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Abstract: When designing rotating electrical
machines, transformer, and other electrical equipment
for high power, it is necessary to resist the forces
between the conductors carrying heavy currents. The
paper deals with the magnetic shielding, which can
reduce these forces. It presents a mathematical model of
the magnetic field in the area of three parallel conductors
of three-phase supply. Based on the numerical solution
the Lorentz force per unit length of conductors has been
determined. The calculation of eddy current losses in the
shielding jacket has been performed. The computational
algorithm is illustrated with numerical examples.
The general rules for a reliable design of shielding have
been developed.
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1. Introduction

The construction of high-performance -electrical
machines and other heavy electrical equipment must
satisfy the condition that the conductors carrying high
currents are mechanically resistant. This requirement
must especially be satisfied in equipments where short-
circuit currents can occur. Examples of highly mecha-
nically stressed parts are fronts of the stator windings of
turbine generators, outlets of large rotating machines or
power transformers, inlets of arc furnaces, buses in
electric substations, etc. When designing the fixing
elements for the mechanically exposed conductors, two
circumstances have to be respected: the conductors must
be securely fastened to prevent their permanent defor-
mation, and, at the same time, they must have access to
cooling, which protects them against thermal damage.

The magnitude of the forces acting among the
conductors is closely related to the magnetic field
induced by the currents in them. The distribution of
magnetic field in a certain domain near the conductors
can be affected by suitable shielding elements.
Generally, a passive shielding (the domain is protected
from magnetic field by a magnetically conductive shell),
or active shielding (time-varying magnetic smog is
suppressed by a secondary magnetic field generated by

eddy currents; these are induced by a magnetic field in
an electrically conductive shielding shell), are used. The
active shielding systems are accompanied by the
production of Joule eddy current losses in the conductive
material of the shell. The passive and active shieldings
can be combined. In this article, we test the hypothesis
that the forces acting on conductors in various heavy-
current components can significantly be reduced by a
suitable active shielding. The confirmation of this
hypothesis may make the work of the designers of
numerous power engineering devices much easier.

2. Statement of the problem

Consider a three-phase line, consisting of three
parallel conductors X, Y, Z. Each of the three conductors
is made of copper round-strand rope (so that the skin
effect in the conductors can be neglected) and carries
current of a symmetrical three-phase system. We
determine the time dependencies of force fx(f) acting on
the conductor X and force fy(#) acting on the conductor
Y. Due to the symmetry, the force acting on the
conductor Z is similar to the force fx(¢), but it is time-
shifted against the force acting on the conductor X. As
we want to specify only the maximum values of forces,
for the above reason we will not deal with the force
acting on the conductor Z. Calculation of the forces fx()
and fy(f) will be carried out for the following
arrangements:

e  The line is unshielded (Fig. 1, a).

e The line is partially shielded by a conductive
plate (Fig. 1, b), which is made of: a) copper, b) alumi-
nium, c) iron.

e The line is fully shielded with a shell (Fig. 1, c)
made of: a) copper, b) aluminium, c) iron.

We shall investigate the magnetic field around the
conductor, forces fx(f), fy(f) as functions of time and
Joule losses in the shielding material. In paragraph 3, we
shall formulate the mathematical model and in paragraph
4, we shall indicate its numerical implementation. The
content of paragraph 5 is an illustrative example with a
discussion of the results, and general conclusions are
summarized in paragraph 6.
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Fig. 1. Arrangement of conductors of lines: a — unshielded
case; b — shielding with a plate; ¢ — shielding with a shell.

3. Mathematical model

At first, we write equations for the distribution of the
magnetic field in all definition subareas. For the magnetic
vector potential A(f) in the non-linear conductive
environment, the equation reads (see, e.g., [2], [3]):

curl[lcurlAJ = —788—1;1 + J (1

U
where 4 is the magnetic permeability and J denotes the
field current density.

As J = z,J (1) and, thus, 4 = z,4_(x,y,t), then
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e Finally, for the surrounding air environment we can
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The Lorentz force acting on the conductor carrying
current of density J in a magnetic field B is

f=[(JxB)av. (6)

The force acting on 1 meter of the conductor X has
the following components

fo=—J.[BAS, fy,=-J.[BdS. (D
S s

Similarly, we can determine the force components

Jvx fvy acting on the conductor Y.

The volumetric Joule losses in the shielding element

can be expressed in the form
2

J
wy(x,p,t) = %, ®)

where y is the electric conductivity and the density of
eddy currents in shielding is
04

= ©)
ot
Here, for non-ferromagnetic shielding z = 1.

