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Parametric Short-Circuit Force Analysis of
Three-Phase Busbars—A Fully Automated Finite
Element Approach

Dimitris G. Triantafyllidis, Petros S. Dokopoulpslember, IEEEand Dimitris P. LabridisSenior Member, IEEE

Abstract—A three-phase busbar arrangement with straight
rigid conductors carrying short-circuit currents is investigated.

L a
Ay
Calculations are made assuming steady-state ac current with a
peak value equal to the peak value of the short-circuit current. The T |
electromagnetic forces are calculated by solving the electromag- b 0 o
netic field diffusion equation numerically, using finite elements. |
The results are compared with results calculated according to l

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 Phase 4 Phase & Phase ¢
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 excellentFig- 1. Cross-section of rigid busbars.

agreement with the IEC Standard 865/93.

Index Terms—Adaptive systems, busbars, electromagnetic full parametric analysis of such a problem, in order to compare
forces, finite element methods, neural network applications. 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

HORT-CIRCUIT currents may exert hazardous forces arost. In order to accomplish this, a variation [3] of a let-it-grow
usbars, especially in compact indoor installations whe¢elG) artificial neural network (ANN) presented in [4] and
distances are relatively small. Therefore, a careful considefg} has been introduced and applied to the busbar problem.
tion of electromagnetic forces and their effects is needed Tine performance of the mesh generator has been examined
order to avoid excessive stresses applied on the conductors imntkrms of the short-circuit maximum force values given in
bending moments applied on the supporting insulators. Effe¢d, [2], and [6] as well as in terms of the mesh quality. The
of short-circuit currents are analyzed in IEC Standard 865/9@w method has also been compared with conventional FEM
[1]. The standard is based on relations established on the wetleshing techniques, presenting in all cases similar or better
known formula of force acting on filamentary conductors. laccuracy but less computational cost.
order to take into account the force dependency on the geomet-
rical configuration and the profile of the conductors, an effective Il. PROBLEM DESCRIPTION
distance between main conductors has been introduced in [1]. : .
. . The conventional arrangement of busbars, as shown in
A way to obtain more accurate results is to solve the elec- . . . : .
e . . ; o ig. 1—in parallel and in a single plane—is taken as a basis
tromagnetic diffusion equation, which gives the entire mforma[\- . .
. ! s .. Jor the calculations. The busbars are loaded with balanced
tion for the field, current, and force distributions. Therefore, it is

reasonable to compare results proposed by [1] with calculations menie 50-Hz currents, given in phasor notation by

. INTRODUCTION

obtained from the solution of the electromagnetic field diffu- I, =vV2I e

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

a short-circuit force computation based on finite elements has I = ‘/Elrmse*j”f’"

been presented for two busbar arrangements. 1. = \/ilrmse,jmo ) 1)

However, due to the difficulties introduced by the great
number of initial finite element meshes needed to perform alt is assumed that
« the fault examined is a three-phase symmetrical short-cir-
Manuscript received June 14, 2000. cuit, because it causes the greatest dynamic stress [6];
The authors are with the Power Systems Laboratory, Department of Electrical ® the center-line distaneebetween busbars is much smaller
and Computer Engineering_, Aristotl_e Univer;ity of Thessaloniki, Thessaloniki, than the conductor Iength, so that the busbars can be re-
GR-54006, Greece (e-mail: dimtri@egnatia.ee.auth.gr; petros@eng.auth.gr; . e
labridis@eng.auth.gr). garded as being of infinite length, thus the problem may
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 the magnetic permeability is constant, since copper or alu-
minum bars are used in installations;

« asteady state, balanced three-phase system of currents (1)
is applied to the three-phase busbars, with a root-mean-
square (rms) valué.,,, obtained from the peak value of
the short-circuit current,s in the case of a balanced three-
phase short circuit, that is

N (2a)

Irms -
V2

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]. Fig. 2. CDT of the solving regiorb{d = 3,a/d = 3).

I1l. M ESH GENERATION

One of the most important steps in FEM analysis is the ge
eration of a quality mesh, which will provide accurate and fa
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. Int -
case though, the computing resources are not exploited prope
since large amounts of memory and computation time are |
quired. Also, error buildup, due to the unnecessary large numl
of elements, may lead to inaccurate results.

Another approach is to start the solving process by using
initial coarse mesh and to refine it afterwards by means of
adaptive meshing procedure [7], [8]. During this procedure, tl
solution error is estimated for each element and the eleme
with error exceeding a given threshold are split into smalle |
ones. This way, the initial mesh is refined and the procedure
repeated, until the needed accuracy is met. This technique \
provide very accurate results, but is quite time and memory cc
suming. Also, it does not take into account the experience tt
may have already been obtained by solving similar problen
In many cases, an experienced user may be able to foresee uic
density that the final mesh should have. Fig. 3. CDT of Fig. 2 in the conductor’s neighborhood.

