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Abstract. The transent electromagnetic fiedd in and around a system of two non-magnetic
homogenous rectangular bars is evaluated with finite element method. The influence of mesh
quality on the solution accuracy is discussed. For high-enough bars, a combined analytical-
numerical solution for the field penetration in the bar and for the time variation of the current
density distribution is proposed and comparison with purely numerical solutionsis made.

1 Introduction

The transitory electromagnetic field problem in two infinite-high and long non-magnetic bars is
completely anaytically solved in [1], consdering the magnetic field on external side of the bars
equal to zero. In [2] these results were extended for the case of finite but high-enough bars,
maintaining the assumption of one-dimensional field in centra part of the bar, constantly
distributed on the height and considering the external magnetic field no more zero. In this paper
anumerical solution is obtained with finite e ement method using FLUX program at current step
injection and voltage step application to short-circuited high-enough bars. The results are
compared with the old analytical evauation. A combined analytical-numerical solution is
proposed and comparison with purely numerical solution is made.

2 Analytical Electromagnetic Field Evaluation

At uniform distribution of current density d, the vertical component of magnetic field for a
solitary rectangular bar results with Biot-Savart low [2] (fig. 1):
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In the case of two parallel bars, carrying the direct current lo, the magnetic field ratio h in the
points A and B can be deduced with superposition theorem (fig. 2):
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At the beginning of a current step, the bar current can be considered distributed between two
superficid vertica sheets and the magnetic fields modules ratio hg is given by the currentsratio in the
two sheets, congdering the condition of zero magnetic field in the middle of the bar [2]:
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Fig. 1. Sdlitary bar. Fig. 2: Sysem of two parallds bars.
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More exactly, can be proposed the following formula, which depends on the h in direct current:
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In the case of current step injection i(t) = 1oX4(t), the Maxwell equations satisfied by electric and
magnetic field are solved in [2] for the thin bars using Laplace transform. The magnetic field on
the two lateral sides and the solution of field equations in central part of conductor are:
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For a voltage step application u(t) = Up(t), assuming the approximation (5), the solution are:
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3 Numerical Electromagnetic Field Evaluation

The numerical simulation of transient electromagnetic field at current step injection and voltage
step application to short-circuited high-enough bars has been obtained with finite element
method using the FLUX 2D program developed by CEDRAT Company and Grenoble Electrical
Engineering Laboratory.

The bars system was modelled with massif conductor components connected to the step signals
via Circuit Coupling module. The choice of the rate h/b equal to 30 (fig. 2) corresponds well to
assumption made in [2] of high-enough bars. The distance a between the bars was considered
equal to 2b. A quarter of the model was analysed, a four time reduction of the nodes number
being obtained.
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Fig 3: Evolution of theratio h along thetrandent process at current and voltage Sep signals application

The time analysis assumes a string of static analysis, serially depending each other. The accuracy
of simulation depends on the thinness of mesh, both in space and in time. The thinness must be
imposed in the zones with strong variations of quantities — along the bars sides for the spatial
mesh and towards the beginning of transient process.

The transient numerical simulation begins at the moment corresponding to g = 107 with the
minimum time step alowed by the program (p = 10° ). Thisis increased in steps, on little time
intervas till the end of transient process, practically corresponding to q = 10. Totally, 234 time
values were analysed.

The way of variation time mesh has also an important influence on the accuracy. Thus, the step
time has been increased along the simulation such asits variation does not exceed 2-2.5 times at
the homogeneous time intervas junctions.

In the figure 3 is shown the numerical evolutions in time of ratio n along the transient process at
current and voltage steps. The initial and final values caculated with (3) or (3') and (2) are dso
designed. The coincidence of andytical and numerical results is evident a the end of process.
The negative sope of the numerical curves on the first two decades is probably due to the
transient process of computation method.

The numerical results of magnetic field penetration and of the current density distribution in
conductors were obtained for some moments corresponding to g between 0.001 and 1, at
current and voltage step. In [2], the tangential component of magnetic field and longitudinal
component of eectric field were analytically evaluated using the equations (6)-(12), considering
the ratio h of static magnetic field for al analysed moments. In this paper a combined analytic-
numerical solution is proposed, using the same equations with the ratio h coming from numerical
simulation (fig. 3). The solutions vi, of equation (12), have been numerically evaluated using
MATHCAD program.



