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1Abstract - Short-circuit current sets the design loads for 

substation structure with flexible buses for voltage up to 115 kV 
and sometimes for higher voltage. Nonrecoverable Force Safety 
Device (FSD) being included in flexible buses can restrict the 
transmission of great unwanted forces to substation portals. The 
device operates similar to safety fuse of any electrical device while 
being replaced when tripped. 

The paper deals with theoretical investigation of FSD usage 
efficiency. Two mathematical models (one is to verify another) are 
built: first model is based on the finite difference equations and the 
second one uses ANSYS finite elements program. The finite 
difference equations are derived by linearization of nonlinear 
equations of buses motion. Both models include bus conductor, 
insulators, FSD, portals masses and portals stiffness. Results of 
actual calculations, that show the efficiency of FSD are presented. 

 
Index terms - short-circuit currents, bus, safety, portals, 

substations, nonlinear systems. 
 

I. INTRODUCTION 
 
he  drastically  short  run  increase of the short-circuit 
current (as compared with the operation conditions) results 

in significant mechanical stresses and deflections of substation 
flexible bus systems. The short-circuit current usually set the 
design loads for substation structures having flexible buses for 
voltage up to 115 kV and sometimes for higher voltage. 

A nonrecoverable FSD being included in flexible buses 
restricts the transmission of great unwanted forces to portals. 
The FSD under consideration is located between one of bus 
insulators and portal. The scheme of FSD construction and its 
deformation is shown in Fig. 1. 

The main detail of the FSD is a metallic cramp having two 
weakened cross section areas, which are calibrated to 
established beforehand actuation force devP . The cramp is 
connected to flexible buses through hinged strap. While the 
level of actuation force is achieved in the bus, the cramp is 
deformed plastically in the weakened area vicinities. 

Because of construction simplicity FSD is much cheaper than 
the substation portals and can be economically sound. The FSD 
operates similar to safety fuse of any electrical device, while it is 
replaced when it is tripped (in our case residually deformed). 

The FSD has piecewise-linear force displacement character-
istic as shown in Fig.2. The characteristic includes two inclined 
(elastic) regions having different stiffnesses and the horizontal 
(plastic) region with constant resistance devP  The horizontal  
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Fig. 1 Scheme of FSD construction and its deformation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Force - displacement characteristic of FSD. AB – first inclined elastic 
region, BC - the horizontal plastic region with constant resistance, CD  – second 
inclined elastic region. 

 

length  of  the  characteristic  (till level  devu , which is 
established before) includes the FSD elastic and plastic 
displacement. 

A safety device for portal overloading restriction during 
erecting of transmission line is described in [6], [7]. 

An approach to solution of cable dynamic under short-circuit 
current using finite difference equations is given in [3], [4]. Still 
these equations accumulate calculation errors and give 
satisfactory results only for short periods of time. The modified 
equations [5] used in this paper are free of such error accumu-
lation. 
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This paper deals with the substation bus model presented in 
Fig. 3. The model includes conductor, two insulators, FSD, 
equivalent portal masses at two end points and two elastic 
constrains simulating portal stiffness. 

The conductor and the insulators are simulated as perfectly 
flexible uniform extensible cables with corresponding properties 
(without compression, bending and torque stiffness). Conductor 
and insulators gravity is taken into consideration. 
Electromagnetic forces (described below) also load the 
conductor. 

Because of convergence problems two mathematical models 
(one is to verify another) are built: first model is based on the 
finite difference equations of cable motion and the second one 
uses ANSYS finite elements program [2]. 

 
II. ELECTROMAGNETIC FORCES 

 
An electric conductor carrying current )(1 dtI , in a magnetic 

field due to another conductor carrying current )(2 dtI  

undergoes electromagnetic force dF  per unit conductor length: 
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where 0µ   is the electromagnetic constant; a  is the distance 
between the conductors. 

