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ADVANCED MODELING OF EM FIELD INTERACTION
WITH METALLIC-COMPOSITE AIRCRAFT

Abstract: The performances of a numerical tool for the prediction of the indirect effects of the direct
lightning interaction to aircraft are described. The simplifying hypotheses assumed in the model are dis-
cussed with reference to the analysis of the aircraft interaction with EM sources characterized by wider fre-

quency spectra.

1. INTRODUCTION

In the last years a great interest of the
aeronautical community has been devoted to-
wards the development of powerful simulation
tools, which are able to simulate the interaction
of aircrafts with electromagnetic (EM) fields
generated by an EM pulse (EMP) or high in-
tensity radio frequency (HIRF) sources as well
as direct and indirect lightning strokes.

A two-years research project has been de-
veloped by the authors to predict the EM ef-
fects produced by the direct lightning stroke to
a metallic and composite aircraft, on the basis
of the experience acquired in this field [1,2].
Actually, the avionics authorities foresee the
possibility of carrying out the lightning certifi-
cation process through computational analyses
instead of experimental tests.

The aim of this paper is to describe the main
characteristics and performances of the
simulation models developed for the analysis
of the lightning stroke to aircraft. Moreover the
simplifying hypotheses assumed in the
computational procedure in the frequency
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range up to a few megahertz will be discussed.
As a result of the analysis, indications will be
given concerning the development of the
advanced modeling of the aircraft interaction
with wide-band EM sources.

2. NUMERICAL SIMULATION
LIGHTNING STRUCK AIRCRAFT

The computational procedure for the EM
indirect effects prediction is split in two
phases: the calculation of the aircraft internal
and external EM field and the prediction of the
transient currents and voltages induced in the
inner cable network.

The transient EM field distribution inside
the aircraft is obtained by means of a three-
dimensional (3D) finite difference time domain
(FDTD) procedure, which bases on the 3D-
computer aided design (CAD) model of the
aircraft, including the external surfaces and the
main internal structures.

The 3D mesh, consisting of cubic cells, is
obtained from the digital mock-up defined in
the design activity. The space resolution of 10
cm allows to resolve satisfactorily the geomet-
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rical details of the structure. The 3D-FDTD
procedure bases on Yee's scheme, in which
Courant’s stability condition is enforced.

An innovative type of boundary condi-
tions, combined with a digital filtering tech-
nique, is implemented in the FDTD procedure,
in order to truncate the FDTD mesh at only 10
cells from the aircraft, and to assure stability
for millions of time iterations [3].

Non-homogeneous materials, such as car-
bon fiber composites (CFC) and honey-comb,
are simulated by defining the effective tensors
of electrical conductivity and permittivity [4].
In fact, in the frequency range excited by the
lightning phenomenon, i.e. up to a few mega-
hertz, these materials can be modeled as ho-
mogeneous and uniform. It is also assumed
that the EM wave propagating through the
composite panel is characterized by a planar
front; this assumption holds since the average
propagation constant in the slab is much
greater than the propagation constant in the air,
in the whole frequency range excited by the
transient lightning current.

The efficient thin panel model is then im-
plemented in the FDTD scheme to simulate
composite and metallic layers [5,6].

The lightning channel is simulated by
means of two segments of thin wire extending
from the attachment and detachment points
toward the border of the FDTD grid.

A fitting technique is applied to extrapo-
late the late times waveforms of the EM field,
obtained by the FDTD procedure during the
initial 50 ps - 100 ps of the transient, corre-
sponding to a maximum of 600,000 iterations.

The magnetic field components along the
cable routes are stored and the corresponding
frequency spectra are computed by discrete
Fourier Transform (DFT).

The electrical network onboard is consti-
tuted by several tens thousands of wires,
grouped in numerous bundles, connecting all
the electrical and electronic apparatus and
components. Such field-excited complex net-
work is analyzed by using the transmission line
(TL) approach in the frequency domain since

100

the excited frequency range is up to a few
megahertz.

A topological approach is developed in or-
der to derive an equivalent sketch of the com-
plex network, constituted only by two types of
elements: branches and junctions.

In order to simplify the onboard complex
wiring system, the whole network is subdi-
vided in several electrically independent sub-
nets; each sub-net is constituted by all the ca-
bles of a certain typology, which leave from
one of the connectors of a critical apparatus.
Each independent sub-net is then analyzed in-
dependently from the others: the presence of
nearby cables is taken into account in evalua-
tion of the line-section parameters and induced
sources. The critical apparatus and their
protection devices are not simulated and the
ports of the sub-nets are assumed either open-
ended or short-circuited.

