  =  1 4 , 2  m  

Conventional  value  of acceleration  of g ravi ty g  =  9 , 81  m /s2  

8.3  Centre-l ine  d istance between  sub-conductors  as  =  0 , 1  m  

8.3.1  Electromagnetic load  and  characteristic parameters  

The characteristic electromagnetic l oad  per un i t length  is :  

 
( ) ( )π

π π

2
32 7

k0 c
63 1 0 A4 1 0 Vs 37, 4 m

0, 75 0, 75 92, 8 N/m
2 2 Am 5 m 48 m

I l
F

a l

m − ⋅′′ ⋅
′ = = ⋅ ⋅ ⋅ =  (1 9a)  

The  parameter r  i s :  

 
F

r
n m g

′
= = =

′ ⋅ ⋅ 2
sc

92, 8 N/m
1,1 2

2 4, 24 kg/m 9,81 m/s
 (20)  

where  scm′  i s  the  resu l ting  mass  per un i t l ength  of one  sub-conductor i nclud ing  concentrated  

masses:  

m m
m m

n l

+ ⋅ +
′ ′= + = + =

⋅
c cs

sc s
c

2 kg 2 36 kg 2 kg
3, 25 4, 24 kg/m

m 2 37, 4 m
 

The  d i rection  of the  resu l ting  force  on  the  conductor i s :  
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 rδ = = = °1 arctan arctan1,1 2 48, 2  (21 )  

The  equ ivalent static conductor sags  at m idspan  are:  

 

( )

( )

222
sc

es,-20 3
st,-20

222
sc

es,60 3
st,60

2 4, 24 kg/m 9,81 m/s 48 m
1, 35 m

8 8 1 7, 8 1 0 N

2 4, 24 kg/m 9,81 m/s 48 m
1, 56 m

8 8 1 5, 4 1 0 N

n m g l
f

F

n m g l
f

F

⋅ ⋅ ⋅′
= = =

⋅ ⋅

⋅ ⋅ ⋅′
= = =

⋅ ⋅

 (22)  

The  periods  of the  conductor osci l lation  are:  

 

π π

π π

es,-20
-20 2

es,60
60 2

1, 35 m
2 0, 8 2 0, 8 2, 09 s

9,81 m/s

1, 56 m
2 0, 8 2 0, 8 2, 24 s

9,81 m/s

f
T

g

f
T

g

= = =

= = =

 (23)  

The  resu l ting  periods  of the  conductor osci l lation  are:  

 

π π

π π

-20
res,-20 2 22 2

4 42 21

60
res,60 2 22 2

4 42 21

2, 09
1, 79 s

48, 2
1 1 1 1,1 2 1

64 90 64 90

2, 24
1, 91 s

48, 2
1 1 1 1,1 2 1

64 90 64 90

T
T

r

T
T

r

δ

δ

= = =
   °   + − + −      ° °         

= = =
   °   + − + −      ° °         

 (24)  

The  sti ffness  norms are:  

 

8
-20 5 1 0 2 6 2

eff,-20 s

8
60 5 1 0 2 6 2

s,60 s

1 1 1 1
5, 77 1 0 1/N

5 1 0 N/m 48 m 2 2, 87 1 0 N/m 1 090 1 0 m

1 1 1 1
5, 85 1 0 1 /N

5 1 0 N/m 48 m 2 2, 72 1 0 N/m 1 090 1 0 m

N
S l n E A

N
S l n E A

−
−

−
−

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

 (25)  

wi th  the  actual  Young ’s  modu l i  

 

6 2
st,-20 1 0

eff,-20 2 6 2
s fin

1 0 2

st,60 1 0
eff,60 2

s fin

N 8,1 7 1 0 N/m
0, 3 0, 7 sin 90 6 1 0 0, 3 0, 7 sin 90

m 50 1 0 N/m

2, 87 1 0 N/m

N 7, 06 1 0
0, 3 0, 7 sin 90 6 1 0 0, 3 0, 7 sin

m

F
E E

n A

F
E E

n A

s

s

     ⋅
= + ° = ⋅ ⋅ + °      ⋅      

= ⋅

   ⋅
= + ° = ⋅ ⋅ +  

  

6 2

6 2

1 0 2

N/m
90

50 1 0 N/m

2, 72 1 0 N/m

  
°   ⋅   

= ⋅

 (26)  

because  
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3
st,-20 6 2 6 2

fin6 2
s

3
st,60 6 2 6 2

fin6 2
s

1 7, 8 1 0 N
8,1 7 1 0 N/m less than 50 1 0 N/m

2 1 090 1 0 m

1 5, 4 1 0 N
7, 06 1 0 N/m less than 50 1 0 N/m

2 1 090 1 0 m

F

n A

F

n A

s

s

−

−

⋅
= = ⋅ = ⋅

⋅ ⋅

⋅
= = ⋅ = ⋅

⋅ ⋅

 

The  stress  factors  are:  

 

( ) ( )
( )

( ) ( )
( )

2
22

sc
-20 3 3

3 8st, -20 -20

2
22

sc
60 3 3

3 8st,60 60

2 9,81 m/s 4,24 kg/m 48 m
2, 04

24 24 1 7, 8 1 0 N 5, 77 1 0 1/N

2 9,81 m/s 4,24 kg/m 48 m
3,1 1

24 24 1 5, 4 1 0 N 5, 85 1 0 1/N

n g m l

F N

n g m l

F N

ζ

ζ

−

−

⋅ ⋅ ⋅′
= = =

⋅ ⋅ ⋅

⋅ ⋅ ⋅′
= = =

⋅ ⋅ ⋅

 (28)  

Because  

k1 -20

k1 60

0, 5 s less than 0, 4 0, 4 2, 09 s 0, 836 s

0, 5 s less than 0, 4 0, 4 2, 24 s 0, 896 s

T T

T T

= = ⋅ =

= = ⋅ =
 

i n  the  Equations  (29),  (32),  and  (35)  i t  i s  to  be  inserted :  

k1 0, 5 sT =  

The  swing-out ang les  at the  end  of short-ci rcu i t  current flow are:  

 

k1
end,-20 1

res,-20

k1
end,60 1

res,60

0, 5 s
1 cos 360 48, 2 1 cos 360 57, 0

1, 79 s

0, 5 s
1 cos 360 48, 2 1 cos 360 51, 8

1, 91 s

T

T

T

T

δ δ

δ δ

     
= − ° = ° ⋅ − ° ⋅ = °             

     
= − ° = ° ⋅ − ° ⋅ = °             

 (29)  

because  

k1

res,-20

k1

res,60

0, 5 s
0, 279  less than 0,5

1, 79 s

0, 5 s
0, 262  less than 0,5

1, 91 s

T

T

T

T

= =

= =

 

The maximum  swing-out ang les  δmax, -20  and  δmax, 60  depend  respectively on  χ-20  and  χ60  wh ich  

depend  on  δend , -20  and  δend , 60 :  

– for 0  less  than  δend , -20  =  57, 0°  l ess  than  90°  i s :  

 -20 end,-201 sin 1 1,1 2 sin 57, 0 0, 0607rχ δ= − = − ⋅ ° =  (30)  

and  for −0,985 less  than  χ-20  =  0 , 0607  less  than  0, 766:  

 max,-20 -201 0 arccos 1 0 arccos0, 0607 96, 5δ χ= ° + = ° + = °  (31 )  
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– for 0  l ess  than  δend , 60  =  51 , 8°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° =60 end,601 sin 1 1,1 2 sin 51, 8 0,1 20  (30)  

and  for −0,985 less  than  χ60  =  0 , 1 20  less  than  0 , 766:  

 δ χ= ° + = ° + = °max,60 601 0 arccos 1 0 arccos 0,1 20 93,1  (31 )  

8.3.2  Tensi le  force Ft,d  during  short-circu i t  caused  by swing  out 

The calcu lation  i s  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2 . 3.  

The  load  parameters  are:  

 2 2
60 -20 3 1 1 3 1 1,1 2 1 1, 50rϕ ϕ    = = + − = + − =   

   
 (32)  

because  

res,-20
k1

res,60
k1

1, 79 s
0, 5 s greater than 0, 448 s

4 4

1, 91 s
0, 5 s greater than 0, 478 s

4 4

T
T

T
T

= = =

= = =

 

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  1 , 50  and  ζ -20  =  2 , 04 :  

ψ-20  =  0 , 691  

– for  ϕ60  =  1 , 50  and  ζ60  =  3 , 1 1 :  

ψ60  =  0 , 759  

The tensi le  forces  during  the  short-ci rcu i t  forces  are:  

Ft, d , -20  =  Fst, -20(1 +ϕ-20ψ-20)  =  1 7, 8  kN ⋅ (1 +1 , 50 ⋅0,691 )  =  36, 3  kN  

Ft, d , 60  =  Fst, 60(1 +ϕ60ψ60)  =  1 5, 4  kN ⋅ (1 +1 , 50 ⋅0,759)  =  32 , 9  kN  (33)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 36, 3 kN ; 32, 9 kN 36, 3 kN  

8.3.3  Dynamic conductor sag  at midspan  

Al l  the  fol lowing  quanti ties  are  calcu lated  at a  conductor temperature  of 60  °C wh ich  leads  to  a  

greater conductor sag  than  at a  conductor temperature  of −20  °C.  

The  elastic expansion  is :  

 ( ) ( )8 3 3
ela 60 t,d,60 st,60

1
5, 85 1 0 32, 9 1 5, 4 1 0 N 1, 02 1 0

N
N F Fe − −= − = ⋅ ⋅ − ⋅ = ⋅  (34)  
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The  thermal  expansion  i s :  

 

22 4 3
res,60 1 8 4k

th th 2 6 2
s

m 63 1 0 A 1, 91 s
0, 27 1 0 1, 08 1 0

4 4A s 2 1 090 1 0 m

TI
c

n A
e − −

−

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

 (35)  

because  

T
T = = =res,60
k1

1, 91 s
0, 5 s greater than 0, 478 s

4 4
 

and  for ASCR conductors  wi th  Al St 1 046 mm 45 mm 23, 2A A = = greater than  6:  

cth  =  0 , 27· 1 0
-1 8  m 4/(A2s)  

The  factor CD  i s :  

 ( ) ( )l
C

f
e e − −   

= + + = + ⋅ + ⋅ =       

2 2
3 4

D ela th
es,60

3 3 48 m
1 1 1, 02 1 0 1, 08 1 0 1,1 8

8 8 1, 56 m
 (36)  

The  factor CF  i s :  

 C r= + = + ⋅ =F 0, 97 0,1 0, 97 0,1 1,1 2 1, 08  (37)  

because  

r =0, 8 less than 1,1 2 less than 1, 8  

The  dynam ic conductor sag  at m idspan  is :  

 f C C f= = ⋅ ⋅ =ed F D es,60 1, 08 1,1 8 1, 56 m 1, 99 m  (38)  

8.3.4 Tensi le  force Ff,d  after short-circu i t  caused  by drop 

Because  

1,1 2 greater than 0, 6r =  

and  

max,-20

max,60

96, 5 greater than 70

93,1 greater than 70

δ

δ

= ° °

= ° °
 

the  tensi le  force  after short-ci rcu i t Ff, d  i s  s ign i ficant:  

 

max,-20
f,d, -20 st, -20 -20

max,60
f,d,60 st,60 60

96, 5
1, 2 1 8 1, 2 1 7, 8 kN 1 8 2, 04 66, 7 kN

1 80 1 80

93,1
1, 2 1 8 1, 2 1 5, 4 kN 1 8 3,1 1 68, 8 kN

1 80 1 80

F F

F F

δ
ζ

δ
ζ

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °

 (43)  
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The  tensi le  force  Ff, d  i s  the  maximum  of Ff, d , -20  and  Ff, d , 60 :  

{ } { }f,d f,d,-20 f,d,60max ; max 66, 7 kN ; 68, 8 kN 68, 8 kNF F F= = =  

8.3.5 Horizontal  span  d isplacement bh  and  min imum air clearance amin  

The  maximum  horizontal  span  d isplacement for strained  conductors  wi th  lc  =  l  −  2 li  i s :  

 b f δ= = ⋅ ° =h ed 1sin 1, 99 m sin 48,2 1, 48 m  (45)  

because  

δ δ= ° = °max,60 193,1 greater than 48, 2  

and  the  m in imum  ai r clearance is :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 48 m 2, 04 m  (48)  

8.3.6  Pinch  force Fpi ,d  

The sub-conductors  clash  effectively during  short-ci rcu i t  because  Equation  (53)  i s  fu l fi l l ed :  

 s 0,1 m
2, 33 less than 2, 5

0, 043 m

a

d
= =  (53)  

and  

 l a= = ⋅ =s s9, 35 m greater than 70 70 0,1 m 7 m  (53)  

wi th  

l l l l
l

+ + + ⋅ +
= = = = =s1 s2 s3 c

s
2 4, 2 2 9, 5 1 4, 2 37, 4 m

m 9,35 m
4 4 4 4

 

The  tensi le  forces  caused  by pinch  are :  

 
F F

F F

= = ⋅ =

= = ⋅ =

pi,d,-20 t,d,-20

pi,d,60 t,d,60

1,1 1,1 36, 3 kN 39, 9 kN

1,1 1,1 32, 9 kN 36, 2 kN
 (51 )  

Ft, d , -20  and  Ft, d , 60  are  calcu lated  in  8. 3. 2.  