According to the CIGRE recommendations [1] the short-cir-
cuit current )( dtI  is defined as: 

])sin()[sin()( τξγγξω
dt

uzzudad etItI −+−+=     (2) 

where aI   is the amplitude of the short-circuit current (at zero 

time); τγξ ,, zu  are constants. 
Likewise on the real system it is assumed that the short-cir-

cuit current spreads 0.1-0.2 sec whereupon the electrical power 
protection cut off it. 

 
III. FINITE DIFFERENCES MODEL 

 
The dynamic equations of the cable motion in the nondimen-

sional form are [2]: 
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where the term “cable” is used with corresponding properties 
both for bus conductor and insulators; 

SStTiFX ii ,,,),3,2,1(, 0=  are the nondimensional: 
“Cartesian coordinates“, “external forces“, “cable tension“, 
“time“, “arc undeformed and deformed cable coordinates“, 
respectively;  i is the Cartesian coordinates index (instead of 

zyx ,, ). 
 
 
 
 

    
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The substation bus model.  DE - conductor, CD, EF - insulators, BC - 
Force Safety Device, B, FH - flexible constrains simulating portal stiffness, B, F 
- equivalent portal masses at the end points. 
 
The term “nondimensional” and quotes are omitted in the text 
below for above-mentioned values; 
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where dT  is the real bus tension; idX  are the real Cartesian co-

ordinates of an arbitrary cable point; diF  are the projections of 

real external force on Cartesian axis; 0dS , dS  are the real arc 
(Euler) undeformed and deformed coordinates along bus (be 
fore and after loading respectively); dt   is the real time; β  is 
nondimensional coefficient that equates the tension order with 
the order of the rest of variables. It depends on bus parameters 
and its value is between 100 to 10000; sA  is the area of bus 
cross section; E  is the modulus of elasticity of bus material; m  
is the mass of bus length unit; g   is the gravitational constant; 

cisd ���� ++= 2  is the undeformed bus length between two 

ends (before loading); d� , is� , c� are undeformed bus lengths of 
FSD, insulators and conductor respectively; ω  is the current 
frequency of the electrical system; λα ,  are nondimensional 

constants; EAmgl s/βα =   gβωλ /2
�= . 

There is a set of five equations of motion (3) for each of three 
cable parts of the bus model. First three equations deal with the 
spatial motion of an arbitrary point. The curvilinear coordinate S 
defines the deformed cable length until the arbitrary cable point. 
The fourth equation relates Cartesian coordinates with the 
coordinate S.  The fifth equation connects the deformed cable 
length S with the undeformed one S0.  

Two equivalent portal masses pBm , pFm  and two elastic 
supports are considered at the end cable points B and F (Fig. 3). 
The boundary conditions for these points are: 
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where FB XX 22 ,  are the horizontal coordinates of the end points; 

pFpB kk ,  are the portal stiffnesses at the end points in 
horizontal direction. 
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The equations describing FSD behavior (characteristic) are: 

0S
XTkXX iC

CdiCiB
∂

∂
=−  , when  T < devP or u > devu   

devCB PTT ==  , when  T = devP  and   u ≤ devu          (5) 

where dk  is the stiffness of FSD first elastic region (Fig.2); 

iBX , iCX  are the coordinates of FSD end points B, C; CB TT ,  
are the tensions at FSD end points B, C. 

The initial cable profile )( 0Siϕ  is known and may be calcu-
lated by one of the static methods (for instance [4]). This profile 
for cable, which is subjected only to gravity force, is the cate-
nary line. When assuming zero initial speed of the cable, the 
initial conditions are 
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The cable linear increment equations are obtained by 
performing the following replacements in (3):  

   iiiiii fFFsSShTTxXX +=+=+=+=
~,~,~,~

,     (7) 

where ii FSTX ~,~,~,~
 are values corresponding to an arbitrary 

time t; ii FSTX ,,,  are values corresponding to time t+ t∆ ; 

shxi ,,  are small increments of the coordinates, tension and 

arc length after small increment of time t∆ , 
After manipulations while confining only the first-order 

terms in the equations we obtaine 
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Substitution (7) in (5),(6) leads to increment boundary 
equations: 
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when  T  < devP  or   u  > devu ; 
 