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 ¢ be able to reproduce the mesh density vector of a family
1500 nodes is provided by the LIG ANN as a starting point f& Problems [11]-{13] or the mesh density vector may be
the adaptive meshing procedure, which will refine the origin@fovided by the user in some cases. In the present work,
mesh. In this technique, the number of nodes (neurons) of fyaother approach has been selected f_or _|ts _S|mpI|C|ty, _eff|C|ent
LIG ANN grows with time, while trying to adapt itself to a given@ccuracy, and speed. The mesh density inside each triangle of
mesh density function. the graded me_sh_has been estimated by calculating the intensity

The first step in the mesh generation procedure is to cre&feth® magnetic fieldd (r, ¢) at the barycentres of the respec-
an initial mesh that will be used as a starting point for the LIGIVe triangles, using Ampere’s law, wheveis the distance
based mesh generator and as a sample point grid for the m@&iveen the busbar center and the respective barycentre. For
density prediction. This initial mesh has been devised as f&e magnetic field |ns_|de the busbars, circular conductors with
lows: starting from a constrained delaunay triangulation (CDf{}& Same cross-section as the rectangular busbars have been
[10] of the solving area (Figs. 2 and 3), the triangles are subdssumed. Also, the currei) has been considered to have a
vided into smaller triangles until a geometric constrain is mefniform distribution over the conductor’s area resulting in (2b)
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- i(t) for trianales inside the busb
vided, shown in Figs. 5 and 6. opg " TOrtrangies nside the busbars

) 2bd
The second step is to estimate the mesh density for thg(r’ t) = i(t) ) ) (2b)
problem to be solved. This can be done by training an ANN 9.  lortriangles outside the busbars.
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Fig. 4. Starting from the CDT of Fig. 2, this mesh was produced after 1
adaptive refinements.

Fig. 6. Graded mesh of Fig. 5 in the conductors’ neighborhood.
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Fig. 5. Graded mesh of the solving regidnf{ = 3,a/d = 3).

Although this introduces an error, especially in cases whéte
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 ,%;‘a.i*'ilﬁ" “%}i, SR

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

which will improve the initial mesh further. The magnetic fielckig. 7. starting from the graded mesh of Fig. 5, this mesh was produced after
at a given point has been calculated as the superposition of tkeen adaptive refinements.

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

three busbars. Since the magnetic figlds time-dependent, in a5 heen refined using the same adaptive meshing procedure of

order to achieve a proper mesh density prediction, the valuestli)jr]' In the second case, the graded mesh shown in Figs. 5 and 6,

i(t) for three different time moments, corresponding to an anglgeq as a starting point in the first step of the LIG mesh genera-

difference of 120, have been averaged. tion procedure, has also been refined [14]. Figs. 4 and 7 present
The next step in the mesh generation process, once the corresponding final meshes.

density has been estimated, is to produce a mesh that is denser at
thg required regions by means of the LI.G—baseq mesh generator IV. COMPUTATION OF SHORT-CIRCUIT EORCES
(Figs. 8 and 9). At last, a Delaunay triangulation takes place. . _

In order to improve mesh quality even further, the nodes of tfe Calculations According to IEC Standard 865/93

triangles are moved toward the centroid of the polygon, formedThe forces acting on the busbars of Fig. 1 carrying short-
by their respective neighboring nodes [8]. The produced mestjgcuit currents depend on the geometrical configuration and the
then refined with the adaptive procedure of [14], using as locgfofile of the busbars. For this reason, an effective distance
error estimator the discontinuity of the instantaneous tangent@introduced in [1] and the maximum force per unit lengthy,

components of the magnetic field (Fig. 10). acting on the central conductor (phdgef Fig. 1 is given by
For reasons of comparison, two conventional meshing proce-
V3
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: o : . Fop = 10 Y252 (3a)
problem. In the first case, an initial CDT of the solving region mb = ora,, 2 P



534 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 2, APRIL 2003

é‘b

g Y
SR A
FeloX
a iy SRRy e
A

.gg#gﬁé.ﬂﬁeasxera-«'
5

Ll

i
o
25

T

s
]
o
T

AT

A
i | A
S
g
A

5

ﬂﬁ"

%

5
=

e
et
)<t

S
R

)
it
SR

AT

=
K R ‘giﬂ
i '4";—,",.4;'.-.v.uuv‘vmm.m,bL«,.&b;
AT 5 Y e ek A YT Nk g g AT
SR ST
Sk e e
R e S A R SRR S T
s St e
PRyt Al I e P A e e e

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

Fig. 10. Starting from the LIG mesh of Fig. 8, this mesh was produced after
four adaptive refinements.
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Fig. 11. Correction factok, ; according to [1].