The  pinch  force  Fpi , d  i s  the  maximum  of Fpi , d , -20  and  Fpi , d , 60 :  

{ } { }F F F= = =pi,d pi,d,-20 pi,d,60max ; max 39, 9 kN ; 36, 2 kN 39, 9 kN  

8.3.7  Conclusions  

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2,  to  the  structure,  the  i nsu lators  and  the  connectors  the  
maximum  value  of Ft, d ,  Ff, d  and  Fpi , d  shal l  be  appl ied  as  a  static l oad :  
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{ } { }F F F = =t,d f,d pi,dmax ; ; max 36, 3 kN ; 68, 8 kN ; 39, 9 kN 68, 8 kN  

g iven  by the  tensi le  force  Ff, d  after short-ci rcu i t caused  by d rop.  

The  maximum  horizontal  d isplacement i s  1 , 48  m  and  the  m in imum  ai r clearance i s  2 , 04  m .  

8.4 Centre-l ine  d istance between  sub-conductors  as  =  0 ,4  m  

8.4.1  Prel iminary remarks  

I n  th is  case  i t  i s  

a

d
= =s 0, 400 m

9, 30
0, 043 m

 

and  nei ther Equation  (52)  nor Equation  (53)  of I EC 60865-1 : 201 1  i s  fu l fi l l ed .  Therefore  the  
pinch  force  Fpi , d  i s  to  be  calcu lated  wi th  the  Equations  (54)  and  fol lowing  of I EC 60865-1 : 201 1 ,  
6 . 4.  The  other resu l ts  are  the  same as  8. 3. 2 ,  8. 3. 3,  8 . 3. 4  and  8. 3. 5,  they do  not depend  on  the  
centre-l ine  d istance  of the  sub-conductors:  

Tensi le  force  during  short-ci rcu i t Ft, d  =  36, 3  kN  

Tensi le  force  after short-ci rcu i t  Ff, d  =  68, 8  kN  

Maximum  horizontal  d isplacement bh  =  1 , 48  m  

Min imum  ai r clearance amin  =  2 , 04  m  

8.4.2  Characteristic d imensions  and  parameters  

The short-ci rcu i t current force  between  the  sub-conductors  i s :  

 ( )
π

2
0 k s 2

s 3

1
2

I l
F n

n a

m n
nn

′′ = −  
 

 (54)  

The  factor n1  for calcu lation  of n2  i s :  

 
( ) ( )

π

π
π

s s
1 2 2

7 3
0 k

s

0, 400 m 0, 043 m 3, 25 kg/m1 1 1
50 2, 42

1 80 1 80s1sin sin 4 1 0 Vs 63 1 0 A 2 1
22 2 Am 2 0, 400 m

a d m
f

I n
n n a

n
m −

′− − ⋅
= = ⋅ ⋅ =

° °′′ −   ⋅ ⋅ −
  ⋅ ⋅   

 

 (55)  

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  9,  the  factor n2  for n1  =  2 , 42  and  k  =  1 , 81  i s :  

n2  =  2 , 22  

Accord ing  to  I EC  60865-1 : 201 1 ,  F igure  1 0,  the  factor n3  for as/d =  9 , 3  i s :  

n3  =  0 , 250  

With  th is  the  short-ci rcu i t  current force  between  the  sub-conductors  is :  
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 ( ) ( ) π

π π

22 7 3
30 k s 2

s 3

4 1 0 Vs 63 1 0 A 9, 35 m 2, 22
1 2 1 41, 2 1 0 N 41, 2 kN

2 2 Am 2 0, 4 m 0, 25

I l
F n

n a

m n
n

−

n
 ′′ ⋅ ⋅ = − = − ⋅ ⋅ ⋅ ⋅ = ⋅ =       

 (54)  

The  strain  factors  are:  

 ( )
( )

( )

( )
( )

22 22 3 8
st, -20 s -20

st,-20 2 2
s

222 3 8
st,60 s 60

st,60 2
s

1 7, 8 1 0 N 9, 35 m 5, 77 1 0 1 N1 80 1 80
1, 5 sin 1, 5 sin 1, 06

20, 400 m 0, 043 m

1 5, 4 1 0 N 9, 35 m 5, 85 1 0 1 N1 80
1, 5 sin 1, 5

0, 400 m 0, 043

F l N

na d

F l N

na d

e

e

−

−

⋅ ⋅ ⋅ ⋅° °   = = ⋅ ⋅ =   
   − −

⋅ ⋅ ⋅ ⋅° = = ⋅ 
 − −( )

2

2

1 80
sin 0, 927

2m

° ⋅ = 
 

 (56)  

 ( )
( ) ( )

( )
( )

( )
( ) ( )

( )
( )

33 83 3 3
s -20

pi,-20 3 3
s

33 83 3 3
s 60

pi,60 3 3
s

41, 2 1 0 N 9, 35 m 5, 77 1 0 1 N1 80 1 800,375 sin 0,375 2 sin 32, 0
20, 400 m 0, 043 m

41, 2 1 0 N 9, 35 m 5, 85 1 0 1 N1 80 1 800,375 sin 0,375 2 sin 32, 5
20, 400 m 0, 043 m

F l N
n

na d

F l N
n

na d

e

e

−
n

−
n

⋅ ⋅° °= = ⋅ ⋅ ⋅ =
− −

⋅ ⋅° °= = ⋅ ⋅ ⋅ =
− −

 (57)  

The  parameters  j-20  and  j60  are:  

 

pi,-20
-20

st,-20

pi,60
60

st,60

32, 0
3, 94

1 1 1, 06

32, 5
4,1 1

1 1 0, 927

j

j

e

e

e

e

= = =
+ +

= = =
+ +

 (58)  

8.4.3  Pinch  force  Fpi ,d  

Because 

-20

60

3,94 greater than 1

4,1 1 greater than 1

j

j

=

=
 

the  sub-conductors  clash  and  the  tensi le  forces  due  to  contraction  are  calcu lated  accord ing  to  
I EC 60865-1 : 201 1 ,  6 . 4. 2 :  

 

e,-20
pi,d,-20 st,-20 -20

st,-20

e,60
pi,d,60 st,60 60

st,60

1

1

F F

F F

n
ξ

e

n
ξ

e

 
= +  

 

 
= +  

 

 (59)  

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  1 1 ,  and  

– wi th  j-20  =  3 , 94  and  est, -20  =  1 , 06  the  factor ξ-20  i s :  

ξ-20  =  2 , 86  

– wi th  j60  =  4 , 1 1  and  est, 60  =  0 , 927  the  factor ξ60  i s :  

ξ60  =  2 , 91  
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The  factors  ne, -20  and  ne, 60  are:  

 

( )

( )

π

π

π

1 / 2
4

42
40 k s

e,-20 -20 2 3
s 420

2 47 3
8

1 80
sin

arctan1 9 1
1 1

2 8 2 4

1 9 4 1 0 Vs 63 1 0 A 1 9, 35 m
2 2 1 5, 77 1 0 2, 22

2 8 2 Am 2 N 0, 400 m 0, 043 m

I l n
n n N

n a d

nm
n n

nξ−

−
−

 °     ′′        = + − − −    −       
  

   ⋅ ⋅
= + ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅ ⋅     −  

1 / 2
4

3

1 80
sin

arctan 8, 3 12
1

48, 32, 87

1,1 4






°        ⋅ − −     
=

(60)  

 

( )

( )

π

π

π

1 / 2
4

42
40 k s

e,60 60 2 3
s 460

2 47 3
8

1 80
sin

arctan1 9 1
1 1

2 8 2 4

1 9 4 1 0 Vs 63 1 0 A 1 9, 35 m
2 2 1 5, 85 1 0 2, 22

2 8 2 Am 2 N 0, 400 m 0, 043 m

I l n
n n N

n a d

nm
n n

nξ

−
−

 °     ′′        = + − − −    −       
  

    ⋅ ⋅= + ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅ ⋅     −  
1 / 2

4

3

1 80
sin

arctan 8, 3 12
1

48, 32, 91

1,1 2



°        ⋅ − −     
=

(60)  

wi th  the  factor n4 :  

 s
4

0, 400 m 0, 043 m
8, 3

0, 043 m

a d

d
n

− −
= = =  (61 )  

W i th  th is ,  the  tensi le  forces  caused  by p inch  are:  

 

e,-20
pi,d,-20 st,-20 -20

st,-20

e,60
pi,d,60 st,60 60

st,60

1,1 4
1 1 7, 8 kN 1 2, 86 72, 6 kN

1, 06

1,1 2
1 1 5, 4 kN 1 2, 91 69, 5 kN

0, 927

F F

F F

n
ξ

e

n
ξ

e

   
= + = ⋅ + ⋅ =       

   
= + = ⋅ + ⋅ =       

 (59)  

The  pinch-force  Fpi , d  i s  the  maximum  value  of Fpi , d , -20  and  Fpi , d , 60 :  

{ } { }pi,d pi,d,-20 pi,d,60max ; max 72, 6 kN ; 69,5 kN 72, 6 kNF F F= = =  
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8.4.4 Conclusions   

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2  and  6. 5. 3,  to  the  structure,  the  i nsu lators  and  the  
connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  Ff, d  and  Fpi , d  shal l  be  appl ied  as  
a  static load :  

{ } { }t,d f,d pi,dmax ; ; max 36, 3 kN ; 68, 8 kN ; 72, 6 kN 72, 6 kNF F F = =  

g iven  by the  pinch  force  Fpi , d .  

The  maximum  horizontal  d isplacement is  1 , 48  m  and  the  m in imum  ai r clearance is  2 , 04  m .  

9  Example 6  – Mechanical  effects  on  strained  conductors  wi th  dropper in  the 

middle  of the span  

9.1  General  

The basis  for the  calcu lations  in  th is  example  is  a  three-phase 380  kV arrangement wi th  
strained  twin-bund le  conductors  as  shown  in  F igure  6.  I n  the  span  there  i s  one  connection  of 
pantograph-d isconnectors  and  one  dropper in  m idspan,  both  operate  as  spacers.   

The  calcu lation  i s  carried  ou t for the  arrangement of d roppers  wi th  plane  paral le l  to  the  main  
conductors  and  plane  perpend icu lar to  the  main  conductors .  

 

 

Figure  6  – Arrangement wi th  strained  conductors  and  droppers  in  midspan.  

Plane of the  droppers  paral lel  to  the  main  conductors  

IEC 

li  

l  

lc  li  

ls1  ls2  ls3  

a
 

a
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9.2  Common  data 

I n i tial  symmetrical  th ree-phase short-ci rcu i t current (r.m .s. )  kI′′  =  63  kA 

Factor for the  calcu lation  of the  peak short-ci rcu i t  current k  =  1 , 81  

Duration  of the  fi rst short-ci rcu i t  current flow Tk1  =  0 , 5  s  

System  frequency f =  50  Hz 

    

Centre-l ine  d istance  between  supports  l  =  48  m  

Length  of one  insu lator chain  li  =  5 , 3  m  

Cord  length  lc  =  l  −  2li  lc  =  37, 4  m  

Centre-l ine  d istance  between  conductors  a  =  5  m  

Resu l tant spring  constant of both  span  supports  of one  span  S =  500  N /mm  

Twin  conductor 2  EN  1 046-AL1 /45-ST1 A    

– Number of sub-conductors  n  =  2  

– Centre-l ine  d istance  between  sub-conductors  as  =  0 , 1  m  

– Outer d iameter of one  sub-conductor d =  43  mm  

– Cross-section  of one  sub-conductor As  =  1  090  mm 2  

– Mass  per un i t length  of one  sub-conductor sm′  =  3 , 25  kg/m  

– Young ’s  modu lus  E  =  60  000  N /mm 2  

Static tensi le  force  of one  flexible  main  conductor at a  temperature   

of −20°C ( local  m in imum  win ter temperature)  
Fst, -20  =  1 7, 4  kN  

Static tensi le  force  of one  flexible  main  conductor at a  temperature   

of 60°C (maximum  operating  temperature)  
Fst, 60  =  1 5, 0  kN  

Add i tional  concentrated  masses  representing  the  connections  of 
panthograph  d isconnectors  

   

– Number of spacers  nc  =  2  

– Mass  of one  connection  mc  =  36  kg  

– D istances  ls1  =  2 , 5  m  

 ls2  =  1 8, 6  m  

 ls3  =  1 6, 3  m  

Conventional  value  of acceleration  of gravi ty g  =  9 , 81  m /s2  

9.3  Plane of the  dropper paral lel  to  the  main  conductors  

9.3. 1  General  

I n  add i tion  to  9. 2,  the  fol lowing  data  are  g iven :  

