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The paper presents the results of the calculations of the magnetic field for the both
shielded and non-shielded 3-phase MR 250 busbar manufactured by Elektromontaz 2 in
Katowice, Poland. The busbar magnetic field has been determined by the following
methods: analytical method for non—shielded busbar without taking into account the skin
and proximity effects, analytical-numerical method based on integral equations, two-
dimensional method of finite elements with the use of the commercial FEMM software,
measurement method on a test stand. The measurements were performed with the use of
a special non-directional magnetic field meter. A satisfactory compliance of the
calculations has been obtained.
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1. Introduction

Electrical connections leading considerable currents between large devices
and apparatus in substations and industrial plants are usually made from
aluminum or copper bare conductors (called bus bars) mounted on stand-off
insulators. The bus bar systems are often enclosed in shields. Nominal currents
of presently installed bus bars, both shielded and unshielded, reach up to 10 kA.
Consequently, magnetic field intensity generated by such bus bars is relatively
large, even at nominal currents. The magnetic fields affect the bus bar system
elements and its neighborhood — other electrical devices and apparatus, steel
constructions, electronic control and data transmission systems, natural
environment and personnel. Exceeding the permissible values of magnetic field
intensity can lead to incorrect functioning of ¢lectrical equipment, overheating
the steel constructions, and even degradation of natural environment including
threatening the human health. All the mentioned problems can be discussed in
the terms of electromagnetic compatibility, which requires determination of
magnetic field intensity around devices generating it. Besides, the knowledge of
magnetic field in the systems is often required due to the environment and
personnel safety [1].
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The present trends in use of rectangular bus bar systems seem to confirm
their increasing usefulness in medium and high voltage ¢lectrical substations.
Particularly large increase of their importance can be noticed for low voltage bus
bar systems, which are the main supply systems in industrial plants. The today
production is often aimed to short series. As a consequence, this requires
frequent rearrangements in production line, which enforces changes in supply
system. This can be a big and expensive problem in case of cable supply, but can
be practically eliminated if the machinery power supply is lead from bus bar
system with tap-off boxes [2, 3]. In each case, it is necessary to check if the
magnetic field intensity does not exceed permissible values indicated by
standards and law. This requires measurements around bus bar systems.
Measurements of magnetic field in such systems can be troublesome due to
inaccessible places under the shield. This paper shows a use of measurement
system with a non—directional probe of special construction in magnetic field
measurements around a three-phase bus bar system. Apart from measurements,
also computations were performed, and the results are discussed below.

The subject of the investigation was the busbar of MR 250 type and its two
versions: the unshielded busbar and the shielded one. The dimensions for those
solutions are: a=7mm, b=16mm and d=d;, =26 mm (Fig. 1). The phase
busbars and the neutral one are made of copper with the conductivity
o =56 MS'm". The enclosure of the busbar is made of galvanized sheet with the
conductivity o5 =16 MS'm™' , and the thickens of its walls is t = 1 mm. The
position of the enclosure walls in respect to the busbars is determined by
a :bl :b2=20mm.
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Fig. 1. The busbar of MR type [4]

In the paper the results of the calculations and the measurements of the
clectromagnetic field generated by the 3—phase both unshielded and shielded
4—conductor busbar of MR 250 type, produced by Elektromontaz no.2 in
Katowice are presented.
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2. Electromagnetic field of the 3-phase line generated by 4-conductor
long rectangular busbars

Let us consider a 4-conductor high-current line built of rectangular busbars
(Fig. 2) and with current asymmetry: [, =Je!, 1, = 057 I, = lemoo

and the current in the neutral busbar [, =1, +1, +1; =0.5/ el
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Fig. 2. The 3—phase 4—conductor line built of rectangular busbars with I, , I, I,

and [, currents

In this case the total elementary field in the X(x,y) point generated by the
currents in the elementary areas of the phase conductors and the neutral one is
5-8
= dﬂzdﬂl +dﬂ2 +dﬂ3 +dﬂ1\/ (1)
whereas the total electromagnetic field in this point
H= (Exl +H,,+H, +ExN)1x + (Eyl + EyZ +Ey3 +EyN )ly = @)
=H 1,+H,1,
wherethe H , and H , components can be expressed by the formulas