The mean value of the volumetric Joule losses in

time is given by the formula

J, eddy: — VH
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where x,yey and €T, T, denote the length of one

period.

4. Computational model

The numerical solution of the mathematical model
was performed by FEM, using QuickField 5.0 [4]. For
both linear and non-linear shielding elements, the
module Transient Electromagnetics was used. The
convergence of the numerical solution for different
values of discretization parameters §_. , 6 (lengths of

min ° max

the sides of particular elements) and for different values
of the time step At was examined in the calculation. It
was shown that the accuracy of the calculated forces
acting on the conductors X and Y is, above all,

influenced by the values of o, used for the

discretization of cross-sections of the conductors
(Fig. 1), while the discretization of the subfield formed
by ambient air practically does not affect the accuracy of
the solution. Further, it 1is shown that the
effect of discretization Ar is negligible in comparison
with the influence

of geometric discretizationd, .

Apparently, this is associated with the existence of

second derivatives with respect to the geometric
variables and with the first derivatives with respect
totimein the differential equations solved. The

results suggested that for values 5 . =6.25-10" m,
5. =125-107 mand Ar =

forces acting on the conductors X and Y can be
computed with an accuracy reaching three significant
digits.

1.10*s, the maximum
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For illustration of the results, the magnetic field lines
A(x, y, f) = const. are shown for these arrangements of
the conductors:

e line is unshielded (Fig. 2),

e line is shielded with copper board (Fig. 3),

o line is shielded with iron shell (Fig. 4).

For Figs. 2, 3 and 4 the value of ¢/7T, =4.75, the

scale being 0.0001 Wb/m.

The comparison of Fig. 2, Fig. 3 and Fig. 4 shows
that the magnetic field around the conductor with the
iron shielding is much stronger (the field lines are at the
same value of "scale" denser), and when shielded by the
copper board, the magnetic field is weaker than in the
case of the unshielded line. Therefore, it can be expected
that in the case of the copper shielding board, the forces
among the conductors are reduced, and, on the contrary,
in the case of the iron shielding shell the forces will
dramatically increase. This will be more precisely
expressed in the discussion of the results of the
following illustrative example.

Fig. 4. Magnetic field for shielding with iron shell.

5. Illustrative example

Several calculations were performed for the
considered configurations of shielding and for various
shielding materials. We present the results of the
calculation of forces among the conductors when the
conductors X, Y, Z, arranged according to Fig 1 are
realized by ropes with currents of a symmetrical three-
phase system with an amplitude Ix = Iy = I; = 7.187.10°
A, which corresponds to the current density amplitude
J.=4.95-10° Am? and frequency /= 50 Hz.

Table 1
Values of x-components of the forces acting
on the conductors X and Y

configuration S [N/m] [%] | fyx [N/m] [%]
unshielded: 100 | 100 ........ 100
board of cooper 50 | 55 ... 55
shell of iron 39 40 ... 40
board of iron 117 | 120 ........ 120
shell of iron 444 | 390 ........ 390

The results are presented for the fifth period of the
current Tp, 1e., for 4<¢/ Tp <5 . The material of shiel-

ding is, in turn, copper (y =5.7-10’ sm"”ur =1), alumi-
nium (y =3.4-10" Sm™, g =1), and iron (3 =1.5-10°Sm ™",
whose B(H) dependence is depicted in Fig. 5).
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Fig. 5. The magnetization curve of ferrous shielding material.

The forces acting on the conductors X, Y and Z vary
periodically with the frequency 2f. For example, the
force acting on the conductor X is
Sx (@) = Xo fx (1) + Yo fx,(0)- Figs. 6-9 present the
waveforms of the x and y-components while shielding is
made of copper, and Figs. 10-13 present the
corresponding curves when shielding is of iron. In these
drawings, the maximum values of the forces are shown
and, for greater clarity, also listed in Tab. 1.

The maximum value of the x-component acting on
the conductor X is fy, =max|fx(t)]. The force

components acting on unshielded conductors X and Y
are taken as 100 %. Table 1 implies that while shielded,
the x-component of force
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o decreases with copper board; on the conductor X
to 50% and on the conductor Y to 55 % ,

e decreases with copper shell; on the conductor X
to 39% and on the conductor Y to 40 %, while

e increases with iron board; on the conductor X to
117% and on the conductor Y to 120 %,

e increases with iron shell; on the conductor X to
444% and on the conductor Y to 390 %.