A finite-element method (FEM) is used to
compute the external parameters of the cables
and of the bundles, so that the proximity effect
is taken into account and the insulating sheath
around the inner conductors is properly simu-
lated. Moreover the non-critical cables are
modeled as an equivalent grounded multi-wire
harness, which affects the computation of the
per-unit-length (p.u.l.) capacitance and induc-
tance matrices of the nearby critical cables.

The TL equations for each field-excited
line section of the network are treated by using
only the magnetic field components obtained
by the FDTD procedure. Each branch is hence
represented by an equivalent Pi-type two-port
circuit with shunted equivalent current sources
accounting for the effects of the incident EM
field. The nodal analysis is applied to the re-
sulting lumped-parameter equivalent network,
which includes the junctions among branches.
Moreover suitable reduction coefficients are
applied to the induced equivalent sources in
order to take into account for the shielding ef-
fect produced by the presence of non-critical
cable bundles nearby the critical branch under
investigation. This approach allows a strong
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Fig.1. — Block scheme of the computational pro-

cedure

reduction of the model complexity and a great
simplification of the computational procedure.

The transient voltage and current wave-
forms are computed by Inverse Fourier Trans-
form (IFT) of the corresponding quantities ob-
tained by the TL-NA procedure.

Fig.1 shows the block diagram of the de-
scribed procedure.

3. TOWARDS THE NUMERICAL SIMU-
LATION OF AIRCRAFT INTERAC-
TION WITH WIDE-BAND SOURCES

Most of the working hypotheses assumed

in the procedure described in the previous sec-
tion are not valid any more in a wider fre-
quency range, i.e. up to a few gigahertz.
In particular the following aspects should be
treated: performances of the boundary condi-
tions for the truncation of the FDTD mesh;
numerical stability of the 3D-FDTD procedure
for several hundred thousands time iterations;
calculation of the p.u.l. external parameters of
complex cable bundles by numerical method;
approach for the simulation of field-excited
critical cable harnesses by taking into account
the screening effect produced by nearby bun-
dles.

The open-boundary problem of
EMP/HIRF excited aircraft is well dealt with
by enforcing high-frequency non-reflecting
boundary conditions in the FDTD code. This
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can be done by using the perfect matched layer
(PML) boundary conditions.

Due to the high-frequency content of the
exciting field, the space discretization step has
to be reduced in order to capture the propaga-
tion phenomena. However, the use of a very
small space step results in a great expenses of
computer resources. This limit can be over-
come by applying computational parallel algo-
rithms.

The validity of the effective layer model,
which is applied to simulate non-homogeneous
materials such as composites, should be veri-
fied above 1 GHz, because it bases on the as-
sumption that only the first Floquet mode is
modeled in the analysis. Even the validity of
the thin panel model, which is applied to simu-
late multilayered conducting slabs, should be
verified: actually such approach cannot be ap-
plied if the front of the EM wave propagating
into the material is not planar. Moreover, dif-
fraction phenomena and edge effects should be
included in the model if the analysis is per-
formed in the gigahertz range.

For frequencies up to a few gigahertz, it
can still be assumed that the fundamental TEM
mode of propagation is the fundamental one
along the sections of the onboard networks,
even if higher-order modes are excited as well.
Therefore, the TL-NA approach is still
adopted, but several critical aspects have to be
discussed.

In fact, due to the strong coupling effect
between adjacent harnesses, statistical ap-
proach should be implemented in order to
compute the p.u.l. external parameters of the
critical bundles by taking into account the ef-
fects of the presence of the non-critical ones.
Also the effects of different load conditions of
the non-critical cables should be considered.
Moreover, due to the penetration of the EM
field through the apertures in the braided
shields of the cables, the FEM for the calcula-
tion of the external parameters can not be ap-
plied to disjuncted sub-domains, i.e. core con-
ductors to shield and shield to reference
ground. Equivalent representations of the



transverse section of braided shields have to be
introduced to take into account the field pene-
tration. Finally, the shielding effect produced
by the surrounding non-critical cables on the
critical ones excited by the external field
should be simulated by using statistical ap-
proach, because the influence of several factors
such as the load conditions, position of the
critical bundle, number of surrounding cables
becomes very important.