Height of the  d ropper at a  main  conductor temperature  of 60°C 
(maximum  operating  temperature)  

h  =  7  m  

Wid th  of the  d ropper at a  main  conductor temperature  of 60°C 
(maximum  operating  temperature)  

w =  2  m  

Cord  length  of the  d ropper lv  =  7 , 6  m  
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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 un i t  length  i s :  

 
( ) ( )π

π π

2
32 7

k0 c
63 1 0 A4 1 0 Vs 37, 4 m

0, 75 0, 75 92, 8 N/m
2 2 Am 5 m 48 m

I l
F

a l

m − ⋅′′ ⋅
′ = = ⋅ ⋅ ⋅ =  (1 9a)  

The  parameter r  i s :  

 
F

r
n m g

′
= = =

′ ⋅ ⋅ 2
sc

92, 8 N/m
1, 27

2 3, 73 kg/m 9,81 m/s
 (20)  

where  scm′  i s  the  resu l ting  mass  per un i t l ength  of one  sub-conductor i nclud ing  concentrated  

mass:  

m
m m

n l
′ ′= + = + =

⋅
c

sc s
c

kg 36 kg
3, 25 3, 73 kg/m

m 2 37, 4 m
 

The  d i rection  of the  resu l ting  force  on  the  conductor i s :  

 rδ = = = °1 arctan arctan1, 27 51, 8  (21 )  

The  equ ivalent static conductor sags  at m idspan  are:  

 

( )

( )

n m g l
f

F

n m g l
f

F

⋅ ⋅′
= = =

⋅ ⋅

⋅ ⋅′
= = =

⋅ ⋅

222
sc

es,-20 3
st,-20

222
sc

es,60 3
st,60

2 3, 73 kg/m 9,81 m/s 48 m
1, 21 m

8 8 1 7, 4 1 0 N

2 3, 73 kg/m 9,81 m/s 48 m
1, 41 m

8 8 1 5, 0 1 0 N

 (22)  

The  periods  of the  conductor osci l lation  are:  

 

π π

π π

es,-20
-20 2

es,60
60 2

1, 21 m
2 0, 8 2 0, 8 1, 97 s

9,81 m/s

1, 41 m
2 0, 8 2 0, 8 2,1 3 s

9,81 m/s

f
T

g

f
T

g

= = ⋅ =

= = ⋅ =

 (23)  

The  resu l ting  periods  of the  conductor osci l lation  are:  
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π π

π π

T
T

r

T
T

r

δ

δ

= = =
   °   + − + −      ° °         

= = =
   °   + − + −      ° °         

20
res,-20 2 22 2

4 42 21

60
res,60 2 22 2

4 42 21

1, 97
1, 63 s

51, 8
1 1 1 1, 27 1

64 90 64 90

2,1 3
1, 77 s

51, 8
1 1 1 1, 27 1

64 90 64 90

-

 (24)  

The  sti ffness  norms  are:  

 

8
-20 5 1 0 2 6 2

eff,-20 s

8
60 5 1 0 2 6 2

s,60 s

1 1 1 1
5, 78 1 0 1/N

5 1 0 N/m 48 m 2 2, 84 1 0 N/m 1 090 1 0 m

1 1 1 1
5, 87 1 0 1/N

5 1 0 N/m 48 m 2 2, 70 1 0 N/m 1 090 1 0 m

N
S l n E A

N
S l n E A

−
−

−
−

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

 (25)  

wi th  the  actual  Young ’s  modu l i  

 

6 2
st,-20 1 0

eff,-20 2 7 2
s fin

1 0 2

st,60 1 0
eff,60 2

s fin

N 7, 98 1 0 N/m
0, 3 0, 7 sin 90 6 1 0 0, 3 0, 7 sin 90

m 5 1 0 N/m

2, 84 1 0 N/m

N 6, 88 1 0
0, 3 0, 7 sin 90 6 1 0 0, 3 0, 7 sin

m

F
E E

n A

F
E E

n A

s

s

     ⋅
= + ° = ⋅ ⋅ + ⋅ °      ⋅      

= ⋅

   ⋅
= + ° = ⋅ ⋅ +  

  

6 2

7 2

1 0 2

N/m
90

5 1 0 N/m

2, 70 1 0 N/m

  
⋅ °   ⋅   

= ⋅

 (26)  

because  

F

n A

F

n A

s

s

−

−

⋅
= = ⋅ = ⋅

⋅ ⋅

⋅
= = ⋅ = ⋅

⋅ ⋅

3
st,-20 6 2 6 2

fin6 2
s

3
st,60 6 2 6 2

fin6 2
s

1 7, 4 1 0 N
7, 98 1 0 N/m less than 50 1 0 N/m

2 1 090 1 0 m

1 5, 0 1 0 N
6, 88 1 0 N/m less than 50 1 0 N/m

2 1 090 1 0 m

 

The  stress  factors  are:  

 

( ) ( )
( )

( ) ( )
( )

2
22

sc
-20 3 3

3 8st, -20 -20

2
22

sc
60 3 3

3 8st,60 60

2 9,81 m/s 3,73 kg/m 48 m
1, 69

24 24 1 7, 4 1 0 N 5, 78 1 0 1/N

2 9,81 m/s 3,73 kg/m 48 m
2, 60

24 24 1 5, 0 1 0 N 5, 87 1 0 1/N

n g m l

F N

n g m l

F N

ζ

ζ

−

−

⋅ ⋅ ⋅′
= = =

⋅ ⋅ ⋅

⋅ ⋅ ⋅′
= = =

⋅ ⋅ ⋅

 (28)  

Because  

k1 -20

k1 60

0, 5 s less than 0, 4 0, 4 1, 97 s 0, 788 s

0, 5 s less than 0, 4 0, 4 2,1 3 s 0, 852 s

T T

T T

= = ⋅ =

= = ⋅ =
 



I EC TR 60865-2:201 5  © I EC 201 5  – 51  – 

in  the  Equations  (29),  (32),  and  (35)  i t  i s  to  be  i nserted :  

k1 0, 5 sT =  

The  swing-out ang les  at the  end  of short-ci rcu i t  current flow are:  

 

k1
end,-20 1

res,-20

k1
end,60 1

res,60

0, 5 s
1 cos 360 51, 8 1 cos 360 69, 9

1, 63 s

0, 5 s
1 cos 360 51, 8 1 cos 360 62, 3

1, 77 s

T

T

T

T

δ δ

δ δ

     
= − ° = ° ⋅ − ° ⋅ = °             

     
= − ° = ° ⋅ − ° ⋅ = °             

 (29)  

because  

T

T

T

T

= =

= =

k1

res,-20

k1

res,60

0, 5 s
0, 307  less than 0,5

1, 63 s

0, 5 s
0, 283  less than 0,5

1, 77 s

 

The maximum  swing-out ang les  δmax, -20  and  δmax, 60  depend  respectively on  χ-20  and  χ60  wh ich  

depend  on  δend , -20  and  δend , 60 :  

– for 0  less  than  δend , -20  =  69, 9°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° = −-20 end,-201 sin 1 1, 27 sin 69, 9 0,1 93  (30)  

and  for −0,985 less  than  χ-20  =  −0, 1 93  less  than  0, 766:  

 ( )δ χ= ° + = ° + − = °max,-20 201 0 arccos 1 0 arccos 0,1 93 1 1 1-  (31 )  

– for 0  l ess  than  δend , 60  =  62 , 3°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° = −60 end,601 sin 1 1, 27 sin 62, 3 0,1 24  (30)  

and  for −0,985 less  than  χ60  =  −0, 1 24  less  than  0, 766:  

 ( )δ χ= ° + = ° + − = °max,60 601 0 arccos 1 0 arccos 0,1 24 1 07  (31 )  

9.3.2.2  Tensi le  force Ft, d  during  short-circu i t  caused  by swing  out wi thout dropper in  

midspan  

The calcu lation  is  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2 . 3.  

The  load  parameters  are:  

 85,11–27,1131–13 22
6020- =






 +=






 +== rϕϕ  (32)  

because  
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T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 63 s
0, 5 s greater than 0, 408 s

4 4

1, 77 s
0, 5 s greater than 0, 443 s

4 4

 

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  1 , 85  and  ζ -20  =  1 , 69 :  

ψ-20  =  0 , 641  

– for  ϕ60  =  1 , 85  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 71 4  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d, -20 st, -20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 1, 85 0, 641 38, 0 kN

1 1 5, 0 kN 1 1, 85 0, 71 4 34, 8 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (33)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 38, 0 kN ; 34, 8 kN 38, 0 kN  

9.3.2.3  Dynamic conductor sag  at  midspan  

The  elastic expansions  are:  

 

( ) ( )

( ) ( )

8 3 3
ela,-20 -20 t,d,-20 st,-20

8 3 3
ela,60 60 t,d,60 st,60

1
5, 78 1 0 38, 0 1 7, 4 1 0 N 1,1 9 1 0

N

1
5, 87 1 0 34, 8 1 5, 0 1 0 N 1,1 6 1 0

N

N F F

N F F

e

e

− −

− −

= − = ⋅ ⋅ − ⋅ = ⋅

= − = ⋅ ⋅ − ⋅ = ⋅

 (34)  

The  thermal  expansions  are:  

 

22 4 3
res,-20 1 8 4k

th,-20 th 2 6 2
s

22 4 3
res,60 1 8 4k

th,60 th 2 6 2
s

m 63 1 0 A 1, 63 s
0, 27 1 0 0, 91 9 1 0

4 4A s 2 1 090 1 0 m

m 63 1 0 A 1, 77 s
0, 27 1 0 0, 998 1 0

4 4A s 2 1 090 1 0 m

TI
c

n A

TI
c

n A

e

e

− −
−

− −
−

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

 (35)  

because  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 63 s
0, 5 s greater than 0, 408 s

4 4

1, 77 s
0, 5 s greater than 0, 443 s

4 4

 

and  for ASCR conductors  wi th  Al St 1 046 mm 45 mm 23, 2A A = =  g reater than  6  
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( )1 8 4 2
th 0, 27 1 0 m A sc −= ⋅  

The  factors  CD  are:  

 

( ) ( )

( ) ( )

l
C

f

l
C

f

e e

e e

− −

− −

   
= + + = + ⋅ + ⋅ =       

   
= + + = + ⋅ + ⋅ =       

2 2
3 4

D,-20 ela,-20 th,-20
es,-20

2 2
3 4

D,60 ela,60 th,60
es,60

3 3 48 m
1 1 1,1 9 1 0 0, 91 9 1 0 1, 33

8 8 1, 21 m

3 3 48 m
1 1 1,1 6 1 0 0, 998 1 0 1, 24

8 8 1, 41 m

 (36)  

The  factor CF  i s :  

 C r= + = + ⋅ =F 0, 97 0,1 0, 97 0,1 1, 27 1,1 0  (37)  

because  

r =0, 8 less than 1, 27 less than 1, 8  

The  dynam ic conductor sags  at m idspan  are :  

 
f C C f

f C C f

= = ⋅ ⋅ =

= = ⋅ ⋅ =
ed,-20 F D,-20 es,-20

ed,60 F D,60 es,60

1,1 0 1, 33 1, 21 m 1, 77 m

1,1 0 1, 24 1, 41 m 1, 92 m
 (38)  

9.3.2.4 Tensi le  force Ft, d  during  short-circu i t  caused  by swing  out wi th  dropper in  

midspan  

The calcu lation  is  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 5,  because   

( ) ( ) ( )

( ) ( ) ( )

2 2 22
-20 es,-20 ed,-20 v

2 2 22
60 es,60 ed,60 v

7, 2 m 1, 21 m 1, 77 m 2 m 1 0, 4 m greater than 7, 6 m

7,0 m 1, 41 m 1, 92 m 2 m 1 0, 5 m greater than 7, 6 m

h f f w l

h f f w l

+ + + = + + + = =

+ + + = + + + = =

 

wi th  the  d ropper height at −20°C due  to  the  change of sag  wi th  the  temperature  of the  main  
conductor 

( ) ( )-20 60 es,60 es,-20 7, 0 m 1, 41 m 1, 21 m 7, 2 mh h f f= + − = + − =  

and  h h= =60 7, 0 m .  

