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Abstract—A three-phase busbar arrangement with straight
rigid conductors carrying short-circuit currents is investigated.
Calculations are made assuming steady-state ac current with a
peak value equal to the peak value of the short-circuit current. The
electromagnetic forces are calculated by solving the electromag-
netic field diffusion equation numerically, using finite elements.
The results are compared with results calculated according to
the IEC Standard 865/93. A large number of arrangements
have been examined, covering a wide variety of cases, as used
in ac indoor installations of medium and low voltage. For this
purpose, the finite element procedure has been fully automated to
a degree of minimal human intervention. A let-it-grow artificial
neural network (ANN) has been utilized for the automatic mesh
generation. The forces calculated were in all cases in excellent
agreement with the IEC Standard 865/93.

Index Terms—Adaptive systems, busbars, electromagnetic
forces, finite element methods, neural network applications.

I. INTRODUCTION

S
HORT-CIRCUIT currents may exert hazardous forces on

busbars, especially in compact indoor installations where

distances are relatively small. Therefore, a careful considera-

tion of electromagnetic forces and their effects is needed in

order to avoid excessive stresses applied on the conductors and

bending moments applied on the supporting insulators. Effects

of short-circuit currents are analyzed in IEC Standard 865/93

[1]. The standard is based on relations established on the well-

known formula of force acting on filamentary conductors. In

order to take into account the force dependency on the geomet-

rical configuration and the profile of the conductors, an effective

distance between main conductors has been introduced in [1].

A way to obtain more accurate results is to solve the elec-

tromagnetic diffusion equation, which gives the entire informa-

tion for the field, current, and force distributions. Therefore, it is

reasonable to compare results proposed by [1] with calculations

obtained from the solution of the electromagnetic field diffu-

sion equation using the finite element method (FEM). In [2],

a short-circuit force computation based on finite elements has

been presented for two busbar arrangements.

However, due to the difficulties introduced by the great

number of initial finite element meshes needed to perform a
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Fig. 1. Cross-section of rigid busbars.

full parametric analysis of such a problem, in order to compare

with all the possible busbar arrangements presented in [1], an

automation of the initial mesh seems very helpful. This auto-

matically created initial mesh must be a quality mesh, in order

to assure qualitative results with the minimum computational

cost. In order to accomplish this, a variation [3] of a let-it-grow

(LIG) artificial neural network (ANN) presented in [4] and

[5] has been introduced and applied to the busbar problem.

The performance of the mesh generator has been examined

in terms of the short-circuit maximum force values given in

[1], [2], and [6] as well as in terms of the mesh quality. The

new method has also been compared with conventional FEM

meshing techniques, presenting in all cases similar or better

accuracy but less computational cost.

II. PROBLEM DESCRIPTION

The conventional arrangement of busbars, as shown in

Fig. 1—in parallel and in a single plane—is taken as a basis

for the calculations. The busbars are loaded with balanced

harmonic 50-Hz currents, given in phasor notation by

(1)

It is assumed that

• the fault examined is a three-phase symmetrical short-cir-

cuit, because it causes the greatest dynamic stress [6];

• the center-line distance between busbars is much smaller

than the conductor length, so that the busbars can be re-

garded as being of infinite length, thus the problem may

be considered as two dimensional;
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• the magnetic permeability is constant, since copper or alu-

minum bars are used in installations;

• a steady state, balanced three-phase system of currents (1)

is applied to the three-phase busbars, with a root-mean-

square (rms) value obtained from the peak value of

the short-circuit current in the case of a balanced three-

phase short circuit, that is

(2a)

These assumptions have also been used in the related standard.

The rms value of the current, following the last assumption, may

be calculated as described in [2].

III. MESH GENERATION

One of the most important steps in FEM analysis is the gen-

eration of a quality mesh, which will provide accurate and fast

results for the problem in question.

One way of creating the initial mesh would be to overdis-

cretize the solving area, using a large number of elements. In this

case though, the computing resources are not exploited properly,

since large amounts of memory and computation time are re-

quired. Also, error buildup, due to the unnecessary large number

of elements, may lead to inaccurate results.

Another approach is to start the solving process by using an

initial coarse mesh and to refine it afterwards by means of an

adaptive meshing procedure [7], [8]. During this procedure, the

solution error is estimated for each element and the elements

with error exceeding a given threshold are split into smaller

ones. This way, the initial mesh is refined and the procedure is

repeated, until the needed accuracy is met. This technique will

provide very accurate results, but is quite time and memory con-

suming. Also, it does not take into account the experience that

may have already been obtained by solving similar problems.

In many cases, an experienced user may be able to foresee the

density that the final mesh should have.

In the present paper, a variation of an LIG ANN-[9] based

mesh generator has been utilized [3]–[5] in order to ensure qual-

itative results with less computational cost. An initial mesh of

1500 nodes is provided by the LIG ANN as a starting point for

the adaptive meshing procedure, which will refine the original

mesh. In this technique, the number of nodes (neurons) of the

LIG ANN grows with time, while trying to adapt itself to a given

mesh density function.