A great effort has to be done concerning
the proper simulation of parasitic parameters of
the loads at the cables terminations and of
junction elements. Such components can be
characterized in a wide frequency range by
means of experimental tests. The scattering
parameters matrix of each component can be
measured for the whole frequency range and
then the corresponding frequency-dependent
nodal admittance matrix is defined and intro-
duced in the numerical code.

In case of plane wave excitation or of elec-
tric field sources, the lumped sources im-
pressed on the equivalent circuit of the net-
work sections are more properly defined in
terms of the electric field components. The
formulation in terms of incident magnetic field
is suitable for the analysis of quasi-magneto-
static problems, such as the lightning phe-
nomenon.

4. CONCLUSIONS

An automatic procedure for the analysis of
electromagnetic interference (EMI) on the wir-
ing system onboard field-excited aircraft is
briefly described. In case of direct or indirect
lightning strokes, working hypotheses have
been introduced in the definition of the pro-
posed simulation model. As regards EM
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sources like EMP/HIRF, the proposed model
can be adopted by removing some of the intro-
duced simplifications. Among the defined
working hypotheses, the following can be
maintained:

- thin panel approximation of metallic
and composite material if the EM wave
can still be assumed to propagate with a
planar front;

- effective material model if only the first
Floquet mode is excited;

- analysis of the TEM mode of propaga-
tion by the means of TL-NA approach;

- assumption of the reference ground as
perfect conductor.

At the contrary, some hypotheses are not
valid any more due to the high-frequency con-
tent of such exciting sources and must be
changed as follows:

- reduction of the space discretization
step to capture the minimal wave-
length;

- simulation of the onboard network by
applying statistical approaches to take
into account the presence of non-
critical bundles;

- introduction of suitable braided shield
models in FEM algorithms to simulate
the field penetration through apertures.

Finally some phenomena have to be taken
into account:

- edge effects and diffractions in the

FDTD analysis;

- ill-conditioned behavior of the equiva-
lent sources expressions as function of
the incident magnetic field;

- parasitic parameters on the terminations
and on the junction components.
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RADIATION FROM BENT TRANSMISSION LINES

Abstract This paper deals with the radiation phenomenon from bent transmissionlines numeri-
cally and experimentally. At first, the radiation loss for different types of bent transmission lines has
been estimated by using the method of moments (MoM), in order to suggest the most optimal design for
a bent line in terms of a radiation loss. So, the simplest line with a right-angle bend is recommended.
Then, the radiation patterns from such a right-angle bent transmission line have been numerically calcu-
lated, which may indicate that the radiation is originated mainly at the bend, but other parts are also
found to contribute to the overall pattern with many extra lobes. All of the numerical results were con-
firmed by the corresponding experiment.

on this radiation phenomenon [2], [3], even

1. Introduction though it is essentially fundamental for EMC

An important aspect of electromagnetic studies. So, this paper deals with the quanti-
interference is the coupling of external (ei- tative estimation of such radiation from a
ther intentional or unintentional) electromag- bent transmission line (not only bent parts)
netic waves to the transmission lines and by means of full-wave analysis without TEM
electronic systems, and there have been pub- approximation. We calculate the current dis-
lished a lot of papers on this subject [see our tribution of the bent transmission line by
recent paper by Omid et al.(1997)[1] and means of the MoM. Based on the calculated
references therein]. The problem opposite to current distribution, we can readily obtain not
this electromagnetic coupling, is the radiation only the radiation loss but also radiation pat-
of undesired electromagnetic waves from terns.

various electronic devices, which may lead to
different problems (interference to other elec-
tronic systems, crosstalk etc.) However, there The configuration of the bent transmission
have been carried out very few investigations line model is illustrated in Fig.1, together
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2. Numerical Models and Analysis Method



with the coordinate system used in the paper.
The transmission line (with a radius(a) of
Imm which is much smaller than a wave-
length, A in the frequency range, S0OMHz-
1.2GHz) is suspended at a height h above an
infinitely perfect conducting ground, and the
line without a bend goes further in the x-
direction. The line is bent at the position of
x=0 by an angle of a (from the x axis toward
the y axis), as shown in Fig.1.

For the numerical analysis of the radiation
phenomena of the bent transmission line
(Fig.1), NEC2 is used. NEC2 program [4]
uses the method of moments(MoM) which
solves the integro-differential equations de-
rived from Maxwell's equation with bound-
ary conditions, and the lines are divided into
many segments. The accuracy of the numeri-
cal solution (NEC2) is dependent on A(a seg-
ment length).