The  actual  swing-out ang les  are:  

 

( ) ( )
( )

( ) ( ) ( ) ( )( )
( )

2 2 2 2
-20 es,-20 ed,-20 v

-20
ed,-20 20 es,-20

2 2 2 2

arccos
2

7, 2 m 1, 21 m 1, 77 m 7, 6 m 2, 0 m
arccos 47, 5

2 1, 77 m 7, 2 m 1, 21 m

h f f l w

f h f
δ

−

+ + − −
=

+

+ + − −
= = °

⋅ ⋅ +

 (39)  
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( ) ( )
( )

( ) ( ) ( ) ( )( )
( )

2 2 2 2
60 es,60 ed,60 v

60
ed,60 60 es,60

2 2 2 2

arccos
2

7, 0 m 1, 41 m 1, 92 m 7, 6 m 2, 0 m
arccos 50, 2

2 1, 92 m 7, 0 m 1, 41 m

h f f l w

f h f
δ

+ + − −
= =

+

+ + − −
= = °

⋅ ⋅ +

 (39)  

The  load  parameters  are:  

 
( ) ( )
( ) ( )

-20 -20 -20

60 60 60

3 sin cos 1 3 1, 27 sin 47, 5 cos 47, 5 1 1, 84

3 sin cos 1 3 1, 27 sin 50, 2 cos 50, 2 1 1, 85

r

r

ϕ δ δ

ϕ δ δ

= + − = ° + ° − =

= + − = ° + ° − =
 (41 )  

because  

δ δ

δ δ

= ° = °

= ° = °
-20 1

60 1

47, 5 less than 51, 8

50, 2 less than 51, 8
 

and  a lso  

δ δ

δ δ

= ° = °

= ° = °
end,-20 -20

end,60 60

69, 9 greater than 47, 5

62, 3 greater than 50, 2
 

Accord ing  to  I EC  60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  1 , 84  and  ζ-20  =  1 , 69 :  

ψ-20  =  0 , 641  

– for  ϕ60  =  1 , 85  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 71 4  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d,-20 st,-20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 1, 84 0, 641 37, 9 kN

1 1 5, 0 kN 1 1, 85 0, 71 4 34, 8 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (42)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 37, 9 kN ; 34, 8 kN 37, 9 kN  

9.3.2.5  Tensi le  force Ff, d  after short-circu i t  caused  by drop  

Because 

1, 27 greater than 0, 6r =  

and  

max,-20

max,60

1 1 1 greater than 70

1 07 greater than 70

δ

δ

= ° °

= ° °
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however 

-20

60

47, 5 less than 60

50, 2 less than 60

δ

δ

= ° °

= ° °
 

the  tensi le  force  Ff, d  after short-ci rcu i t i s  not s ign i ficant.  

When  calcu lating  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 3,  i n  add i tion  the  tensi le  force  Ff, d  after 
short-ci rcu i t i s  to  be  calcu lated  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 6.  Because  

1, 27 greater than 0, 6r =  

and  

max,-20

max,60

1 1 1 greater than 70

1 07 greater than 70

δ

δ

= ° °

= ° °
 

The  tensi le  forces  after short-ci rcu i t  are:  

 

max,-20
f,d, -20 st, -20 -20

max,60
f,d,60 st,60 60

1 1 1
1, 2 1 8 1, 2 1 7, 4 kN 1 8 1, 69 63, 8 kN

1 80 1 80

1 07
1, 2 1 8 1, 2 1 5, 0 kN 1 8 2, 60 65, 8 kN

1 80 1 80

F F

F F

δ
ζ

δ
ζ

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °

 (43)  

The  tensi le  force  Ff, d  i s  the  maximum  of Ff, d , -20  and  Ff, d , 60 :  

{ } { }F F F= = =f,d f,d,-20 f,d,60max ; max 63, 8 kN ; 65, 8 kN 65, 8 kN  

9.3.2.6  Horizontal  span  d isplacement bh  and  min imum air clearance amin  

Al l  the  fol lowing  quanti ties  are  calcu lated  at a  conductor temperature  of 60°C wh ich  leads  to  a  

greater conductor sag  than  a  conductor temperature  of −20°C.  

The  maximum  horizontal  span  d isplacement for stranded  conductors  wi th  lc  =  l  −  2li  i s :  

 b f δ= = ⋅ ° =h ed,60 60sin 1, 92 m sin 50,2 1, 48 m  (47)  

because  

60 max,60

60 1

50, 2 less than 1 07

50, 2 less than 51, 8

δ δ

δ δ

= ° = °

= ° = °
 

The  m in imum  ai r clearance i s :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 48 m 2, 04 m  (48)  

When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper i n  m idspan,  in  add i tion  
the  horizontal  d isplacement bh  and  the  m in imum  ai r clearance amin  shal l  be  calcu lated  
accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 7.  
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 b f δ= = ⋅ ° =h ed,60 1sin 1, 92 m sin 51 ,8 1, 51 m  (45)  

because  

δ δ= ° = °max,60 11 07 greater than 51, 8  

and  the  m in imum  ai r clearance i s :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 51 m 1, 98 m  (48)  

9.3.2.7  Pinch  force Fpi ,d  

The sub-conductors  clash  effectively during  short-ci rcu i t because  Equation  (53)  i s  fu l fi l led :  

 
a

d
= =s 0,1 m

2, 33 less than 2, 5
0, 043 m

 (53)  

and  

 l a= = ⋅ =s s1 2, 5 m greater than 70 70 0,1 m 7 m  (53)  

wi th  

l l l l
l

+ + + +
= = = = =s1 s2 s3 c

s
2, 5 1 8, 6 1 6, 3 37, 4 m

m 1 2,5 m
3 3 3 3

 

The  tensi le  forces  caused  by pinch  are :  

 
F F

F F

= = ⋅ =

= = ⋅ =

pi,d,-20 t,d,-20

pi,d,60 t,d,60

1,1 1,1 38, 0 kN 41, 8 kN

1,1 1,1 34, 8 kN 38, 3 kN
 (51 )  

Ft, d , -20  and  Ft, d , 60  are  calcu lated  in  9. 3. 2. 2.  

The  pinch  force  Fpi , d  i s  the  maximum  of Fpi , d , -20  and  Fpi , d , 60 :  

{ } { }F F F= = =pi,d pi,d,-20 pi,d,60max ; max 41, 8 kN ; 38, 3 kN 41, 8 kN  

9.3.2.8  Conclusions  

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2  and  6. 5. 3,  to  the  structure,  the  i nsu lators  and  the  
connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  Ff, d  and  Fpi , d  shal l  be  appl ied  as  
a  static load :  

{ } { }F F F = =t,d f,d pi,dmax ; ; max 37, 9 kN ; 0 kN ; 41, 8 kN 41, 8 kN  

g iven  by the  tensi le  force  Fpi , d  caused  by p inch .  

The  maximum  horizontal  d isplacement i s  1 , 48  m  and  the  m in imum  ai r clearance i s  2 , 04  m .  
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When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2 . 3,  wi thout d ropper in  m idspan,  to  the  
structure,  the  insu lators  and  the  connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  

Ff, d  and  Fpi , d  shal l  be  appl ied  as  a  static l oad :   

{ } { }F F F = =t,d f,d pi,dmax ; ; max 38, 0 kN ; 65, 8 kN ; 41, 8 kN 65, 8 kN  

g iven  by the  tensi le  force  Ff, d  after short-ci rcu i t caused  by d rop  wi thout d ropper in  m idspan.  

The  maximum  horizontal  d isplacement i s  1 , 51  m  and  the  m in imum  ai r clearance i s  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 e lectromagnetic l oad  per un i t l ength  i s :  

 ( ) ( )π

π π

2
32 7

k0 c v
63 1 0 A2 2 4 1 0 Vs 37, 4 m 2 7, 6 m 2

0, 75 0, 75 55, 8 N/m
2 2 Am 5 m 48 m

I l l
F

a l

m − ⋅′′ + ⋅ +
′ = = ⋅ ⋅ ⋅ =  (1 9b)  

The  parameter r  i s :  

 
F

r
n m g

′
= = =

′ ⋅ ⋅ 2
sc

55, 8 N/m
0, 763

2 3, 73 kg/m 9,81 m/s
 (20)  

where  

m 'sc  =  3 , 73  kg/m        see  9. 3. 2. 1  

The  d i rection  of the  resu l ting  force  on  the  conductor i s :  

 rδ = = = °1 arctan arctan 0, 763 37, 3  (21 )  

The  equ ivalent static conductor sags  at m idspan  are,  see  9. 3. 1 . 1 :  

 f f= =es,-20 es,601, 21 m 1, 41 m  (22)  

The  periods  of the  conductor osci l lation  are,  see  9. 3. 2. 1 :  

 T T= =-20 601, 97 s 2,1 3 s  (23)  

The  resu l ting  periods  of the  conductor osci l lation  are:  

 

π π

π π

T
T

r

T
T

r

δ

δ

= = =
   °   + − + −      ° °         

= = =
   °   + − + −      ° °         

20
res,-20 2 22 2

4 42 21

60
res,60 2 22 2

4 42 21

1, 97
1, 80 s

37, 3
1 1 1 0, 763 1

64 90 64 90

2,1 3
1, 95 s

37, 3
1 1 1 0, 763 1

64 90 64 90

-

 (24)  
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The  sti ffness  norms  are,  see  9. 3. 2. 1 :  

 8 8
-20 605, 78 1 0 1/N 5, 87 1 0 1/NN N− −= ⋅ = ⋅  (25)  

The  stress  factors  are,  see  9. 3. 2. 1 :  

 -20 601, 69 2, 60ζ ζ= =  (28)  

I n  the  Equations  (29),  (32),  and  (35)  i t  i s  to  be  i nserted ,  see  9. 3. 2. 1 :  

k1 0, 5 sT =  

The  swing-out ang les  at the  end  of short-ci rcu i t  current flow are:  

 

k1
end,-20 1

res,-20

k1
end,60 1

res,60

0, 5 s
1 cos 360 37, 3 1 cos 360 43, 8

1, 80 s

0, 5 s
1 cos 360 37, 3 1 cos 360 38, 8

1, 95 s

T

T

T

T

δ δ

δ δ

     
= − ° = ° ⋅ − ° ⋅ = °             

     
= − ° = ° ⋅ − ° ⋅ = °             

 (29)  

because  

T

T

T

T

= =

= =

k1

res,-20

k1

res,60

0, 5 s
0, 278 less than 0,5

1, 80 s

0, 5 s
0, 256  less than 0,5

1, 95 s

 

The maximum  swing-out ang les  δmax, -20  and  δmax, 60  depend  respectively on  χ-20  and  χ60  wh ich  

depend  on  δend , -20  and  δend , 60 :  

– for 0  less  than  δend , -20  =  43, 8°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° =-20 end,-201 sin 1 0, 763 sin 43, 8 0, 472  (30)  

and  for −0,985  less  than  χ-20  =  0 , 472  less  than  0, 766:  

 δ χ= ° + = ° + = °max,-20 201 0 arccos 1 0 arccos 0, 472 71, 8-  (31 )  

– for 0  l ess  than  δend , 60  =  38, 8°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° =60 end,601 sin 1 0, 763 sin 38, 8 0, 522  (30)  

and  for −0,985 less  than  χ60  =  0 , 522  less  than  0, 766:  

 δ χ= ° + = ° + = °max,60 601 0 arccos 1 0 arccos 0, 522 68, 5  (31 )  

9.3.3.2  Tensi le  force  Ft, d  during  short-circu i t  caused  by swing  out wi thout dropper in  

midspan  

The calcu lation  i s  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2 . 3.  
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The  load  parameters  are:  

 2 2
60 -20 3 1 1 3 1 0, 763 1 0, 774rϕ ϕ    = = + − = + − =   

   
 (32)  

because  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 80 s
0, 5 s greater than 0, 450 s

4 4

1, 95 s
0, 5 s greater than 0, 488 s

4 4

 

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  0 , 774  and  ζ -20  =  1 , 69 :  

ψ-20  =  0 , 702  

– for  ϕ60  =  0 , 774  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 774  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d, -20 st, -20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 0, 774 0, 702 26, 9 kN

1 1 5, 0 kN 1 0, 774 0, 774 24, 0 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (33)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 26, 9 kN ; 24, 0 kN 26, 9 kN  

9.3.3.3  Dynamic conductor sag  at midspan  

The elastic expansions  are:  

 

( ) ( )

( ) ( )

8 3 3
ela,-20 -20 t,d,-20 st,-20

8 3 3
ela,60 60 t,d,60 st,60

1
5, 78 1 0 26, 9 1 7, 4 1 0 N 0, 543 1 0

N

1
5, 87 1 0 24, 0 1 5, 0 1 0 N 0, 528 1 0

N

N F F

N F F

e

e

− −

− −

= − = ⋅ ⋅ − ⋅ = ⋅

= − = ⋅ ⋅ − ⋅ = ⋅
 (34)  

The  thermal  expansions  are:  

 

22 4 3
res,-20 1 8 4k

th,-20 th 2 6 2
s

22 4 3
res,60 1 8 4k

th,60 th 2 6 2
s

m 63 1 0 A 1, 80 s
0, 27 1 0 1, 02 1 0

4 4A s 2 1 090 1 0 m

m 63 1 0 A 1, 95 s
0, 27 1 0 1,1 0 1 0

4 4A s 2 1 090 1 0 m

TI
c

n A

TI
c

n A

e

e

− −
−

− −
−

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

 (35)  

because  
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T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 80 s
0, 5 s greater than 0, 450 s