The first step in the mesh generation procedure is to create

an initial mesh that will be used as a starting point for the LIG-

based mesh generator and as a sample point grid for the mesh

density prediction. This initial mesh has been devised as fol-

lows: starting from a constrained delaunay triangulation (CDT)

[10] of the solving area (Figs. 2 and 3), the triangles are subdi-

vided into smaller triangles until a geometric constrain is met,

which in this case was that no neighboring triangles may differ

in an area more than a factor of 4.5. Thus, a graded mesh is pro-

vided, shown in Figs. 5 and 6.

The second step is to estimate the mesh density for the

problem to be solved. This can be done by training an ANN

Fig. 2. CDT of the solving region (b=d = 3, a=d = 3).

Fig. 3. CDT of Fig. 2 in the conductor’s neighborhood.

to be able to reproduce the mesh density vector of a family

of problems [11]–[13] or the mesh density vector may be

provided by the user in some cases. In the present work,

another approach has been selected for its simplicity, efficient

accuracy, and speed. The mesh density inside each triangle of

the graded mesh has been estimated by calculating the intensity

of the magnetic field at the barycentres of the respec-

tive triangles, using Ampere’s law, where is the distance

between the busbar center and the respective barycentre. For

the magnetic field inside the busbars, circular conductors with

the same cross-section as the rectangular busbars have been

assumed. Also, the current has been considered to have a

uniform distribution over the conductor’s area resulting in (2b)

for triangles inside the busbars

for triangles outside the busbars.

(2b)
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Fig. 4. Starting from the CDT of Fig. 2, this mesh was produced after 19
adaptive refinements.

Fig. 5. Graded mesh of the solving region (b=d = 3, a=d = 3).

Although this introduces an error, especially in cases where

is far from unity, it is acceptable for two reasons: a) the calcula-

tion of the magnetic field in this step is only a rough estimate in

order to predict the mesh density; and b) the initial mesh is used

only as a starting point in an adaptive mesh refinement process,

which will improve the initial mesh further. The magnetic field

at a given point has been calculated as the superposition of the

magnetic field due to the three-phase currents (1) flowing in the

three busbars. Since the magnetic field is time-dependent, in

order to achieve a proper mesh density prediction, the values of

for three different time moments, corresponding to an angle

difference of 120 , have been averaged.

The next step in the mesh generation process, once the mesh

density has been estimated, is to produce a mesh that is denser at

the required regions by means of the LIG-based mesh generator

(Figs. 8 and 9). At last, a Delaunay triangulation takes place.

In order to improve mesh quality even further, the nodes of the

triangles are moved toward the centroid of the polygon, formed

by their respective neighboring nodes [8]. The produced mesh is

then refined with the adaptive procedure of [14], using as local

error estimator the discontinuity of the instantaneous tangential

components of the magnetic field (Fig. 10).

For reasons of comparison, two conventional meshing proce-

dures have also been applied for the solution of the same busbar

problem. In the first case, an initial CDT of the solving region

Fig. 6. Graded mesh of Fig. 5 in the conductors’ neighborhood.

Fig. 7. Starting from the graded mesh of Fig. 5, this mesh was produced after
seven adaptive refinements.

has been refined using the same adaptive meshing procedure of

[14]. In the second case, the graded mesh shown in Figs. 5 and 6,

used as a starting point in the first step of the LIG mesh genera-

tion procedure, has also been refined [14]. Figs. 4 and 7 present

the corresponding final meshes.

IV. COMPUTATION OF SHORT-CIRCUIT FORCES

A. Calculations According to IEC Standard 865/93

The forces acting on the busbars of Fig. 1 carrying short-

circuit currents depend on the geometrical configuration and the

profile of the busbars. For this reason, an effective distance

is introduced in [1] and the maximum force per unit length ,

acting on the central conductor (phase ) of Fig. 1 is given by

(3a)
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Fig. 8. Mesh produced by the LIG mesh generator (b=d = 3, a=d = 3).

Fig. 9. Mesh produced by the LIG mesh-generator (Fig. 8) in the conductor’s
neighborhood.

The effective distance is defined by

(3b)

in which the factor may be computed from [1, Fig. 1] or al-

ternatively from an equation given in [1, Annex A]. This factor

is computed in [1] for a wide range of the geometrical parame-

ters , , and of Fig. 1, as shown in Fig. 11. It must be noted

that the maximum force per unit length acting on the cen-

tral conductor of Fig. 1 only is reported in [1], since minor forces

act on the outer two main conductors. However, the maximum

forces and acting on the two outer conductors may be

calculated from the corresponding relations given in [2] and [6],

making use of the same effective distance

(4)

Fig. 10. Starting from the LIG mesh of Fig. 8, this mesh was produced after
four adaptive refinements.

Fig. 11. Correction factor k according to [1].