504 é
.’

source

Fig.1 Configuration of the problem and coordinate
system used (a) and the equivalent two-wire model
used (b).
The accuracy of the numerical solution

(NEC2) is dependent on A(a segment
length). The most important assumption in
NEC2 is the thin-wire approximation, which
provides a lower limit on A (A ¢8) in order to
guarantee the accuracy of less than 1% [4].
The initial configuration is illustrated in
Fig.1(a), but due to this restriction together
with a small height of the stand-up parts, we
are obliged to consider the equivalent two-
wire line case as shown in Fig.1(b) by con-
sidering the image of

104

Fig.1(a). The length of such a segment is
taken as follows; 0.05\ in the vicinity of the
bend (within £1A from the bend) and 0.1A for
other parts.

3. Radiation Loss from a Bent Line

Now, let us consider the radiation loss
from a bent transmission line. In Fig.1(b), the
feeding point on the transmission line being
considered to be free from reflection, then
the power of incident wave Pj, of the trans-
mission line would be the sum of the power
P.r which is reflected from the overall
transmission line, the power P, which is lost
by heat at the load of the terminal, and the
radiated power P4 from a bent transmission
line.

P[ﬂ :P

ref + Ph + Pmd

(1)

Here, the radiation loss is defined as
Pr.a/Pin. By using the reflection coefficient
U= (Prer)*/(Piy) * and Eq.(1), we can obtain
the radiation loss by the following equation.

(-t A,

Radiation Loss(P,,,/ P,) =
(Pa + 1)

2)

In order to obtain the parameters for the
numerical estimations, Eqgs.(1) and (2), the
program NEC?2 is used.

Before the main analysis, the effect of bent
angle and height on the radiation loss are es-
timated. So, the result is given in Fig.2 (the
value of bend angle a is changed 0, 30, 60,
90, 120 and 150 degrees, and the height of
line is changed from 0.01 to 0.12 A at 1GHz;
2A=900mm). When the value of h/A increase
up to 0.1, the radiation is significantly en-
hanced up to the order of over 10% even in
the case of a=0° (the straight line). With the
increase in o, about 15% of the input power
is seen to be radiated for a=90° and its radia-
tion loss becomes even larger for ac 90°. As
the result, the radiation loss is increased
when the degree of bend angle becomes big-
ger. And we can confirm quantitatively the
effect of line height on the radiation.



4. Different Shapes of Bent Lines and
Radiation Loss

In order to make a comparison of radia-
tion from different kinds of bent lines, differ-
ent types of them were considered as shown
in Fig.3 (Fig.3 illustrates the correspond to
the horizontal parts in Fig.1). In Fig.3 n=1
indicates a bend with a right angle, n=2 cor-
responds to the case of two corners, n=4
corresponds to the case of four corners and
the last one is a quarter of a circle. The line
spacing (twice the line height in the case with
grounded conductor) is 2h=60mm, the load
of each terminal is 100Q2 in Fig.1, and the
overall length of linear transmission line and
a line with a right angle bend(n=1) is
2A=900mm, for a bend with two cor-
ners(n=2), 2A=745mm, for the bent line with
four corners(n=4), 2A=716mm, and for the
circular track, 2A=706mm, in Fig.3. The fre-
quency band of analysis is 5S0MHz -1.2GHz.
Radiation loss from a transmission line with
one bend (as mentioned in the previous sec-
tion) is computed where the bend angle,
a=45° (for n=2), a=36"(for n=4) and a=2.5°
(for n=18, for the numerical circular line
model) as in Fig.1(b). Also, we obtained the
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Fig.2 Radiation loss (as a percentage of the
input power) as a function of line height
(h/A). Frequency is 1GHz, 2A=900mm,

and a indicates the bent angle (Fig.1).

same relationship between the bend angle o
and the radiation loss. However, the radiation
loss for the bent angle a=2.5° is nearly equal
to that of the straight line, so that we ex-
pected that the most smooth line,(i.e., the cir-
cular line, even though it has 18 bends)
would be the most effective.
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n=4

circle

Fig.3 The different types of bent transmission
lines, to connect the two points A and B.