4 4

1, 95 s
0, 5 s greater than 0, 488 s

4 4

 

and  for ASCR conductors  wi th  Al St 1 046 mm 45 mm 23, 2A A = =  g reater than  6  

( )1 8 4 2
th 0, 27 1 0 m A sc −= ⋅  

The  factors  CD  are:  

 

( ) ( )

( ) ( )

l
C

f

l
C

f

e e

e e

− −

− −

   
= + + = + ⋅ + ⋅ =       

   
= + + = + ⋅ + ⋅ =       

2 2
3 4

D,-20 ela,-20 th,-20
es,-20

2 2
3 4

D,60 ela,60 th,60
es,60

3 3 48 m
1 1 0, 543 1 0 1, 02 1 0 1,1 8

8 8 1, 21 m

3 3 48 m
1 1 0, 528 1 0 1,1 0 1 0 1,1 3

8 8 1, 41 m

 (36)  

The  factor CF  i s :  

 C =F 1, 05  (37)  

because  

r = 0, 763 less than 0, 8  

The  dynam ic conductor sags  at m idspan  are :  

 
f C C f

f C C f

= = ⋅ ⋅ =

= = ⋅ ⋅ =
ed,-20 F D,-20 es,-20

ed,60 F D,60 es,60

1, 05 1,1 8 1, 21 m 1, 50 m

1, 05 1,1 3 1, 41 m 1, 67 m
 (38)  

9.3.3.4 Tensi le  force Ft, d  during  short-circu i t  caused  by swing  out wi th  dropper in  

midspan  

The calcu lation  is  done  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2 .5,  because  

( ) ( ) ( )

( ) ( ) ( )

2 2 22
-20 es,-20 ed,-20 v

2 2 22
60 es,60 ed,60 v

7, 2 m 1, 21 m 1, 50 m 2 m 1 0,1 m greater than 7, 6 m

7, 0 m 1, 41 m 1, 67 m 2 m 1 0, 3 m greater than 7, 6 m

h f f w l

h f f w l

+ + + = + + + = =

+ + + = + + + = =

 

wi th  the  d ropper height at −20°C due  to  the  change of sag  wi th  the  temperature  of the  main  
conductor 

( ) ( )-20 60 es,60 es,-20 7, 0 m 1, 41 m 1, 21 m 7, 2 mh h f f= + − = + − =  

and  h h= =60 7, 0 m .  

The  actual  swing-out ang les  are:  
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( ) ( )
( )

( ) ( ) ( ) ( )( )
( )

2 2 2 2
-20 es,-20 ed,-20 v

-20
ed,-20 -20 es,-20

2 2 2 2

arccos
2

7, 2 m 1, 21 m 1, 50 m 7, 6 m 2, 0 m
arccos 40, 4

2 1, 50 m 7, 2 m 1, 21 m

h f f l w

f h f
δ

+ + − −
=

+

+ + − −
= = °

⋅ ⋅ +

 (39)  

 

( ) ( )
( )

( ) ( ) ( ) ( )( )
( )

2 2 2 2
60 es,60 ed,60 v

60
ed,60 60 es,60

2 2 2 2

arccos
2

7, 0 m 1, 41 m 1, 67 m 7, 6 m 2, 0 m
arccos 45, 3

2 1, 67 m 7, 0 m 1, 41 m

h f f l w

f h f
δ

+ + − −
= =

+

+ + − −
= = °

⋅ ⋅ +

 (39)  

The  load  parameters  are:  

 2 2
-20 60 3 1 1 3 1 0, 763 1 0, 774rϕ ϕ    = = + − = + − =   

   
 (40)  

because  

δ δ

δ δ

= ° = °

= ° = °
-20 1

60 1

40, 4 greater than 37, 3

45, 3 greater than 37, 3
 

and  also  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 80 s
0, 5 s greater than 0, 450 s

4 4

1, 95 s
0, 5 s greater than 0, 488 s

4 4

 

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  0 , 774  and  ζ -20  =  1 , 69 :  

ψ-20  =  0 , 702  

– for  ϕ60  =  0 , 774  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 774  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d,-20 st,-20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 0, 774 0, 702 26, 9 kN

1 1 5, 0 kN 1 0, 774 0, 774 24, 0 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (42)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 26, 9 kN ; 24, 0 kN 26, 9 kN  
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9.3.3.5  Tensi le  force Ff, d  after short-circu i t  caused  by drop  

Because 

0, 763 greater than 0, 6r =  

and  

max,-20

max,60

71, 8 greater than 70

68, 5 less than 70

δ

δ

= ° °

= ° °
 

however 

-20

60

40, 4 less than 60

45, 6 less than 60

δ

δ

= ° °

= ° °
 

the  tensi le  force  Ff, d  after short-ci rcu i t i s  not s ign i ficant.  

When  calcu lating  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 3,  i n  add i tion  the  tensi le  force  Ff, d  after 
short-ci rcu i t i s  to  be  calcu lated  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 6.  Because  

0, 763 greater than 0, 6r =  

and  

max,-20

max,60

71, 8 greater than 70

68, 5 less than 70

δ

δ

= ° °

= ° °
 

the  d rop  force  becomes:  

 
max,-20

f,d,-20 st,-20 20

f,d,60

71, 8
1, 2 1 8 1, 2 1 7, 4 kN 1 8 1, 69 52, 8 kN

1 80 1 80

0 kN

F F

F

δ
ζ

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °
=

-  (43)  

The  tensi le  force  Ff, d  i s  the  maximum  of Ff, d , -20  and  Ff, d , 60 :  

{ } { }F F F= = =f,d f,d,-20 f,d,60max ; max 52, 8 kN ; 0 kN 52, 8 kN  

9.3.3.6  Horizontal  span  d isplacement bh  and  min imum air clearance amin  

Al l  the  fol lowing  quanti ties  are  calcu lated  at a  conductor temperature  of 60°C wh ich  leads  to  a  

greater conductor sag  than  a  conductor temperature  of −20°C.  

The  maximum  horizontal  span  d isplacement for stranded  conductors  wi th  lc  =  l  −  2li  i s :  

 b f δ= = ⋅ ° =h ed,60 1sin 1, 68 m sin 37,3 1, 02 m  (47)  

because  
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60 max,60

60 1

45, 3 less than 68, 5

45, 3 greater than 37, 3

δ δ

δ δ

= ° = °

= ° = °
 

and  the  m in imum  ai r clearance i s :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 02 m 2, 96 m  (48)  

When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper in  m idspan,  in  add i tion  
the  horizontal  d isplacement bh  and  the  m in imum  ai r clearance amin  shal l  be  calcu lated  
accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 7:  

 b f δ= = ⋅ ° =h ed,60 1sin 1, 68 m sin 37,3 1, 02 m  (45)  

because  

δ δ= ° = °max,60 168, 5 greater than 37, 3  

and  the  m in imum  ai r clearance is :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 02 m 2, 96 m  (48)  

9.3.3.7  Pinch  force Fpi ,d  

The sub-conductors  clash  effectively during  short-ci rcu i t  because  Equation  (53)  i s  fu l fi l led ,  see  
9. 3. 2. 7.  

The  tensi le  forces  caused  by pinch  are :  

 
F F

F F

= = ⋅ =

= = ⋅ =

pi,d,-20 t,d,-20

pi,d,60 t,d,60

1,1 1,1 26, 9 kN 29, 6 kN

1,1 1,1 24, 0 kN 26, 4 kN
 (51 )  

Ft, d , -20  and  Ft, d , 60  are  calcu lated  in  9. 3. 3. 2.  

The  pinch  force  Fpi , d  i s  the  maximum  of Fpi , d , -20  and  Fpi , d , 60 :  

{ } { }F F F= = =pi,d pi,d,-20 pi,d,60max ; max 29, 6 kN ; 26, 4 kN 29, 6 kN  

9.3.3.8  Conclusions  

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2  and  6. 5. 3,  to  the  structure,  the  i nsu lators  and  the  
connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  Ff, d  and  Fpi , d  shal l  be  appl ied  as  
a  static load :  

{ } { }F F F = =t,d f,d pi,dmax ; ; max 26, 9 kN ; 0 kN ; 29, 6 kN 29, 6 kN  

g iven  by the  tensi le  force  Fpi , d  caused  by p inch .  

The  maximum  horizontal  d isplacement i s  1 , 02  m  and  the  m in imum  ai r clearance i s  2 , 96  m .  
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When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper in  m idspan,  to  the  
structure,  the  insu lators  and  the  connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  

Ff, d  and  Fpi , d  shal l  be  appl ied  as  a  static l oad :   

{ } { }F F F = =t,d f,d pi,dmax ; ; max 26, 9 kN ; 52, 8 kN ; 29, 6 kN 52, 8 kN  

g iven  by the  tensi le  force  Ff, d  after short-ci rcu i t caused  by d rop  wi thout d ropper i n  m idspan.  

The  maximum  horizontal  d isplacement i s  1 , 02  m  and  the  m in imum  ai r clearance i s  2 , 96  m .  

9.4 Plane  of the  dropper perpendicu lar to  the  main  conductors  

9.4.1  General  

Droppers  in  three-phase systems can  be  arranged  as  shown  in  F igure  7.  I t  i s  not possible  to  
pred ict i n  wh ich  pai r of main  conductors  the  short-ci rcu i t currents  flow.  I n  a l l  cases,  the  
calcu lation  shou ld  be  done  accord ing  to  I EC  60865-1 : 201 1 .  

 

1  

 

2  

 

3  

 

4  

 

   IEC 

 

I n  two-l i ne-systems  wi th  ou twards  mounted  d roppers  arranged  accord ing  to  confi guration  4  i n  F i gure  1 ,  the  
maximum  hori zon tal  d i splacement  bh  shal l  be  calcu lated  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2 . 5.  The  m in imum  ai r-
clearance  can  be  calcu lated  by replacing  i n  Equation  (39)  the  p l us-s ign  by a  m inus  s i gn .  

Figure  7  – Possible  arrangement of perpendicu lar droppers  

in  three-phase system  and  two-l ine  system  

I n  add i tion  to  9. 2,  the  fol lowing  data  are  g iven :  

Height of the  d ropper at a  main  conductor temperature  of 60°C 
(maximum  operating  temperature)  

h  =  7  m  

Wid th  of the  d ropper at a  main  conductor temperature  of 60°C 
(maximum  operating  temperature)  

w =  1 , 5  m  

Cord  length  of the  d ropper lv  =  7 , 4  m  

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 l oad  and  the  characteristic parameters  are  calcu lated  in  9 . 3. 2. 1 ,  they do  
not depend  on  the  d ropper:  

The  characteristic e lectromagnetic l oad  per un i t l ength  i s :  
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 F′ = 92, 8 N/m  (1 9a)  

The  parameter r  i s :  

 r = 1, 27  (20)  

The  d i rection  of the  resu l ting  force  on  the  conductor i s :  

 δ = °1 51, 8  (21 )  

The  equ ivalent static conductor sags  at m idspan  are:  

 f f= =es,-20 es,601, 21 m 1, 41 m  (22)  

The  periods  of the  conductor osci l lation  are:  

 T T= =-20 601, 97 s 2,1 3 s  (23)  

The  resu l ting  periods  of the  conductor osci l lation  are:  

 T T= =res,-20 res,601, 63 s 1, 77 s  (24)  

The  sti ffness  norms  are:  

 N N− −= ⋅ = ⋅8 8
-20 605, 78 1 0 1/N 5, 87 1 0 1/N  (25)  

The  stress  factors  are:  

 -20 601, 69 2, 60ζ ζ= =  (28)  

I n  the  Equations  (29),  (32),  and  (35)  i t  i s  to  be  inserted  

k1 0, 5 sT =  

The  swing-out ang les  at the  end  of short-ci rcu i t  current flow are:  

 δ δ= ° = °end,-20 end,6069, 9 62, 3  (29)  

The  maximum  swing-out ang les  are:  

 δ δ= ° = °max,-20 max,601 1 1 1 07  (31 )  

9.4.2.2  Tensi le  force  Ft, d  during  short-circu i t  caused  by swing  out wi thout dropper in  

midspan  

The tensi le  force  Ft, d  du ring  short-ci rcu i t  caused  by swing  out wi thout d ropper i n  m idspan  i s  the  
same as  in  9. 3. 2 . 2,  i t  does  not depend  on  the  d ropper.  
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The  tensi le  forces  during  the  short-ci rcu i t  are:  

 F F= =t,d,-20 t,d,6038, 0 kN 34, 8 kN  (33)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 38, 0 kN ; 34, 8 kN 38, 0 kN  

9.4.2.3  Dynamic conductor sag  at  midspan  

The  dynam ic conductor sags  at m idspan  are  the  same as  in  9. 3. 2.3:  

 f f= =ed,-20 ed,601, 77 m 1, 92 m  (38)  

9.4.2.4 Tensi le  force Ft, d  during  short-circu i t  caused  by swing  out wi th  dropper in  

midspan  

The calcu lation  is  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2 .5,  because   

( ) ( ) ( )

( ) ( ) ( )

2 2 22
-20 es,-20 ed,-20 v

2 2 22
60 es,60 ed,60 v

7, 2 m 1, 21 m 1, 5 m 1, 77 m 1 0, 3 m greater than 7, 4 m

7,0 m 1, 41 m 1, 5 m 1, 92 m 1 0, 5 m greater than 7, 4 m

h f w f l

h f w f l

+ + + = + + + = =

+ + + = + + + = =

 

wi th  the  d ropper height at −20°C due  to  the  change of sag  wi th  the  temperature  of the  main  
conductor 

( ) ( )-20 60 es,60 es,-20 7, 0 m 1, 41 m 1, 21 m 7, 2 mh h f f= + − = + − =  

and  h h= =60 7, 0 m .  