0== CB hh ,  when  T  =  devP  and   u  ≤  devu .    (10) 
The finite difference equations are obtained after digitization 

of (8)-(10), while confining only the values of the same order as 
the increments ii fshx ,,, . These equations  simulate  the cable 

 
 
 
 
 
 

 motion using N  cable points, )1( −N cable linear elements of 

constant undeformed length 0S∆  and M constant time steps 

t∆ . There is a set of algebraic linear equations with regard to 
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point j )...1( Nj = . Each set connects the quantities at three 
cable points )1(,),1( +− jjj  for three time steps 

)1(,),1( +− kkk . 
Thus, the system of algebraic equations for an arbitrary time 

step  ( 1+k ) is: 
 

                                     BAY =                                     (11)  

where A  is the band matrix depending on cable variables on 
time steps kk ),1( − ; B  is the free term vector of the 
equations system depending on cable variables on time steps 

kk ),1( − ; Y  is the vector of unknown cable quantities on 
time step )1( +k . 

Band coefficients’ matrix A  is positively defined. The 
solution of system (11) can be carried out while using standard 
programs. The equation system (11) is solved for each time step 
thus that the results from the preceding step are used as initial 
conditions for the next step. 

Matrix A  is singular, when the cable tension is positive. In 
order to ensure nonsingularity of matrix A  the tension is zero 
filled during the computation procedure, if it becomes small 
negative one in the neighborhood of zero. 

 
IV. FINITE ELEMENTS MODEL 

The ANSYS finite elements model of the substation buses has 
the same configuration as shown in Fig. 3. Three next types of 
finite elements are used for:  

• Uniaxial tension-only elements of type LINK10 for 
simulation of cables (conductor and insulators); 

• Spring-Damper elements of type COMBIN14 for 
simulation of portals’ masses and stiffnesses; 

• Control elements of type COMBIN37 for simulation of 
FSD with its characteristic (Fig.3). 

The transient nonlinear analyses are carried out on three 
stages.  

On the first stage the equilibrium problem of the cable under 
gravity is solved as dynamic problem [2], while empirically 
found damping coefficients of surroundings are introduced. This 
stage is necessary to find the cable equilibrium mode and to 
exclude the cable vibrations during the gravity loading. Duration 
of this stage is about 1000 seconds with time step of 10 seconds.  

On the second stage (during the short-curcuit current action) 
the cable is loaded by additional electromagnetic forces (1). The 
transient solution with time step 0.001-0.002 seconds  is carried 
out, while the electromagnetic forces change on each time step 
for each cable segment depending on distance between the 
buses.  

During the third stage only gravity acts and the solution is 
obtained with the same time step as on the previous stage. 

 
V. RESULTS OF CALCULATIONS AND DISCUSSION 
The solution convergence for both models (of finite 

differences and finite elements ones) depends on correct choice 
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TABLE I. 

 PARAMETERS FOR COMPUTATION 
 CONVERGENCE 

 
Parameter Units FD Method FE Method 
Number of conductor 
elements 

- 50 
 

25 
 

Number of isolator 
elements 

- 4 
 

4 
 

Time step sec 0.0001-0.0005 0.001-0.002 
Calculation accuracy % 0.0005-0.001 0.05-0.1 
Average run time min 5 15 

 
TABLE 2. 