Fig.4 illustrates the numerical result of
radiation loss for each shape of bent trans-
mission lines. The abscissa of Fig.4 indicates
the overall length of the track divided by the
wavelength. The frequency ranges from
50MHz to 1.2GHz, so that it is relatively
difficult to match between the line and tailing
end. Since the wave frequency is over a wide
range, standing patterns are due to the mis-
matching as shown in Fig.4. However, Fig.4
suggests a lot of useful information on the
radiation loss from bent lines. The radiation
loss from a bent line with one corner(n=1
;that is, right angle bend) is larger than that
for a straight line(n=0) by about 2-8%,
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Fig.4 The numerical result for radiation
loss. (n=0 indicates a linear line, n=1 means a
bend with right angle, n=2 and n=4 mean the
bends with two and four corners, Circle indi-

cates a circular line.)

but it is smaller than that of the bend with
many corners(n=2,4,18) by 2-7%. No
significant difference in radiation loss is
observed for the bend lines with many
corners(nc2 and circular). Therefore, it can



be concluded that the bend with right angle is
most strongly recommended minimizing the
radiation loss, which is also the simplest.
And we also considered the heat loss of
transmission lines [5]. There is no effect of
the heat loss of the transmission.

S5.Experimental Results

In order to confirm the validity of the
numerical analysis of the radiation loss, ex-
periments were performed. By using network
analyzer, S-parameters (S;;, Sy;) are meas-
ured in the experiment. S;; and S;; indicate
the coefficient of reflection and transmission,
respectively. The radiation loss of Eq.(2) can
be estimated by, Prg/Pi=1-/S11|*|S21]>. We
have good agreement between the numerical
and experimental results. As an example, the
comparison is plotted in Fig.5 in the case of
n=1 (as already shown to be the best in terms
of radiation loss). The first glance at Fig.5
suggests that the agreement between the nu-
merical and experimental results is excellent
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Fig.5 The comparison between the experi-
mental (full line) and numerical results (bro-
ken line) in the case of n=1 (the bent line
with a right angle bend).

.6.Radiation pattern

As the second step of our study on a bent
tran-

smission line, the radiation pattern is cal-
culated by combining the electromagnetic
fields from the currents of all the wire seg-
ments (the current distribution is already ob-
tained by NEC2). Also, the numerical esti-
mation for the radiation pattern from a bent

transmission line is confirmed by the corre-
sponding experiment. Fig.6 illustrates the
radiation pattern from the whole part of a
bent transmission line (h=6mm, and a=90° in
Fig.1, in which E¢ and Ey®, ¢ are the
commponents of the cylindrical coordinate.)
are plotted for the fixed value of 6=45°.
Fig.6(a) and (b) indicates the numerical and
experimental estimation, respectively. It is
found that both radiation patterns are in good
agreement with each other. Nakamura et
al.[3] have estimated the radiation by using
the full-wave analysis just like ours, but they
have had an assumption that the radiation is
only from the bend. In order to have a com-
parison with theirs, we extract a piece of cur-
rent for the

270
(b)

Fig.6 The radiation patterns for the E¢ and
Ey ) components with taking into account the
whole contribution. (a) indicates the numeri-

cal result and (b) indicates the experimental
result. A=1.1A. The thick line indicates the
bent line.



270
Fig.7 Change in radiation patterns due to
the change in the total length. A is increased
to A=3.1A.

bend region(in the vicinity of the bend within
+1A) and we compute the radiation patterns
(though not shown). Those computed ones
are found to be in rather good agreement
with Nakamura et al.'s result. However, the
radiation patterns in Fig.6 are considerably
different from Nakamura's result. The num-
ber of side lobes increases considerably with
the increasing in line length. This may indi-
cate that even if the radiation is mainly from
the bend region, the whole line is also con-
tributing to the overall patterns. This differ-
ence becomes to be conspicuous in Fig.7 by
the changing the total line length from
A=1.1A toA=3.1A. By looking at Fig. 6 in the
case of a=90°, we think of the physical

mechanism of radiation from a bent trans-
mission line. There are two traveling wave
antennas [6]; one is the current up to the
bend, and the other is that after the bend. As
we can notice from the current distribution,
the standing wave pattern in the current dis-
tribution enables us to calculate the reflection
coefficient at the bend to be of the order of
0.1 for a=90° and A=1A. Of course, the an-
tenna before the bend is the type of a stand-
ing wave due to the reflection at the bend,
but the reflection is so small that it seems to
be considered more like a traveling wave an-
tenna.