The  actual  swing-out ang les  are:  

 

( ) ( )
( ) ( )

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )

2 2 2 2
-20 es,-20 ed,-20 v 20 es,-20

-20
2 22 2

ed,-20 20 es,-20 20 es,-20

2 2 2 2

2 2 2 2

arccos arccos

2

7, 2 m 1, 21 m 1, 77 m 7, 4 m 1, 5 m 7, 2 m 1, 21 m
arccos arccos

2 1, 77 m 7, 2 m 1, 21 m 1, 5 m 7, 2 m 1, 21 m 1, 5 m

55, 2

h f f l w h f

f h f w h f w

δ −

− −

+ + − − +
= +

+ + + +

+ + − − +
= +

⋅ ⋅ + + + +

=

( ) ( )
( ) ( )

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )

2 2 2 2
60 es,60 ed,60 v 60 es,60

60
2 22 2

ed,60 60 es,60 60 es,60

2 2 2 2

2 2 2 2

arccos arccos

2

7, 0 m 1, 41 m 1, 92 m 7, 4 m 1, 5 m 7, 0 m 1, 41 m
arccos arccos

2 1, 92 m 7, 0 m 1, 41 m 1, 5 m 7, 0 m 1, 41 m 1, 5 m

58, 2

h f f l w h f

f h f w h f w

δ

°

+ + − − +
= + =

+ + + +

+ + − − +
= +

⋅ ⋅ + + + +

= °

 (39)  

The  load  parameters  are:  
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 2 2
60 -20 3 1 1 3 1 1, 27 1 1, 85rϕ ϕ    = = + − = + − =   

   
 (32)  

because  

-20 1

60 1

55, 2 greater than 51, 8

58, 2 greater than 51, 8

δ δ

δ δ

= ° = °

= ° = °
 

and  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 63 s
0, 5 s greater than 0, 408 s

4 4

1, 77 s
0, 5 s greater than 0, 443 s

4 4

 

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  1 , 85  and  ζ-20  =  1 , 69 :  

ψ-20  =  0 , 641  

– for  ϕ60  =  1 , 85  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 71 4  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d,-20 st,-20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 1, 85 0, 641 38, 0 kN

1 1 5, 0 kN 1 1, 85 0, 71 4 34, 8 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (42)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 38, 0 kN ; 34, 8 kN 38, 0 kN  

9.4.2.5  Tensi le  force Ff, d  after short-circu i t  caused  by drop  

Because 

1, 27 greater than 0, 6r =  

and  

max,-20

max,60

1 1 1 greater than 70

1 07 greater than 70

δ

δ

= ° °

= ° °
 

however 

-20

60

55, 2 less than 60

58, 2 less than 60

δ

δ

= ° °

= ° °
 

the  tensi le  force  Ff, d  after short-ci rcu i t i s  not s ign i ficant.  
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When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  i n  add i tion  the  tensi le  force  Ff, d  after 
short-ci rcu i t i s  to  be  calcu lated  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 6.  Because  

1, 27 greater than 0, 6r =  

and  

max,-20

max,60

1 1 1 greater than 70

1 07 greater than 70

δ

δ

= ° °

= ° °
 

the  d rop  force  becomes:  

 

max,-20
f,d,-20 st,-20 20

max,60
f,d,60 st,60 60

1 1 1
1, 2 1 8 1, 2 1 7, 4 kN 1 8 1, 69 63, 8 kN

1 80 1 80

1 07
1, 2 1 8 1, 2 1 5, 0 kN 1 8 2, 60 65, 8 kN

1 80 1 80

F F

F F

δ
ζ

δ
ζ

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °

-

 (43)  

The  tensi le  force  Ff, d  i s  the  maximum  of Ff, d , -20  and  Ff, d , 60 :  

{ } { }F F F= = =f,d f,d,-20 f,d,60max ; max 63, 8 kN ; 65, 8 kN 65, 8 kN  

9.4.2.6  Horizontal  span  d isplacement bh  and  min imum air clearance amin  

Al l  the  fol lowing  quanti ties  are  calcu lated  at a  conductor temperature  of 60°C wh ich  leads  to  a  

greater conductor sag  than  a  conductor temperature  of −20°C.  

The  maximum  horizontal  span  d isplacement for stranded  conductors  wi th  lc  =  l  −  2li  i s :  

 b f δ= = ⋅ ° =h ed,60 1sin 1, 92 m sin 51 ,8 1, 51 m  (47)  

because  

δ δ= ° = °60 max,6058, 2 less than 1 07  

and  because  

δ δ= ° = °60 158, 2 greater than 51, 8  

and  the  m in imum  ai r clearance i s :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 51 m 1, 98 m  (48)  

When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper i n  m idspan,  in  add i tion  
the  horizontal  d isplacement bh  and  the  m in imum  ai r clearance amin  shal l  be  calcu lated  
accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 7:  

 b f δ= = ⋅ ° =h ed,60 1sin 1, 92 m sin 51 ,8 1, 51 m  (45)  

because  
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δ δ= ° = °1 max,6051, 8 less than 1 07  

and  the  m in imum  ai r clearance is :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 51 m 1, 98 m  (48)  

9.4.2.7  Pinch  force Fpi ,d  

The sub-conductors  clash  effectively during  short-ci rcu i t  because  Equation  (53)  i s  fu l fi l led ,  see  
9. 3. 2. 7.  

The  tensi le  forces  caused  by pinch  are :  

 
F F

F F

= = ⋅ =

= = ⋅ =

pi,d,-20 t,d,-20

pi,d,60 t,d,60

1,1 1,1 38, 0 kN 41, 8 kN

1,1 1,1 34, 8 kN 38, 3 kN
 (51 )  

Ft, d , -20  and  Ft, d , 60  are  calcu lated  in  9. 3. 2. 2.  

The  pinch  force  Fpi , d  i s  the  maximum  of Fpi , d , -20  and  Fpi , d , 60 :  

{ } { }F F F= = =pi,d pi,d,-20 pi,d,60max ; max 41, 8 kN ; 38, 3 kN 41, 8 kN  

9.4.2.8  Conclusions  

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2  and  6. 5. 3,  to  the  structure,  the  i nsu lators  and  the  
connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  Ff, d  and  Fpi , d  shal l  be  appl ied  as  
a  static load :  

{ } { }F F F = =t,d f,d f,dmax ; ; max 38, 0 kN ; 0 kN ; 41, 8 kN 41, 8 kN  

g iven  by the  tensi le  force  Fpi , d  caused  by p inch .  

The  maximum  horizontal  d isplacement i s  1 , 51  m  and  the  m in imum  ai r clearance i s  1 , 98  m .  

When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper i n  m idspan,  to  the  
structure,  the  insu lators  and  the  connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  

Ff, d  and  Fpi , d  shal l  be  appl ied  as  a  static load :  

{ } { }F F F = =t,d f,d pi,dmax ; ; max 38, 0 kN ; 65, 8 kN ; 41, 8 kN 65, 8 kN  

g iven  by the  tensi le  force  Ff, d  after short-ci rcu i t caused  by d rop  wi thout d ropper in  m idspan.  

The  maximum  horizontal  d isplacement is  1 , 51  m  and  the  m in imum  ai r clearance i s  1 , 98  m  and  
has  the  same value  as  wi th  d ropper.  

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 l oad  per un i t length  is :  
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 ( ) ( )π

π π

2
32 7

k0 c v
63 1 0 A2 2 4 1 0 Vs 37, 4 m 2 7, 4 m 2

0, 75 0, 75 55, 6 N/m
2 2 Am 5 m 48 m

I l l
F

a l

m − ⋅′′ + ⋅ +
′ = = ⋅ ⋅ ⋅ =  (1 9b)  

The  parameter r  i s :  

 
F

r
n m g

′
= = =

′ ⋅ ⋅ 2
sc

55, 6 N/m
0, 760

2 3, 73 kg/m 9,81 m/s
 (20)  

where  

m 'sc  =  3 , 73  kg/m        see  9. 3. 2. 1  

The  d i rection  of the  resu l ting  force  on  the  conductor i s :  

 rδ = = = °1 arctan arctan 0, 760 37, 2  (21 )  

The  equ ivalent static conductor sags  at m idspan  are,  see  9. 3. 2. 1 :  

 f f= =es,-20 es,601, 21 m 1, 41 m  (22)  

The  periods  of the  conductor osci l lation  are,  see  9. 3. 2. 1 :  

 T T= =-20 601, 97 s 2,1 3 s  (23)  

The  resu l ting  periods  of the  conductor osci l lation  are:  

 

ππ

ππ

-20
res,-20 2 222

4 4 22 1

60
res,60 2 222

4 4 22 1

1, 97
1, 81 s

37, 2
1 0, 760 11 1

64 9064 90

2,1 3
1, 95 s

37, 2
1 0, 760 11 1

64 9064 90

T
T

r

T
T

r

δ

δ

= = =
   °      + −+ −    °°        

= = =
   °      + −+ −    °°        

 (24)  

The  sti ffness  norms  are,  see  9. 3. 2. 1 :  

 8 8
-20 605, 78 1 0 1/N 5, 87 1 0 1/NN N− −= ⋅ = ⋅  (25)  

The  stress  factors  are,  see  9. 3. 2. 1 :  

 -20 601, 69 2, 60ζ ζ= =  (28)  

I n  the  Equations  (29),  (32),  and  (35)  i t  i s  to  be  i nserted ,  see  9. 3. 2. 1 :  

k1 0, 5 sT =  

The  swing-out ang les  at the  end  of short-ci rcu i t  current flow are:  
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k1
end,-20 1

res,-20

k1
end,60 1

res,60

0, 5 s
1 cos 360 37, 2 1 cos 360 43, 3

1, 81 s

0, 5 s
1 cos 360 37, 2 1 cos 360 38, 7

1, 95 s

T

T

T

T

δ δ

δ δ

     
= − ° = ° ⋅ − ° ⋅ = °             

     
= − ° = ° ⋅ − ° ⋅ = °             

 (29)  

because  

T

T

T

T

= =

= =

k1

res,-20

k1

res,60

0, 5 s
0, 276  less than 0,5

1, 81 s

0, 5 s
0, 256  less than 0,5

1, 95 s

 

The maximum  swing-out ang les  δmax, -20  and  δmax, 60  depend  respectively on  χ-20  and  χ60  wh ich  

depend  on  δend , -20  and  δend , 60 :  

– for 0  less  than  δend , -20  =  43, 3°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° =-20 end,-201 sin 1 0, 760 sin 43, 3 0, 479  (30)  

and  for −0,985  less  than  χ-20  =  0 , 479  less  than  0, 766:  

 δ χ= ° + = ° + = °max,-20 201 0 arccos 1 0 arccos 0, 479 71, 4-  (31 )  

– for 0  l ess  than  δend , 60  =  38, 7°  l ess  than  90°  i s :  

 rχ δ= − = − ⋅ ° =60 end,601 sin 1 0, 760 sin 38, 7 0, 525  (30)  

and  for −0,985 less  than  χ60  =  0 , 525  less  than  0, 766:  

 δ χ= ° + = ° + = °max,60 601 0 arccos 1 0 arccos 0, 525 68, 3  (31 )  

9.4.3.2  Tensi le  force  Ft, d  during  short-circu i t  caused  by swing  out wi thout dropper in  

midspan  

The calcu lation  is  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3.  