B. FEM Calculations

The maximum forces per unit length calculated by FEM
follow the approach presented in [2]. The corresponding
Fig. 9. Mesh produced by the LIG mesh-generator (Fig. 8) in the conductoPdaximum f.OI’CG per' unit Iengtﬁmb FEM acting on the c_entral
neighborhood. conductor is associated to a correction fadteiz,, using a
relation similar to (3a)

The effective distance,, is defined by

oy V3,

_ ki (3b) Fob FEM = 9ra krem - ins. ()

" The factork r gy is calculated in this paper from (5) using the
in which the factork; ; may be computed from [1, Fig. 1] or al- FEM force results,,,, 7zas, for the same range of the geomet-
ternatively from an equation given in [1, Annex A]. This factorical parameters, b, andd as in [1]. This factor is accordingly
is computed in [1] for a wide range of the geometrical parameempared to the corresponding factgr shown in Fig. 11.
tersa, b, andd 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 maximumFor the range of rigid busbar arrangements presented in [1], a
forcesF,,, andF,,. acting on the two outer conductors may p@arametrical analysis took place in order to produce a sufficient
calculated from the corresponding relations given in [2] and [fjumber of calculation points, for which the correction factor

Am

V. PARAMETRICAL ANALYSIS OF FORCES

making use of the same effective distange kreny was calculated. The height over width rabigd varied
over the following values: 0.1, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0,
o 3+2V3 ., 2.6, 3.0, 3.5, 4.0, 5.0, 6.0, 8.0, 10.0, 12.0, 16.0 and 20.0. For
Fna = Fme = 2ma, 8 tp3- (4) each of thesé/d ratios, 16a/d ratios have been chosen and the
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TABLE |
CONVERGENCE OF THELIG PRODUCEDMESH (b/d = 3,a/d = 3)

s Iteration| CPU time | Nodes | Mesh | Fpuren | Fuoren Fe FEM
_;LE [sec] quality| [N/m] [N/m] [N/m]
5 hialmesh| 37
& generation
»5 1 41 1500 | 0.894 | 18.78933 | 20.07681 18.52834
g 2 44 2464 | 0.873 |19.20573 | 20.36448 19.06490
S 3 73 4797 | 0.869 |19.33907 | 20.46090 | 19.22537

4 214 10290 | 0.869 |19.39928 | 20.49821 19.29553
Total time: 409

1 2 4 6 BR;SD » 20 40 60 80 TABLE Il
CONVERGENCE OF THENITIALLY GRADED MESH (b/d = 3,a/d = 3)
Fig. 12. Correction factak r 1, @s a result of FEM analysis. Iteration | CPU time | Nodes | Mesh | Fua rere | Fmbrevt | Fome FEM
[sec] quality [ [N/m] [N/m] [N/m]
Tnitial mesh 5
5 gnertion
s 1 23 172 | 0.576 | 1299382 16.88919 | 14.07028
g 2 23 230 | 0.543 |15.13697 | 18.00816 | 14.54716
§ 3 23 340 | 0.665 |17.97006 | 19.96983 | 17.42514
= 4 26 606 | 0.801 |18.88265| 20.22179 | 18.50463
% 5 30 1197 | 0.827 [19.21018 [ 2033703 | 19.07069
-E‘: 6 41 2483 | 0.848 [1930252 | 20.42241 | 19.18526
% 7 80 5352 | 0.858 | 1935454 | 20.48025 | 19.26897
% 8 270 11873 | 0.866 |19.40670 [ 20.50437 | 19.31088
s Total time: 521

1 2 4 6 810 20 40 80 80 TABLE 1l
Ratio a/d CONVERGENCE OF THECDT MESH (b/d = 3,a/d = 3)

Fig. 13. Percentage difference betwdens ,, andk; , for the corresponding Iteration | CPU time | Nodes | Mesh | Fmarem | Fmb FEM Fome FEM

sample points of Fig. 12. [sec] quality | [N/m] [N/m] [N/m]
hitalmesh | 02

corresponding maximum forces were calculated by FEM solu- = 6 | 0477 | 126504 | 1.09E04 | 1.26E04
tion, leading to a total of 304 calculation points. The resultant —— 26 10463 | 377504 | 326E04 | 3.77E.04
correction factolk p g, is depicted in Fig. 12. 3 36 | 0458 | L1303 | 979504 | 1.13E.03
In Fig. 13, the corresponding percentage difference (7) be —% 28 | 0453 [339E03 | 294E03 | 339E.03
tween the two correction factoks- gy, andky,is presented B 60 | 0450 | 1.02E02 | 881E03 | L02E-02
oo [ 6 72 | 0448 [3.05E-02| 264E-02 | 3.05E-02