7. Conclusion

By the use of MoM, the radiation phe-
nomenon from bent transmission lines has
been estimated in an exact manner, which is
of fundamental importance in EMC studies.
The relationship of radiation loss from a bent
transmission line with the line height and
bend angle has been quantitatively studied by
means of the full-wave analysis. Then, the
bend with right-angle is found to be optimal
in term of radiation loss. We have also dis-
cussed the radiation pattern from a line with
a bend of right-angle. These numerical re-
sults are confirmed by the laboratory experi-
ment.
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HNCHOJIb30BAHUE CXEMHbBIX MOJIEJIEM HEOJJHOPOIHBIX IIE-
IHEU C PACIIPEAEJTEHHBIMU TAPAMETPAMMU I1PU PEINEHUN
3AJAY SJIEKTPOMAT'HUTHOU COBMECTUMOCTH

Pedepar: B pabote mpencraBieHbl pacueTHbIE METOJbI penieHus 3axad OMC, MOo3BOISIOIINE PACCUUTHIBAT
MEpEeXOoAHbIE IPOLECCH, BO3HMKAIOIIME B PACHpPEAETICHHBIX CHCTeMaxX IO/ BO3JEHCTBUEM HMITYJIbCHBIX
3JIEKTPOMArHUTHBIX MOJeH. DTH METOABI HE MMEIOT OrpaHMYCHHMH Ha CBOWCTBA BO3JEUCTBUI U XapaKTEPUCTHKHU
aHAJIM3UPYEMBIX 00BEKTOB, CYLIECTBEHHO PacUIMPSIIOT BO3MOXHOCTH HccienoBarerneil B oomactu OMC. ABTOPHI
MpeAaraoT IMOJAX0Jl, MO3BOJISIONNA OJHOBPEMEHHO YUYHTHIBATH HMOBEPXHOCTHBIA 3(hdexT, 3ddexT Oamzoctn u
U3ITy4EeHUE IEKTPOMAarHUTHOW HEPTUU B pacHpeAeleHHBIX cucTeMax. [IpeanoxeH moaxos K MOCTPOECHUIO CXEM-
HBIX MOJIeJIell HeOMHOPOIHBIX Ienel ¢ pacmpeneneHabpiMu napamerpamu (L[PIT), ocHoBanHbIf Ha pa3ouernn [[PII
Ha OJHOPOJHBIC U HEOIHOPOAHBIE YIACTKH. [yl OMHOPOIHBIX YIAaCTKOB HCIONB3YIOTCS IIEMHBIE CXEMbI 3aMEILCHN,
a A7l HEOTHOPOIHOCTEH - CXEMHBIE MOJEIH, MOIYyYCHHBIE C MOMOIIBI0 METO/MA KOHEYHBIX 3neMeHToB (Partial
Element Equivalent Circuits (PEEC)) [1-3]. IIpemioxeH moaxona, OCHOBaHHBIN Ha CONPSDKEHUH CXEM 3aMEIleHus,
MOJy4eHHBIX 000uMH MeToaamu. [1ockonbKy, B OOJNBLIMHCTBE Ciy4yaeB, JJIMHA HEOAHOPOAHBIX y4acTkoB L[PIT
MHOT'O MEHbIIIE AJIMHBI OHOPOAHBIX YYaCTKOB, IPEI0KEHHBINA MOX0/] M03BOJISIET IOCTPOUTH YUCICHHYIO MOJEIb

pa3BeTBJ’IeHHOI7[ HPH, HC Tpe6y}omy}0 3HAYUTCJIbHBIX BBIYMUC/IUTCIIBHBIX 3aTpart.