1
H (x,y)=——xX
H, (x,y) S7ab

-2 2 -2 2
2(b—2y) arctga x+arctgwr al —2(b+2y) arctga x+arctgwr |+
b-2y b-2y b+2y

(a+2x)° +(b-2y)° +(a_2x)ln(a—2x)2+(b—2y)2

2x)1
Hat x)n(a+2x)2+(b+2y)2 (a-2x)° +(b+2y)°

3)
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and
1
H (x,y)=—=
) 8rzab
b-2y b+2y b-2y b+2y
—2la-2 t +arct; +2la+2 t +
(a x){arcga_zx arcga_zx} (a x){arcg—2 arc gﬁ} @
X
2 2
—(b+2y)ln(a 2x)2-|-(b-i-2y)2 —(b-2))In (a=2xy +(b-2yy
(@+2x)°+(b+2y) (a+2x) +(b— 2y)

when assuming the current in them as [ =1,. The A, and H , components
can be expressed by the formulas (3) and (4), after replacing the x variable by
x +d and assuming the /=1, current, the H ; and H ; components can be
expressed by the formulas (3) and (4), respectively, after replacing the x variable
by x —d and assuming that [ =1;.

The H,, and H , components can be expressed by the formulas (3) and
(4), respectively, after replacing the x variable in them by x + 24 and assuming
the 1, =1, +1,+1; current. The distributions of the magnetic field in such
current line for the current asymmetry case are presented in Fig. 3 and Fig. 4.
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Fig. 3. The distribution of the magnetic field module of the 4—conductor 3—phase line with
rectangular busbars on the plane of the cross—section of the line for the case of asymmetric
currents; ¢ =0.0lm, 6=005m, d=2a
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Fig. 4. The distribution of the magnetic field module of 4-conductor 3-phase line with rectangular
busbars for the case of asymmetric currents; a =0.01m, 5=0.05m, d =2a

3. Measurement system

Excluding special cases, €.g. when the conductors are parallel and phases of
their currents differ by z, the magnetic field around a system of time harmonic
currents is an elliptic field. This certainly occurs in three phase systems, and is
emphasized by skin and proximity effects [9, 10]. Hence, it must be taken into
account during measurements. The measurement of elliptical magnetic field with
use of directional probes is onerous, because the operator has to find maximum
at cach probing point. This requires time, attention and precision, and can
generate large measurement errors due to weariness and inattention. Therefore,
special non—directional probes are often constructed. One of such constructions
is a specific meter for non—directional measurement of magnetic field intensity
or magnetic flux density constructed as research project N N511 312540
financed by the Polish National Science Centre [11, 12] — Fig. 5.

The main part of the probe is a three—axial coil head (Fig. 6) coupled with
a converter co—operating with a PC via an Ethemet interface. By using such
a head of three mutually perpendicular detectors of magnetic field, the
orientation of the head does not affect the detected value of magnetic field,
which allows us to determine correctly the magnitudes of magnetic field
intensity or magnetic flux density at any orientation of the probe head (provided
that its center maintains the same required position). This makes the
measurement much more easier when compared to directional probes. In
addition, such a construction offers freedom in manipulating the probe during
measurements. However, these advantages must be confronted with a drawback,
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which is the size of the head (the diameter is about 1 cm). It does not allow using

the probe between tightly mounted elements. The size can be also a problem
with exact positioning of the probe, especially if the field values change rapidly

throughout space.
Three-axial probe Q

Optical fibre

Converter

Fig. 5. Measurement system scheme

The measurement is conducted in real-time. The user interface is a dedicated
software, which allows registering and imaging temporal changes in the
magnitude of magnetic flux density vector or magnetic field intensity vector.
Apart from data acquisition, it also offers generating reports of measurement
protocol as an MS Excel file.