 SUBSTATION BUSES AND FSD PARAMETERS 
 

Symbol Parameter Units Value 
mc Conductor mass per unit 

length 
kg/m 1.2 

 
mi Isolator mass per unit 

length 
kg/m 41 

 
�  Bus free length m 20 

i�  Insulator length m 3.1 

0T  Stretch bus tension N 2100 

devP  FSD actuation force  N 5000 

sA  Conductor cross section 
area 

mm2 1500 

Ec Elasticity modulus of 
conductor 

N/mm2 5000 

Ei Elasticity modulus of 
insulator 

N/mm2 9000 

ct  Short-circuit current 
duration  

sec 0.2 

 Initial electromagnetic  
force per unit length 

N/m 14 

 
 
of relation between computation accuracy, time steps and 
amount of cable elements. One of the two models with once 
chosen parameters may converge while another model with the 
same parameters may not. This is the reason why two models 
are built, one is to verify another.  

The conditions of computation convergence for both models 
are found empirically by trial-error method. Good convergence 
for two examples presented below is achieved for combination 
of computation parameters given in the Table 1. 

Frequently, when the computation parameters are enough far 
from the noted domain, the result interpretations need additional 
care. For example, small time step or/and high accuracy cause 
appearance of dummy osculations on moving trajectory. Big 
steps as well as computation inaccuracy may leads to rounding 
of trajectory and disappearing of the important details.  

The use of two presented computation models having 
different parameter convergence domains, enable us to validate 
the obtained results. The results are considered as reliable if the 
two model solutions are practically close. Additional result 
validation is the convergence to physical feasible mode. 

Two examples of calculations are made for a typical 
substation bus (with or without FSD) having parameters listed in 
Table 2.  

The plots of the maximum bus tension versus time and the 
trajectories of bus span midpoint on the x-y plane are presented 
for two examples of calculations in Fig. 4, 5. Every figure 
contains the results corresponding to the substation bus with and 
without FSD. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Bus tension versus time. Continuous lines - the bus contains FSD, dotted 
lines - the bus without FSD. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Trajectories of bus span midpoint on the x-y plane. Continuous lines - the 
bus contains FSD, dotted lines - the bus without FSD. Beginning of time 
corresponds to the point A for both graphs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 6. Bus tension versus FSD displacement. Horizontal regions correspond to 
FSD plastic deformation (actuation force). 

 
The plot of tension versus FSD displacement is shown in Fig. 

6 and the plot of the same displacement versus time – in Fig. 7. 
The calculated dependence of maximum bus force on short-
circuit current amplitude for Table 2 parameters is presented in 
Fig. 8 for the substation bus without FSD. 

The parameters of FSD may be defined after establishing a 
small probability cp  of FSD trip during the chosen return 
period of years (5, 10 etc). Then, the maximum short-circuit  
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current corresponding to the established probability cp  is found 
[5].  

The plot of tension versus FSD displacement is shown in Fig. 
6 and the plot of the same displacement versus time – in Fig. 7. 
The calculated dependence of maximum bus force on short-
circuit current amplitude for Table 2 parameters is presented in 
Fig. 8 for the substation bus without FSD. 

The maximum bus force corresponding to maximum short-
circuit current with established probability is found from Fig. 8. 
This value is used as FSD actuation force devP . The value of 

FSD actuation deformation devu  (including plastic one) is 
established using the plot presented in Fig. 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. FSD displacement versus time.  AB, CD are regions of FSD plastic 
deformation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Dependence of maximum bus tension on short-circuit current amplitude 
for bus without FSD.  

 
During the return period the maximum short-circuit current 

causes FSD trip once on average. Consequently, the permanent 
(residual) bus sag increases at 4.2% and the permanent tension 
decreases at 4.1% (while considering residual displacement). 
These changes do not need immediate interference in substation 
operation and are acceptable for a period of time that is enough 
to replace FSD. 

 
 
 
 
 
 
 
 
 
 
 

 
 

VI. CONCLUSION 
  

Nonrecoverable force safety device prevents the transmission 
of unwanted loads to substation portals during the short circuit 
current. FSD can be economically sound. FSD trip occurs once 
on average during the return period with the probability 
established beforehand. FSD, which is tripped, is replaced with 
the new one. The calculation results show that FSD enables us 
to decrease significantly the loads translated to the portals.  
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