The  load  parameters  are:  

 2 2
60 -20 3 1 1 3 1 0, 760 1 0, 768rϕ ϕ    = = + − = + − =   

   
 (32)  

because  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 81 s
0, 5 s greater than 0, 453 s

4 4

1, 95 s
0, 5 s greater than 0, 488 s

4 4

 

Accord ing  to  I EC  60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  0 , 768  and  ζ -20  =  1 , 69 :  



 – 72  – I EC TR 60865-2:201 5  © I EC 201 5  

ψ-20  =  0 , 702  

– for  ϕ60  =  0 , 768  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 775  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d, -20 st, -20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 0, 768 0, 702 26, 8 kN

1 1 5, 0 kN 1 0, 768 0, 775 23, 9 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (33)  

The tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 26, 8 kN ; 23, 9 kN 26, 8 kN  

9.4.3.3  Dynamic conductor sag  at midspan  

The elastic expansions  are:  

 
( ) ( )

( ) ( )

8 3 3
ela,-20 -20 t,d,-20 st,-20

8 3 3
ela,60 60 t,d,60 st,60

1
5, 78 1 0 26, 8 1 7, 4 1 0 N 0, 543 1 0

N

1
5, 87 1 0 23, 9 1 5, 0 1 0 N 0, 522 1 0

N

N F F

N F F

e

e

− −

− −

= − = ⋅ ⋅ − = ⋅

= − = ⋅ ⋅ − = ⋅

 (34)  

The  thermal  expansions  are:  

 

22 4 3
res,-20 1 8 4k

th,-20 th 2 6 2
s

22 4 3
res,60 1 8 4k

th,60 th 2 6 2
s

m 63 1 0 A 1, 81 s
0, 27 1 0 1, 02 1 0

4 4A s 2 1 090 1 0 m

m 63 1 0 A 1, 95 s
0, 27 1 0 1,1 0 1 0

4 4A s 2 1 090 1 0 m

TI
c

n A

TI
c

n A

e

e

− −
−

− −
−

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

  ′′  ⋅
= = ⋅ ⋅ ⋅ = ⋅    ⋅ ⋅   

 (35)  

because  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 81 s
0, 5 s greater than 0, 453 s

4 4

1, 95 s
0, 5 s greater than 0, 488 s

4 4

 

and  for ASCR conductors  wi th  Al St 1 046 mm 45 mm 23, 2A A = =  g reater than  6  

( )1 8 4 2
th 0, 27 1 0 m A sc −= ⋅  

The  factors  CD  are:  
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( ) ( )

( ) ( )

l
C

f

l
C

f

e e

e e

− −

− −

   
= + + = + ⋅ + ⋅ =       

   
= + + = + ⋅ + ⋅ =       

2 2
3 4

D,-20 ela,-20 th,-20
es,-20

2 2
3 4

D,60 ela,60 th,60
es,60

3 3 48 m
1 1 0, 543 1 0 1, 02 1 0 1,1 8

8 8 1, 21 m

3 3 48 m
1 1 0, 522 1 0 1,1 0 1 0 1,1 3

8 8 1, 41 m

 (36)  

The  factor CF  i s :  

 C =F 1, 05  (37)  

because  

r = 0, 760 less than 0, 8  

The  dynam ic conductor sags  at m idspan  are :  

 
f C C f

f C C f

= = ⋅ ⋅ =

= = ⋅ ⋅ =
ed,-20 F D,-20 es,-20

ed,60 F D,60 es,60

1, 05 1,1 8 1, 21 m 1, 50 m

1, 05 1,1 3 1, 41 m 1, 67 m
 (38)  

9.4.3.4 Tensi le  force Ft, d  during  short-circu i t  caused  by swing  out wi th  dropper in  

midspan  

The calcu lation  is  done  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2 .5,  because   

( ) ( ) ( )

( ) ( ) ( )

2 2 22
-20 es,-20 ed,-20 v

2 2 22
60 es,60 ed,60 v

7, 2 m 1, 21 m 1, 5 m 1, 77 m 1 0, 3 m greater than 7, 4 m

7, 0 m 1, 41 m 1, 5 m 1, 92 m 1 0, 5 m greater than 7, 4 m

h f w f l

h f w f l

+ + + = + + + = =

+ + + = + + + = =

 

wi th  the  d ropper height at −20°C due  to  the  change of sag  wi th  the  temperature  of the  main  
conductor 

( ) ( )-20 60 es,60 es,-20 7, 0 m 1, 41 m 1, 21 m 7, 2 mh h f f= + − = + − =  

and  h h= =60 7, 0 m .  

The  actual  swing-out ang les  are:  
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( ) ( )
( ) ( )

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )

2 2 2 2
-20 es,-20 ed,-20 v 20 es,-20

-20
2 22 2

ed,-20 -20 es,-20 20 es,-20

2 2 2 2

2 2 2 2

arccos arccos

2

7, 2 m 1, 21 m 1, 50 m 7, 4 m 1, 5 m 7, 2 m 1, 21 m
arccos arccos

2 1, 50 m 7, 2 m 1, 21 m 1, 5 m 7, 2 m 1, 21 m 1, 5 m

47,1

h f f l w h f

f h f w h f w

δ −

−

+ + − − +
= +

+ + + +

+ + − − +
= +

⋅ ⋅ + + + +

=

( ) ( )
( ) ( )

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )

2 2 2 2
60 es,60 ed,60 v 60 es,60

60
2 22 2

ed,60 60 es,60 60 es,60

2 2 2 2

2 2 2 2

arccos arccos

2

7, 0 m 1, 41 m 1, 67 m 7, 4 m 1, 5 m 7, 0 m 1, 41 m
arccos arccos

2 1, 67 m 7, 0 m 1, 41 m 1, 5 m 7, 0 m 1, 41 m 1, 5 m

52, 7

h f f l w h f

f h f w h f w

δ

°

+ + − − +
= + =

+ + + +

+ + − − +
= +

⋅ ⋅ + + + +

= °

 (39)  

The  load  parameters  are:  

 2 2
-20 60 3 1 1 3 1 0, 760 1 0, 768rϕ ϕ    = = + − = + − =   

   
 (40)  

because  

-20 1

60 1

47,1 greater than 37, 2

52, 7 greater than 37, 2

δ δ

δ δ

= ° = °

= ° = °
 

and  also  

T
T

T
T

= = =

= = =

res,-20
k1

res,60
k1

1, 81 s
0, 5 s greater than 0, 453 s

4 4

1, 95 s
0, 5 s greater than 0, 488 s

4 4

 

Accord ing  to  I EC  60865-1 : 201 1 ,  F igure  8,  the  factors  ψ-20  and  ψ60  are:  

– for  ϕ-20  =  0 , 768  and  ζ -20  =  1 , 69 :  

ψ-20  =  0 , 702  

– for  ϕ60  =  0 , 768  and  ζ60  =  2 , 60 :  

ψ60  =  0 , 775  

The tensi le  forces  during  the  short-ci rcu i t  are:  

 
( ) ( )
( ) ( )

t,d, -20 st, -20 -20 -20

t,d,60 st,60 60 60

1 1 7, 4 kN 1 0, 768 0, 702 26, 8 kN

1 1 5, 0 kN 1 0, 768 0, 775 23, 9 kN

F F

F F

ϕ ψ

ϕ ψ

= + = ⋅ + ⋅ =

= + = ⋅ + ⋅ =
 (42)  

The  tensi le  force  Ft, d  i s  the  maximum  value  of Ft, d , -20  and  Ft, d , 60 :  

{ } { }F F F= = =t,d t,d,-20 t,d,60max ; max 26, 8 kN ; 23, 9 kN 26, 8 kN  
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9.4.3.5  Tensi le  force Ff, d  after short-circu i t  caused  by drop  

Because 

0, 760 greater than 0, 6r =  

and  

max,-20

max,60

71, 4 greater than 70

68, 3 less than 70

δ

δ

= ° °

= ° °
 

however 

-20

60

47,1 less than 60

52, 7 less than 60

δ

δ

= ° °

= ° °
 

the  tensi le  force  Ff, d  after short-ci rcu i t i s  not s ign i ficant.  

When  calcu lating  accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 3,  i n  add i tion  the  tensi le  force  Ff, d  after 
short-ci rcu i t i s  to  be  calcu lated  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 6.  Because  

0, 760 greater than 0, 6r =  

and  

max,-20

max,60

71, 4 greater than 70

68, 3 less than 70

δ

δ

= ° °

= ° °
 

the  d rop  forces  become:  

 
max,-20

f,d, -20 st, -20 -20

f,d,60

71, 4
1, 2 1 8 1, 2 1 7, 4 kN 1 8 1, 69 52, 7 kN

1 80 1 80

0 kN

F F

F

δ
ζ

°
= ⋅ + = ⋅ ⋅ + ⋅ ⋅ =

° °
=

 (43)  

The  tensi le  force  Ff, d  i s  the  maximum  of Ff, d , -20  and  Ff, d , 60 :  

{ } { }F F F= = =f,d f,d,-20 f,d,60max ; max 52, 7 kN ; 0 kN 52, 7 kN  

9.4.3.6  Horizontal  span  d isplacement bh  and  min imum air clearance amin  

Al l  the  fol lowing  quanti ties  are  calcu lated  at a  conductor temperature  of 60°C wh ich  leads  to  a  

greater conductor sag  than  a  conductor temperature  of −20°C.  

The  maximum  horizontal  span  d isplacement for strained  conductors  wi th  lc  =  l  −  2 li  i s :  

 b f δ= = ⋅ ° =h ed,60 1sin 1, 67 m sin 37,2 1, 02 m  (47)  

because  

60 max,60

60 1

57, 2 less than 68, 3

52, 7 greater than 37, 2

δ δ

δ δ

= ° = °

= ° = °
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and  the  m in imum  ai r clearance is :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 02 m 2, 96 m  (48)  

When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper in  m idspan,  in  add i tion  
the  horizontal  d isplacement bh  and  the  m in imum  ai r clearance amin  shal l  be  calcu lated  
accord ing  to  I EC 60865-1 : 201 1 ,  6 . 2. 7:  

 b f δ= = ⋅ ° =h ed,60 1sin 1, 67 m sin 37,2 1, 02 m  (45)  

because  

δ δ= ° = °max,60 168, 3 greater than 37, 2  

and  the  m in imum  ai r clearance is :  

 a a b= − = − ⋅ =min h2 5 m 2 1, 02 m 2, 96 m  (48)  

9.4.3.7  Pinch  force Fpi ,d  

The sub-conductors  clash  effectively during  short  ci rcu i t  because  Equation  (53)  i s  fu l fi l led ,  see  
9. 3. 2 .6.  

The  tensi le  forces  caused  by pinch  are :  

 
F F

F F

= = ⋅ =

= = ⋅ =

pi,d,-20 t,d,-20

pi,d,60 t,d,60

1,1 1,1 26, 8 kN 29, 5 kN

1,1 1,1 23, 9 kN 26, 3 kN
 (51 )  

Ft, d , -20  and  Ft, d , 60  are  calcu lated  in  9. 4. 3. 4.  

The  pinch  force  Fpi , d  i s  the  maximum  of Fpi , d , -20  and  Fpi , d , 60 :  

{ } { }F F F= = =pi,d pi,d,-20 pi,d,60max ; max 29, 5 kN ; 26, 3 kN 29, 5 kN  

9.4.3.8  Conclusions  

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2  and  6. 5.3,  to  the  structure,  the  i nsu lators  and  the  
connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  Ff, d  and  Fpi , d  shal l  be  appl ied  as  
a  static load :  

{ } { }F F F = =t,d f,d pi,dmax ; ; max 26, 8 kN ; 0 kN ; 29, 5 kN 29, 5 kN  

g iven  by the  tensi le  force  Fpi , d  caused  by p inch .  

The  maximum  horizontal  d isplacement i s  1 , 02  m  and  the  m in imum  ai r clearance i s  2 , 96  m .  

When  calcu lating  accord ing  to  I EC  60865-1 : 201 1 ,  6 . 2. 3,  wi thout d ropper i n  m idspan,  to  the  
structure,  the  insu lators  and  the  connectors  and  to  the  foundations  the  maximum  value  of Ft, d ,  

Ff, d  and  Fpi , d  shal l  be  appl ied  as  a  static l oad :   
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{ } { }F F F = =t,d f,d pi,dmax ; ; max 26, 8 kN ; 52, 8 kN ; 29, 5 kN 52, 8 kN  

g iven  by the  tensi le  force  Ff, d  after short-ci rcu i t caused  by d rop  wi thout d ropper i n  m idspan.  

The  maximum  horizontal  d isplacement i s  1 , 02  m  and  the  m in imum  ai r clearance i s  2 , 96  m .  

1 0  Example 7  – Mechanical  effects  on  vertical  main  conductors  (droppers)  

1 0.1  General  

The basis  for the  calcu lation  i n  th is  example  i s  a  three-phase 380-kV-arrangement wi th  
d roppers  as  shown  in  F igure  8.  The  droppers  are  fixed  at the  lower fixing  poin t wi th  horizontal  
connectors.  At the  upper end  a  V-shaped  insu lator-chain  i s  g iven  to  prevent a  swing-out of the  
fixing-poin t in  the  d i rection  of the  short-ci rcu i t  force.  