B. FEM Calculations

The maximum forces per unit length calculated by FEM

follow the approach presented in [2]. The corresponding

maximum force per unit length acting on the central

conductor is associated to a correction factor , using a

relation similar to (3a)

(5)

The factor is calculated in this paper from (5) using the

FEM force results , for the same range of the geomet-

rical parameters , , and as in [1]. This factor is accordingly

compared to the corresponding factor shown in Fig. 11.

V. PARAMETRICAL ANALYSIS OF FORCES

For the range of rigid busbar arrangements presented in [1], a

parametrical analysis took place in order to produce a sufficient

number of calculation points, for which the correction factor

was calculated. The height over width ratio varied

over the following values: 0.1, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0,

2.6, 3.0, 3.5, 4.0, 5.0, 6.0, 8.0, 10.0, 12.0, 16.0 and 20.0. For

each of these ratios, 16 ratios have been chosen and the
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Fig. 12. Correction factor k , as a result of FEM analysis.

Fig. 13. Percentage difference between k and k for the corresponding
sample points of Fig. 12.

corresponding maximum forces were calculated by FEM solu-

tion, leading to a total of 304 calculation points. The resultant

correction factor is depicted in Fig. 12.

In Fig. 13, the corresponding percentage difference (7) be-

tween the two correction factors and is presented

di�erence (7)

As can be seen, the differences between the results obtained by

the FEM and the IEC standard are minimal. In the majority of

cases, the difference is constrained within a small zone of 1%,

while the maximum difference that occurs is less than 1.5%.

Tables I–III present data on the convergence of the FEM for

all three meshing techniques described for a test case with

3 and 3. The presented mesh quality concerns the whole

mesh and has been calculated by averaging [8] the mesh quality

of all the triangles in the mesh [15]

(8)

where , , and are the lengths of the three sides of triangle

and 2 is its perimeter.

Table IV shows another test case ( 1 and 7).

In this case, the LIG mesh produces symmetrical results, con-

cerning the calculated maximum forces acting on the left and

TABLE I
CONVERGENCE OF THE LIG PRODUCED MESH (b=d = 3, a=d = 3)

TABLE II
CONVERGENCE OF THE INITIALLY GRADED MESH (b=d = 3, a=d = 3)

TABLE III
CONVERGENCE OF THE CDT MESH (b=d = 3, a=d = 3)

right busbars, while the graded mesh appears to produce less

symmetrical results with a larger number of nodes and more

CPU time.
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TABLE IV
SYMMETRICAL RESULTS OBTAINED BY FEM USING THE LIG PRODUCED

MESH (b=d = 1, a=d = 7)

TABLE V
REFERENCE VALUES FOR MAXIMUM FORCES ACCORDING TO (3a), (3b), AND

(4), FOR THE TWO TEST CASES PRESENTED IN TABLES I–IV

TABLE VI
PERCENTAGE DIFFERENCE BETWEEN MAXIMUM REFERENCE FORCES OF

TABLE V AND THOSE OBTAINED BY FEM USING THE THREE MESHING

TECHNIQUES, FOR THE TWO TEST CASES PRESENTED IN TABLES I–IV

For reasons of comparison, the corresponding maximum

force per unit length acting on the middle busbar has been

calculated using (3a) and (3b), while have been

calculated from (4). These values, shown in Table V, are taken

as a reference. The respective percentage differences between

these reference values and the maximum force values obtained

by FEM with the three meshing techniques are presented in

Table VI, for both test cases.

As can be seen, the LIG-based meshes produce qualitative re-

sults, equivalent to or better than those obtained by using more

conventionally produced meshes, like a graded or a CDT mesh.

Compared to the CDT mesh, the LIG mesh introduces a signif-

icant reduction in calculation time in the order of 50%, while

compared to the graded mesh, the reduction in solving time is

in the range of 20%. In similar parametric calculations, where

a large number of cases are being examined as part of a para-

metrical analysis, this reduction in solving time may be of sig-

nificant interest, which justifies the amount of effort put in the

development of the proposed method.

In all mentioned cases, the applied current , defined

in (2a), had a value of 1000 A. The computations have been

made using a Pentium computer at 200 MHz having 80 MB

of memory, running a Linux operating system. The presented

LIG mesh generator has been easily incorporated in the FEM

package [14] developed at the Power Systems Laboratory of the

Aristotle University of Thessaloniki, during the last 15 years.

VI. CONCLUSIONS

The FEM has been used in a parametrical analysis of rigid-

busbar short-circuit force calculation. For this purpose, an auto-

matic mesh generator was implemented, based on a let-it-grow

ANN. A large variety of busbar arrangements has automatically

been solved using FEM with the proposed meshing technique.

Forces calculated have been compared to those obtained from

the corresponding IEC 865/1993 standard, resulting in minimal

differences between the two methods. In order to highlight the

benefit of the proposed mesh generator, two other conventional

meshing procedures have also been used with FEM. The quality

meshes produced by the proposed mesh generator made the con-

vergence of the method faster and, in some cases, led to more

accurate results than the meshes produced by the conventional

meshing procedures.
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