The meter has four measurement ranges, which can be selected via the
software. The measurement range for magnetic flux density covers values from
0,2 up to 250 mT at frequencies from 50 Hz up to 10 kHz. The measurement
uncertainty is below £2% [12].

Due to non—directional measurement, the system is a convenient tool in
magnetic field measurement around power transmission lines with 50 Hz
currents.

Fig. 6. The magnetic field probe
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4. Measurements

The measurements where performed in the lab stand at the Institute of
Environmental Engineering of the Czestochowa University Technology (Fig. 7).
We a used three—phase current source. The magnetic field was measured with
the above mentioned measurement system. In addition, also currents were
measured.

Fig. 7. Lab stand: 1 — bus bar system, 2 — three—phase current supply, 3 — PC with measurement
software, 4 — magnetic field probe (inside the shield), 5 — Rogowski coils, 6 — additional
measuring equipment (voltmeter, phase meter)

The position of the measurement points is shown in Fig. 8 and Fig. 9.
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Fig. 8. The position of the measurement points of the unshielded busbar of MR type
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Fig. 9. The position of the measurement points of the shielded busbar of MR type
5. The scope of the investigation and the measurement results

First a symmetrical current forcing was assumed. Then, the analytical method
(AM), neglecting the skin and proximity effects, the distributions of the
magnetic field intensity for unshielded busbars were determined (Figs. 10, 11
and 12).
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Fig. 10. The distribution of the magnetic field intensity along the y line = const. of the unshielded
busbar of MR 250 type, with current symmetry and the / = 250 A current
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Fig. 11. The distribution of the magnetic field intensity along the x line = const. of the unshielded
busbar of MR 250 type, with current symmetry and the / = 250 A current

Fig. 12. The spatial distribution of the magnetic field intensity of the unshielded busbar
of MR 250 type, with current symmetry and the / = 250 A current

If the skin and proximity effects are taken into account then, to determine the
magnetic field intensity generated by both unshielded and shielded busbar of
MR 250 type the analytical-numerical method (IEM) described in the research
studies [11, 13] should be used.

For both the unshielded and the shielded busbars of MR 250 type their areas
presented in the discrete form in the FEM method with the use of FEMM
commercial software are shown in Fig 13 and 14.
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Fig. 13. The cross—section of bus bar system with FEM mesh — unshielded busbar of MR type

Fig. 14. The cross—section of bus bar system with FEM mesh — shielded busbar of MR type

The obtained as above distributions of the magnetic field intensity were
compared with the results obtained with the use of the analytical method (AM),
integral equations (IEM), finite elements (FEM) and the results of measurements
(MM). That comparison was made in the selected points of both: shielded and
unshiclded busbar of MR type (Fig. 8 and Fig. 9) and the results are presented in
Table 1.

Assuming the asymmetrical current forcing with the

I,=250e, I1,=1251¢"%", I, =250e""", I, =125¢"" currents,
and passing the skin and proximity effects over the distributions of the magnetic

field intensity for unshielded busbar with one bar per phase and one neutral one
were determined. Respective graphs are presented in Figs. 15, 16, and 17.

> >
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Table 1. The magnetic field intensity in the selected points of unshielded (*)
and shielded (**) 3—phase busbar of MR type with current symmetry

Magnetic field intensity with current symmetry (in kA/m)
and the 7 = 250 A current

*% 1
" Method 1 2 3 Points 1 3 G
AM 0314 | 0972 | 3.077 | 3.068 | 2.782 | 0.450
® IEM 0.280 | 0.800 | 2.850 [ 3.150 | 2.950 | 0.600
FEM 0400 | 1.096 | 4058 [ 4478 | 4.067 | 0.916
MM 0.244 | 0.852 | 3.301 | 3.442 | 3.126 | 0.591
IEM 0.250 | 0.650 | 2.850 [ 2.450 | 2.850 | 0.550
*x FEM 0368 | 1.141 | 4.024 | 4.437 | 4.101 | 0.917
MM 0.203 | 0.521 | 2.975 [ 4.353 | 3.390 | 0.278