In figures 4-7 can be seen the results of numerical simulation compared to analytica and mix
analytical-numerical solutions at current step injection. There’s agreement can be observed.
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Fig4: Numerica and analyticd results of transient
magnetic fidd in conductor 1 at current step injection,
forh/b=30and a/b=2.

Fig 5: Numerica and mix analytica-numerica results
of trandent magnetic field in conductor 1 at current
step injection, for /b =30and a/b = 2.
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Fig 6: Numerica and analyticd results of transient
electric fidd in conductor 1 at current step injection,
forh/b=30and a/b=2.

Fig 7: Numerica and mix analytica-numerica results
of trangent dectric fiddin conductor 1 at current Sep
injection, for Wb =30anda/b = 2.



In figures 8-11 can be seen the results of numerical simulation compared to andytical and combined
anaytica-numerical solutions at voltage step application, in best agreements.

02— 02 ———
6=0010=%  H, (£, 0) 6-0.010- 1

; H, (&, 0) -
005 ———— |u(t)=Uy1(¢) 005 —— |u(t)=U,y1(¢)
™ D 7 &

0.1 i 0.1 0
0

0

0.2 02

-02 05 -0.2 05

o — AN - — AN-NUM
B g N NoMm || A T NUM
-0.6 ‘ -0.6
&)
' Lo Al T .
-0.8 ' [ i [ | ] -08
| Ha
| | 1
- b b g
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
g=" g= "
b b
Fig 8: Numerica and analyticd results of transent Fig 9: Numerica and mix analytica-numerica results
magnetic fidd in conductor 1 at voltage step of transent magnetic field in conductor 1 at voltage
application, for /b =30 and a/b = 2. step application, for b =30anda/b = 2.
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Fig 10: Numerical and andyticd results of transent Fig 11: Numerical and mix analytical-numerica
dectricfidd in conductor 1 at voltage step application, results of trangent eectric fidd in conductor 1 at
forh/b=30and a/b=2. voltage step application, for b =30 and alb = 2.



Reésultats dégradés i Reésultats dégradés
Grandeur : |Champ magnet | Afm Grandenr : Densite courant A/(mm carre)
Temps (s.) : 100E-6 i | Temps (s.) : 100E-6
ntervalle / Couleur Intervalle / Coulenr

1 LS674TE-3 / -146955E-3
i L46955E-3 / -137163E-3
i | SLATI6E-3 / -L2TAE3

| SL27AE3 / -117STEE-3
i -LI7S78E-3 / -LO7786E-3

-LOT786E-3 / -079.04111E6

I O79.04111E-6 / -882.01981E6
i -832.01981E-6 / -784.00852E6
i 734.09852E-6 / -686.17723E-6
i
i

686.17723E-6 / -588.25509E6
-583.25500E-6 / -400.347E-6
400.33TE-6 / -302414IE6
302413416 / -204.40211E6
294.49211E-6 / -196.57035E6
i -196.57085E-6 / -08.64957E-6
228024 / 244185 ! -03.64057E-6 / -728.29860E-0

Fig 12: Magnetic field distribution at g = 10 Fig 13: Current density distribution at g = 10
for current step injection. for current step injection.

Using visualisation facilities offered by FLUX postprocessor, in the figures 12 and 13 are
presented the magnetic field and the current density distributions in the studied domain for
q =107 in the case of current step injection.

4 Conclusons

- The trangent electromagnetic field in and around a system of two non-magnetic homogenous
rectangular bars is evaluated with finite element method using FLUX 2D program. For high-
enough bars, good agreement with old analytical solution was found.

- Thinness mesh in the zones with strong variations of quantities and uniformly time mesh
variation insure a good accuracy of results.

- A combined analytical-numerical solution for the field penetration in high-enough bar and for
the time variation of the current density distribution in bars was proposed and its agreement
with purely numerical evaluation has been established.
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