 

Figure 8  – Arrangement wi th  strained  conductors  

1 0.2  Data 

I n i tial  symmetrical  three-phase short-ci rcu i t  current (r.m . s. )  kI′′  =  40  kA 

Factor for the  calcu lation  of the  peak short-ci rcu i t current k  =  1 , 81  

System  frequency f =  50  Hz 

    

Height of d ropper h  =  1 2,3  m  

Wid th  of d ropper w =  5 m  

Centre-l ine  d istance  between  supports  ( ) ( )l h w= + = +2 22 2 1 2, 3 m 5 m  l =  1 3,28  m  

Cord  length  of the  d ropper lv  =  1 4  m  

Centre-l ine  d istance  between  conductors  a  =  6  m  

Centre-l ine  d istance  between  connecting  pieces  ls  =  1 3, 28  m  

Centre-l ine  d istance  between  sub-conductors  as  =  0 , 1  m  

Resu l tant spring  constant of both  span  supports  of one  span  S  =  1 00  N /mm  

    

IEC 

a  a  

w  

h
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Twin  conductor 2  EN  550-AL1 /71 -ST1 A    

– Number of sub-conductors  n  =  2  

– Sub-conductor d iameter d =  32 , 2  mm  

– Sub-conductor cross-section  As  =  61 1 , 2  mm 2  

– Sub-conductor mass  per un i t  l ength  sm′  =  1 , 95  kg /m  

– Young ’s  modu lus  E  =  62  000  N /mm 2  

    

Conventional  value  of acceleration  of gravi ty g  =  9 , 81  m /s2  

1 0.3  Short-circu i t  tensi le  force and  maximum horizontal  d isplacement 

The short-ci rcu i t tensi le  force  is :  

 
( ) ( )π

π π

2
32 7

k0 v
t,d v

40 1 0 A5 5 4 1 0 Vs 1 4 m
1 4 m 3484 N 3, 48 kN

3 2 3 2 Am 6 m 5 m

I l
F l

a w

m − ⋅′′ ⋅
= = ⋅ ⋅ ⋅ ⋅ = =  (49)  

for cable  length  

w l w= ⋅ = = = ⋅ =v1, 4 1, 4 5 m 7 m less than 1 4 m less than 3, 3 3, 3 5 m 1 6, 5 m  

The maximum  horizontal  d isplacement i s :  

 
( )

2
v v v

h
v

2

0, 6 1 0, 44 1 0, 32 ln

1 3, 28 m1 4 m 1 4 m 1 4 m
0, 6 1 0, 44 1 0, 32 ln

1 3, 28 m 1 3, 28 m 1 3, 28 m 1 4 m

1, 85 m

l l l l
b

l l l l

  = − + − −   
  

  = − + − − ⋅  
  

=

 (50)  

for cable  length  

l l= = ⋅ =v 1 4 m less than 2 2 1 3, 28 m 26, 6 m  

The  m in imum  ai r clearance  i s :  

 min h2 6 m 2 1, 85 m 2, 3 ma a b= − = − ⋅ =  (48)  

1 0.4 Pinch  force 

1 0.4.1  Static tensi le  force regarding  droppers  

The horizontal  component of the  force  caused  by one  sub-conductor at the  lower fixing  poin t 
may be  calcu lated  wi th  the  conductor sagg ing  curve  as  a  parabola,  for example  as  i n  [3] :  

( ) ( ) ( )

( ) ( )

22 22 2
s

s
2 2 2 2
v

1, 95 kg m 9, 81 m s 5 m1 1
33, 6 N 34 N

24 24
1 4 m 1 2, 3 m

1 1
5 m

m g w
H

l h

w

′ ⋅ ⋅
= = ⋅ = =

− −− −
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The  vertical  component of the  force  caused  by one  sub-conductor at the  upper fixing  poin t i s :  

s s v 2

kg m
1, 95 1 4 m 9, 81 268 N

m s
V m l g′= = ⋅ ⋅ =  

The average tensi le  force  in  the  d ropper i s :  

( ) ( )s s
st

268 N 34 N
2 302 N

2 2

H V
F n

+ +
= = ⋅ =  

1 0.4.2  Characteristic d imensions  and  parameters  

Because 

s s

s

0,1 00 m 1 3, 28 m
3,1 1 and 1 33

0, 0322 m 0,1 00 m

a l

d a
= = = =  

nei ther Equation  (52)  nor Equation  (53)  of I EC 60865-1 : 201 1  i s  fu l fi l led ,  the  pinch  force  Fpi , d  i s  
to  be  calcu lated  wi th  the  Equations  (54)  and  fol lowing  of I EC 60865-1 : 201 1 ,  6 . 4.  

The  short-ci rcu i t current force  between  the  sub-conductors  is :  

 ( )
π

2
0 k s 2

s 3

1
2

I l
F n

n a

m n
nn

′′ = −  
 

 (54)  

The  factor n1  for calcu lation  of n2  i s :  

 ( ) ( )

π

π
π

s s
1 2 2

7 3
0 k

s

0,1 00 m 0, 0322 m 1, 95 kg/m1 1 1
50 0, 643

1 80 1 80s1sin sin 4 1 0 Vs 40 1 0 A 2 1
22 2 Am 2 0,1 00 m

a d m
f

I n
n n a

n
m −

′− − ⋅
= = ⋅ ⋅ =

° °′′ −   ⋅ ⋅ −
  ⋅ ⋅   

 

 (55)  

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  9,  the  factor n2  for n1  =  0 , 643  and  k  =  1 , 81  i s :  

n2  =  2 , 1 1  

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  1 0,  the  factor n3  for as/d =  3 , 1 1  i s :  

n3  =  0 , 483  

With  th is  the  short-ci rcu i t  current force  between  the  sub-conductors  is :  

 ( ) ( ) π

π π

22 7 3
30 k s 2

s 3

4 1 0 Vs 40 1 0 A 1 3, 28 m 2,1 1
1 2 1 4641 1 1 0 N 46, 4 kN

2 2 Am 2 0,1 m 0, 483

I l
F n

n a

m n
n

−

n
 ′′ ⋅ ⋅ = − = − ⋅ ⋅ ⋅ ⋅ = ⋅ =       

 (54)  

The  sti ffness  norm  is:  

 N
S l n E A

−
−

= + = + = ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

8

5 1 0 2 6 2
eff s

1 1 1 1
79, 6 1 0 1 /N

1 1 0 N/m 1 3, 28 m 2 1, 89 1 0 N/m 61 1, 2 1 0 m
 (25)  
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wi th  the  actual  Young ’s  modu lus  

 

6 2
1 0st

eff 2 6 2
s fin

1 0 2

N 0, 247 1 0 N/m
0, 3 0, 7 sin 90 6, 2 1 0 0, 3 0, 7 sin 90

m 50 1 0 N/m

1, 89 1 0 N/m

F
E E

n A s

     ⋅
= + ° = ⋅ ⋅ + ⋅ °      ⋅      

= ⋅

 (26)  

because  

F

n A
s

−
= = ⋅ = ⋅

⋅ ⋅
6 2 6 2st

fin6 2
s

302 N
0, 247 1 0 N/m less than 50 1 0 N/m

2 61 1, 2 1 0 m
 

The  strain  factors  are:  

 
( )

( )
( )

22 282
st s

st 2 2
s

302 N 1 3, 28 m 79, 6 1 0 1 N1 80 1 80
1, 5 sin 1, 5 sin 1 3, 8

20,1 00 m 0, 0322 m

F l N

na d
e

−⋅ ⋅ ⋅° °   = = ⋅ ⋅ =   
   − −

 (56)  

 

( )
( ) ( )

( )
( )

33 83 3 3
5s

pi 3 3
s

46, 4 1 0 N 1 3, 28 m 79, 6 1 0 1 N1 80 1 800,375 sin 0,375 2 sin 2, 08 1 0
20,1 00 m 0, 0322 m

F l N
n

na d
e

−
n ⋅ ⋅ ⋅ ⋅° °= = ⋅ ⋅ ⋅ = ⋅
− −

 (57)  

The  parameter j  i s :  

 j
e

e
⋅

= = =
+ +

5
pi

st

2, 08 1 0
1 1 9

1 1 1 3, 8
 (58)  

1 0.4.3  Pinch  force Fpi ,d  

Because 

1 1 9 greater than 1j =  

the  sub-conductors  clash  and  the  tensi le  forces  due  to  contraction  are  calcu lated  accord ing  to  
I EC 60865-1 : 201 1 ,  6 . 4. 2:  

 F F
n

ξ
e

 
= + 

 

e
pi,d st

st

1  (59)  

Accord ing  to  I EC 60865-1 : 201 1 ,  F igure  1 1 ,  and  wi th  j  =  1 1 9  and  est  =  1 3, 8  the  factor ξ  i s :  

ξ  =  55, 0  

The  factor ne  i s :  
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( )

( )

π

π

π

1 / 2
4

42
40 k s

e 2 3
s 4

2 47 3
8

1 80
sin

arctan1 9 1
1 1

2 8 2 4

1 9 4 1 0 Vs 40 1 0 A 1 1 3, 28 m
2 2 1 79, 6 1 0 2,1 1

2 8 2 Am 2 N 0,1 00 m 0, 0322 m

sin

I l n
n n N

n a d

nm
n n

nξ

−
−

 °     ′′        = + − − −    −       
  

    ⋅ ⋅= + ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅ ⋅     −  

⋅

1 / 2
4

3

1 80

arctan 2,1 1 12
1

42,1 155, 0

1, 30

°        ⋅ − −     
=

 (60)  

wi th  the  factor n4 :  

 
a d

d
n

− −
= = =s

4
0,1 00 m 0, 0322 m

2,1 1
0, 0322 m

 (61 )  

W i th  th is ,  the  tensi le  force  is :  

 e
pi,d st

st

1, 30
1 302 N 1 55, 0 1 878 N 1, 88 kN

1 3, 8
F F

n
ξ

e
   

= + = ⋅ + = =   
  

 (59)  

1 0.5 Conclusions   

Accord ing  to  I EC 60865-1 : 201 1 ,  6 . 5. 2  and  6. 5. 3,  to  the  structure,  the  i nsu lators  and  the  
connectors  and  to  the  foundations  the  maximum  value  of Ft, d  and  Fpi , d  shal l  be  appl ied  as  a  
static l oad :  

{ } { }t,d pi,dmax ; max 3, 48 kN;1, 88 kN 3, 48 kNF F = =  

g iven  by the  short-ci rcu i t tensi le  force  Ft, d .  

The  maximum  horizontal  d isplacement is  1 , 85  m  and  the  m in imum  ai r clearance is  2 , 3  m .  

1 1  Example 8  – Thermal  effect on  bare conductors  

1 1 .1  General  

The basis  for the  calcu lation  is  a  three-phase 1 0  kV busbar wi th  one  conductor per phase.  

1 1 .2  Data 

I n i tial  symmetrical  three-phase short-ci rcu i t current (r.m .s. )  kI′′  =  24, 0  kA 

Steady-state  short-ci rcu i t current (r.m .s. )  kI  =  1 9, 2  kA 

Factor for the  calcu lation  of the  peak short-ci rcu i t current k  =  1 , 8  

Duration  of short-ci rcu i t  current Tk  =  0 , 8  s  

System  frequency f =  50  Hz 



 – 82  – I EC TR 60865-2:201 5  © I EC 201 5  

Rectangu lar conductor of EN  AW-61 01 B  wi th  cross-section  A  =  600  mm 2  

Conductor temperature  at the  beg inn ing  of short-ci rcu i t ϑb  =  65°C 

Conductor temperature  at the  end  of short-ci rcu i t  ϑe  =  1 70°C 

1 1 .3  Calcu lations  

For ϑb  =  65°C and  ϑe  =  1 70°C,  the  rated  short-time wi thstand  current densi ty i s  found  from  
IEC 60865-1 : 201 1 ,  F igure  1 3b):  

2
thr 80, 7 A/mmS =  

The  thermal  equ ivalent short-ci rcu i t current i s  accord ing  to  Equation  (1 03)  of 
I EC 60909-0: 2001 :  

th k 24, 0 kA 0, 056 0, 86 23, 0 kAI I m n′′= + = ⋅ + =  

m  and  n  are  found  from  I EC  60909-0: 2001 ,  F igures  21  and  22,  for  

k k k50 1/s 0,8 s 40 ; 1, 8 ; / 24, 0 kA/1 9,2 kA 1 ,25fT I Ik ′′= ⋅ = = = =  

For the  conductor cross-section  A  =  600  mm2  the  thermal  equ ivalent short-ci rcu i t  current 
densi ty i s :  

3
2th

th 2

23, 0 1 0 A
38, 3 A/mm

600 mm

I
S

A

⋅
= = =  

The  busbar has  sufficient thermal  strength  i f:  

 2 2kr
th thr 2

k

A 1 s
38, 3 A/mm less than 80, 7 90, 2 A/mm

0, 8 smm

T
S S

T
= = ⋅ =  (65)  

1 1 .4 Conclusion  

The  busbas  has  sufficient thermal  strength .  
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