* Points
N\ | Method 3 9 [ 10 | 11 | 12
AM 0.252 | 0.547 | 0.917 [ 0.995 | 0.715 | 0.530
® IEM 0.250 | 0.520 | 1.000 [ 1.150 | 0.850 | 0.420
FEM 0339 | 0697 | 1.244 | 1.483 | 1.248 | 0.619
MM 0.225 | 0.565 [ 1.035 | 1.218 | 0.957 | 0.443
IEM 0.210 | 0.550 | 1.000 [ 1.000 | 0.850 | 0.400
*x FEM 0312 | 0651 | 1.163 | 1.439 | 1.263 | 0.618
MM 0.162 | 0.142 | 0.150 [ 0.190 | 0.204 | 0.197

* _ without enclosure; ** — with enclosure
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Fig. 15. The distribution of the magnetic field intensity along the y line = const.
of the unshielded busbar of MR 250 type, with current asymmetry
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Fig. 16. The distribution of the magnetic field intensity along the x line = const.
of the unshielded busbar of MR 250 type, with current asymmetry
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Fig. 17. The spatial distribution of the magnetic field intensity of the unshielded busbar
of MR 250 type, with current asymmetry

The obtained calculated values of the magnetic field intensity with current
asymmetry were compared between them and with the results obtained with the
use finite elements (FEM) and the measurements (MM). That comparison was
made in the selected points of both: shielded and unshielded busbar of MR type
(Fig. 8 and Fig. 9) and the results are presented in Table 2.
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Table 2. The magnetic field intensity in the selected points of unshielded (*)
and shielded (**) 3—phase busbar of MR type with current asymmetry

Magnetic field intensity with current asymmetry (in kA/m)
and the currents:

1,=250¢" [A] 1, =125¢ %" [A],

1, =250 [A] I, =717 [A]
K% 1
« Method 1 2 3 Points 1 3 G
AM | 0658 | 1432 | 2.954 | 2.368 | 3.624 | 0.673
* TEM | 0.350 | 1.000 | 2.950 | 2.250 | 3.150 | 0.690
FEM | 0.753 | 1.766 | 4304 | 3.512 | 4.101 | 0.999
MM | 0364 | 1.111 | 3.153 | 2.656 | 3.295 | 0.763
IEM | 0.250 | 0.950 | 2.950 | 2.200 | 2.950 | 0.520
= [ FEM | 0428 | 1.634 | 3.916 | 3.243 | 4.107 | 0.926
MM | 0.202 | 1.061 | 3.031 | 3.619 | 3.699 | 0.299
® Points
* Method | 8 9 10 11 12
AM | 0216 | 0.810 | 1.063 | 1.043 | 0.970 | 0.476
* TEM | 0.280 | 0.500 | 1.000 | 1.050 | 1.000 | 0.450
FEM | 0604 | 1.010 | 1.459 | 1.519 | 1.296 | 0.683
MM | 0.299 | 0571 | 0.936 | 1.114 | 1.135 | 0.509
TEM | 0.120 | 0.400 | 0.850 | 1.000 | 0.850 | 0.250
== [ FEM | 0346 | 0.728 | 1.128 | 1.329 | 1.220 | 0.616
MM | 0.151 | 0.137 | 0.142 | 0.184 | 0.217 | 0.236

* _ without enclosure; ** — with enclosure
6. Conclusions

As the result of carried out calculations and experimental investigations a
significant impact of the shield of high—current line on the distribution of the
magnetic field in the proximity of busbars and in the external area of the shields
was found. The specially designed and built test station enabled the experimental
verification of the magnetic field in the both unshielded and shielded rectangular
busbar of MR 250 type. A satisfactory conformity with the values calculated
with the use of the commercial software based on the two—dimensional method
of finite elements and analytical-numerical calculations was obtained. In some
points the differences seem to be significant. Probably this was the effect of
imprecise positioning of the probe during the measurements, and also because of
the considerable size of the probe head in relation to the gap between the
busbars.
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