Table 2
Time-space mean values of eddy current losses
in the shielding material

W.I mean [W/m3]
shielding material board shell
cooper 1.593-10° 7.163-10*
aluminium 2.351-10° 1.027-10°
iron 4.566-10* 4.185-10°
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Fig. 6. Time dependencies of components fx, (... unshielded
case, 11... shielding with a cooper board, 111... shielding with a
cooper shell).
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Fig. 7. Time dependencies of components fy,
(I... unshielded case, 1I... shielding with a cooper board,
111... shielding with a cooper shell).

Shielding with the board is asymmetric, which
causes generation of a y-component of the force. If the
board is made

e of copper, the y-component acting on the con-
ductor X fx, = 90 N and on the Y conductor fy, = 60 N,

e of iron, both of these components increase:

fxy=95N and fy, =90 N.

Table 2 gives the time-space mean Joule losses that
are produced in the shielding material.

4,0 4,2 4,4 4,6 4,8 5,0

Fig. 8. Time dependencies of components fy,
(I... unshielded case, 1I... shielding with a cooper board,
111... shielding with a cooper shell).
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Fig. 9. Time dependencies of components fy, (I... unshielded
case, 11... shielding with a cooper board, I1... shielding with
a cooper shell).
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Fig. 10. Time dependencies of components fx
(1... unshielded case, I1... shielding with an iron board,
1I1... shielding with an iron shell).



The Effect of an Electromagnetic Shielding on the Forces Acting Among the Conductors of... 37

400
300
200

40 42 44 46 48 5,0
tr,

Fig. 11. Time dependencies of components fx, (I... unshielded

case, 1l... shielding with an iron board, Ill... shielding with an
iron shell).
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Fig. 12. Time dependencies of components fy, (1... unshielded
case, II... shielding with an iron board, I11... shielding with an

iron shell).
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Fig. 13. Time dependencies of components fy, (1... unshielded
case, I1... shielding with an iron board, I11... shielding with an
iron shell).

6. Conclusion

The presented work shows that shielding of
conductors X, Y, Z of a three phase line can
considerably influence the forces acting among the
conductors. The reduction of the forces occurs if the
shielding is made of a highly conductive non-
ferromagnetic material, while if the shielding is made of
iron, the forces among conductors will increase
significantly. If the shielding is asymmetric (in our case
the shielding with a board), the y-component of force
occurs. When designing a shielding for a power device,

it has to be reckoned with the fact that the shielding is
accompanied by the generation of the Joule losses in its
elements. The specific design of the shielding must then
be supplemented with calculating the temperature rise.

The shielding effect depends on a number of
different parameters, mainly geometric dimensions,
properties of the shielding material, effects of the
surrounding structure, etc. The project of shielding
should be treated as a multiparametric optimization
coupled electromagnetic-thermal problem.
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BII'INB EJTEKTPOMATHITHOI'O EKPA-
HYBAHHS HA CUJIA B3A€MOJII MIK ITPO-
BITHUKAMHU TPUPASHUX JITHINA

Haniens Maep, borymm Vispix, [letp Kporrik

Tlix wac npoexTyBaHHS 006ePTOBUX eNMeKTPUYHUX MAIIWH,
TpaHcGOPMATOPIB Ta IHIIOTO eNeKTPOOOTaTHAHHS BHUCOKOT
MOTY)KHOCTI HeoOXiTHO BpaXOBYBaTH CHJIM B3aeMoMii Mik
HPOBONAMH 31 CTpyMaMH 3 BEJIMKHM YHHHMM 3HAYCHHSM.
Po3riIsiHyTO MaTHeTHe €KpaHYBaHHS, sSKe MOXe 3MEHIIMTH i
CHUIIH. BI/IKJ'[a,I[CHO MAaTCMaTU4YHy MOICJIE MArHETHOTO IIOJIST B
TPBOX MPOBITHNKIE  TpHbasHOTO
KUBJICHHA. Ha TmigcTaBi 4YUCIIOBOTO pO3B’SI3aHHS 3HAMICHO
cury JlopeHIa, 0 Ii€ HA ONXHHHUIIO JTORKHHHU MPOBIIHUKIB.
TlpoBemeHO po3paXyHOK BTpaT Ha BHXPOBI CTpyMH B
3aXUCHOMY eKpaHi. OOUHCIIIOBATLHII AITOPUTM LTIOCTPYETHCS
YHCITOBUMH TIPUKITAJaMH. 3allpOIIOHOBAHO 3aTaibHi peKoMeH-

obnacri TapanelbHIX

Jauii juist KOHCTPYIORAHHS HAIHHOTO eKpaHyRaHHS.
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