% difference = — 100. @) 7 84 | 0447 [9.15E02| 791E-02 | 9.14E-02

1s 3 0446 [0273311| 0235989 | 0.272643

As can be seen, the differences between the results obtained | = 9 109 | 0447 (0812858 0696103 | 0.805103

S BN IV ] I I N B I I I N N S B N
K

the FEM and the IEC standard are minimal. In the majority of ~ 10 132 | 0457 [2375314 1999131 | 2327407
cases, the difference is constrained within a small zoAgléb, 11 159 | 0470 [6.640077] 5313483 | 6.222617
while the maximum difference that occurs is less than 1.5%. 12 190 | 0541 [ 1402218 1158954 | 1385215
Tables I-Ill present data on the convergence of the FEM for = 13 251 | 0665 [14.04145[ 1791932 | 1541629
all three meshing techniques described for a test casé)hith: 14 363 | 0705 [17.70305 | 1938733 | 16.88008
3 anda/d = 3. The presented mesh quality concerns the whole 15 618 | 0739 [18.75532 20.17455 | 1849020
mesh and has been calculated by averaging [8] the mesh quali 16 1198 | 0809 [19.12150 | 2030374 | 19.04932
q; of all the triangles in the mesh [15] 17 43 2469 | 0833 [19.29543 | 2042462 | 19.18161
18 7 5339 [ 0850 [ 1937677 2048431 | 19.25739

_8(s—h)(s—b)(s—1s) (8) 19 287 | 11655 | 0.868 | 194089 | 2050352 | 1930123

;=
lily 13 Total time: 796.2

wherely, o, andl3 are the lengths of the three sides of triangle
1 and 2 is its perimeter.

Table IV shows another test cadg/d = 1 anda/d = 7). right busbars, while the graded mesh appears to produce less
In this case, the LIG mesh produces symmetrical results, ca@ymmetrical results with a larger number of nodes and more
cerning the calculated maximum forces acting on the left a@PU time.
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TABLE IV
SYMMETRICAL RESULTS OBTAINED BY FEM USING THE LIG PRODUCED
MEesH (b/d = 1,a/d =T7)

Initial Itera- Total CPU Nodes Fmarem Fmvrem  FmcFEM
mesh tions time [sec] [N/m] [N/m] [N/m]
type

LIG 4 289 7037 9.201887 9.868924 9.176751

Graded 7 329 7493  9.091479 9.886826 9.258652

CDT 8 638 8595 9.195296 9.890190 9.213570
TABLE V

REFERENCEVALUES FORMAXIMUM FORCESACCORDING TO(3a), (3b),AND
(4), FOR THETWO TEST CASESPRESENTED INTABLES I-1V

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 2, APRIL 2003

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

[1{177“] [15",':,] &,",':,L meshes produced by the proposed mesh generator made the con-
b/d=3, a/d=3 19.11392 20.48624 19.11392 vergence of the method faster and, in some cases, led to more
bflad] 223430 239730 223430 accurate results than the meshes produced by the conventional

meshing procedures.
TABLE VI REFERENCES
PERCENTAGE DIFFERENCEBETWEEN MAXIMUM REFERENCEFORCES OF [1] IEC-Publ. 865/1993, “Short-circuit currents—Calculation of effects.

TABLE V AND THOSE OBTAINED BY FEM USING THE THREE MESHING
TECHNIQUES FOR THETWO TEST CASESPRESENTED INTABLES I-IV

(2]

Initial mesh Test case b/d=3, a/d=3 Test case b/d=1, a/d=T7
type 3]
Phase Phase
a b c a b c
LIG 149 006 095 | -035 -028 -0.62 [4]
Graded 1.53 0.09 1.03 -1.54  -0.10 0.26
CDT 1.54 0.08 0.98 -042 -0.07 -0.22

(5]

For reasons of comparison, the corresponding maximumé]
force per unit length;,,; acting on the middle busbar has been
calculated using (3a) and (3b), whilg,,, = F,,.. have been |7
calculated from (4). These values, shown in Table V, are taken
as a reference. The respective percentage differences betwe%]
these reference values and the maximum force values obtaine
by FEM with the three meshing techniques are presented in
Table VI, for both test cases. (o

As can be seen, the LIG-based meshes produce qualitative re-
sults, equivalent to or better than those obtained by using morédl
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 [11]
compared to the graded mesh, the reduction in solving time is
in the range of 20%. In similar parametric calculations, wherg12]
a large number of cases are being examined as part of a para-
metrical analysis, this reduction in solving time may be of sig—[l3]
nificant interest, which justifies the amount of effort put in the
development of the proposed method.

In all mentioned cases, the applied currépf,, defined |14
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 presente&ls]
LIG mesh generator has been easily incorporated in the FEM
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Geneve/Suisse.
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