[IpoGnema pa3paboTKM METOIOB MOJe- KyHIbl, a TaKKe HU3JIydalollue yCTpoicTBa
aupoBanuss L[PII mnpu Bo3nelcTBUM UM- CIieaabHOro Ha3HaueHus [4,5].
MyJIbCHBIX TIOJIEH C KOPOTKHUMH (PpOHTaMHU Psg w3 mnepedncieHHbIX BO3JECUCTBUI
JIOCTaTOYHO akTyanbHa g DOMC, Tak Kak B MMEET B CBOEM CIIEKTPE YacTOThl MOPsSAKa
HACTOSIIIee BpeMs OOIIeH TeHIESHIIUEH CTalo JIECSITKOB rurarepi] u Bbiie. C apyrou cro-
pacuupeHue Auana3oHa 4YacToT BJIEKTpO- POHBI, 3HAYUTEIHHOE BIUSHUE HA MPOTSIKEH-
MarHUTHBIX BO3AEUCTBUN. DTO U MPUPOTHBIE HBIE AJIEKTPOIHEPIeTUYECKUE CETU OKa3bl-
BO3JICUCTBUS - DJIEKTPOMArHUTHBIE HUMITYJIb- BAaIOT U MAarHUTHBIE MOJIsI C YAaCTOTaMH, CO-
Cbl, TEHEpUpYyEMble TOKOM KaHalla MOJHHE- CTaBJSIIOIIMMU JOJM Tepla, XapaKTepHbIE
BOrO paspsija, mepeapaspsiHoe H3ITyueHUe JUIsi TEOMarHUTHBIX SIBJICHUN. ODTO Jeiaer
IpO30BOro 00J1aka, 3JIEKTPOMAarHUTHBIE BOJI- aKTyaJIbHBIM pa3paboTKy MaTeMaTH4eCKHX
HBI, BO30yKIaeMble pa3psIOM MOJIHUU B MoJeJiel, aJeKBaTHO BOCIPOU3BOISIINX JIH-
BOJIHOBOJIE «3€MJISI-MOHOC(EpPa», IIIEKTPO- HaMHUKY MPOIIECCOB B BeChbMa IIUPOKOM JHa-
MarHUTHBIE IIyMbI, MOPOXKJAAEMbI€ MarHHT- Ma30HE YacToT.
HBIM TIOJIEM 3€MJIM, COJHEYHOM paaualuen, PaccMOTpuM TOpU3OHTAIBHYIO JIMHUIO,
KOCMHUYECKUMU HU3ITyYCHUSIMHU, a TaKXe aH- MPOXO/SIIYIO HAJl IJIOCKON MPOBOASILEH TO-
TPOIIOTEHHBIE UCTOYHUKU — H3JIy4YCHHE BepXHOCThI0. K KOHIIaM TMHUM MpUCOEINHE-
MOIIHBIX AHTEHH U PajapoB, KOMMYTallUU HBI MTPOU3BOJILHBIC HATpy3KH (1lernb 1 U 1emnb
BBICOKOBOJIBTHOTO 000pyoBaHus. OcoOHs- 2 Ha puc. 1). Beenem obo3HaueHus: &, U -

KOM B psiy TaKOTO POJa BO3ACHUCTBUN CTOST
KOMMYTallud 00OpYJOBaHMSI Ha 3JIETra30BbIX
MOACTAaHLMAX, KOTOpPbIE TEHEPUPYIOT HUM-
MyJIbChI C (POHTOM TOPSIIKA J10JIe HaHOCe-

AIIEKTpUYECKass W MarHUTHas IOCTOSIHHBIE,
€, L - OUDJIEKTpUYECKass U MarHuTHas Ipo-
HUIIAEMOCTH 3€MJIH, @ - paAuyc NpoBoa, /1 -
BBICOTA TOJIBECA MPOBOAA, / — IJIMHA JTUHUH,

E®'. BEeKTOp HAIPSIKEHHOCTH BHEIIHETO
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JNEKTPUYECKOr0 TOJIsA, JEHCTBYIOIIEro Ha

CUCTEMY, k - BEKTOP HAIPABJICHHS PaCIPO-
CTpaHeHMs1 BOJHBI. Ha paccMaTtpuBaemyro
[eNb JCHCTBYET UMITYJIEC IICKTPOMArHUTHO-
ro TOJs, PACHPOCTPAHSIONIETOCS B IPO-
CTPaHCTBE B BHJIC IJIOCKOW BOJIHEL. Ompee-
JMM TOKH M HAINPSDKEHHSI Ha KOHIIAX JIMHUU
IpH  CICIYIOMMX JIOMYIIEHUSIX: MPOBOIM-
MOCTh BO3/lyXa paBHa HYJIO, IPOBOJUMOCTb
3eMJIi  OSCKOHEYHO BENIMKA, aKTHBHOE CO-
NPOTHBIICHHE TPOBOJA paBHO Hymw0. Jlis
3TOTO HCIIOJIB3YeM CHCTEMY OOOOIICHHBIX
TesierpadHBIX  YPaBHEHUH JBYXIPOBOJHOMN
nuHan [6,7,8]:

- jo L Fli@)- £ ),

YA

i) _ jwdreU(z) + (1)
dz

+g(z,01() - g(2,0)1(0),

g(z,z') - oyuxmus I'puHAa CHCTEMEI,

rae
l
Fli(2))=] gz, 2)1(z")dz"-
0
Ha ocHoBe cuctembl 0000IIEHHBIX Tee-
rpadHBIX YpaBHEHUH MOTYT OBITH MOCTpOE-
HBl JIBE YHUCJICHHBIC Mojend. PaccMoTpum
MEPBYIO U3 HUX.
Eext
Lens {2a k
1 T / A 2

-

J. G;Oauo’go h ’x'

G=0, W&

777272

Puc. 1. Cucrema «mpoBoJ1 HaJl 3eMIIEH»

[lepeiinem B cucrteme ypaBHeHui (1) k
Oe3pa3sMepHON KOOpAMHATE X, ONpeaeIsIeMon
cienyroummM oopazom x=z//. Torna GyHKIMsA

I'puna g(z,z') u uHTerpan cBeptku F (f (2)
MOTYT OBITb ITPE/ICTABIICHBI B BHJIC:
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ilema
g(Z:Z’)_ )
[\ (x— x) +a
e—jkm
l\/(x—x')2 +2h2
gx,x)/1, a=all, h=h/l, k=KI,

1
Fli(2))= [ g(r.x)(x)dx' = F(i(x))
0

rie g(x,x) u F(i(x))
MEpHOI TEepEMEHHOH X, a,h,k- 6e3pazmep-

- yHkuum OGe3pas-

Hble IapaMeTpsl 3axadu. llocie nmoxcraHos-
KM g U F B cucteMy ypaBHeHuit (1), momy-

YUM CHCTeMY OOOOIIEHHBIX TeserpadHbIX
YpPaBHEHUH B BUJIE:

~ dU(x)
dx

j” A(i ()~ £ (x),

_ %(x)) = j4relU(x)+ g(x,)I(1) -
x

—&(x,0)/(0),

[IpeoOpazyem cuctemy 0OOOIICHHBIX Te-
aerpadHbIX ypaBHEHUI K BHJY, MO3BOJISIO-
meMy HNOCTPOUTH LCIIOYCUHYIO CXCMY 3aMcC-
meHns. MHTerpan cBepTKH F(i (x)) npecTa-
BHUM CIICTyIOITUM 00pa3oM:

1
Fli(x))= [ g(x,x)i(x')dx' =
0

i)
ix)

Pasnosxus dynkmmio 1(x')/I(x) mo me-

—Iwﬁgwx)

peMeHHON x' B psin Telnopa B OKPECTHOCTH
TOYKH x' =X, (|x’—x| <1) ¢ TOYHOCTBIO O
IIEPBOTO WIEHA Psi/ia, 3allUIIEM:
I(x")
I(x)

1 di(x)]
I(x) dx'

(x'=x)

‘x':x



Janee, BBeieM 0003HAYCHHS:

1
51(x) = [g(x,x)dx', $(x) =
0

—_—

I g(x, x')(x' - x)dx'
0

U, y4uThIBas ObIcTpoe yObIBaHUE (DYHKUIUHU
I'puHa, a Taxke MajocTb UHTErpanoB C,(x)u

€,(x) 3a mpenenaMm OKPECTHOCTH TOYKHU
x=x', IOTy4HM:
1
Fi(0)~ 10 g0ex)dx +
0

; 1
+ % g a(x, x’)(x’ - x)dx' =

= G )+ (")

(2( )

AHanoruyHo, BBeJid 0003HAUYEHUS

1
a —~ [ [
0 (x) = [ g(x, x')d,
O@x

1
a - ! ! !
6,(x) = I—g(x,x )(x — x)dx ,
0 Ox
HOJTYYUM TSI IPOU3BOIHON (PYHKITHH:

dF(i(x))/dx = j% 3(x, x) i (x")dx’

0

3anuiieM cucteMy OOOOIICHHBIX Tele-
rpadHbIX ypaBHCHUH B BUE:

_4v_; ﬂ O(x)
el LU R Clrwaes
OO |2 oy | BEDIO |
65(x) 47| g(x0)i(0)

— (),

AL e By 8D
& 000" om0
_80) 0.

03(x)

4)
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Cucrema TtenerpadHbIX ypaBHEHUH MO-
KeT OBbITh MOJy4YeHa M3 CHUCTeMbI 000O0IIeH-
HBIX TeJerpadHbIX ypaBHEHUHN, €CITH UCTIOJIb-
30BaTh B (3) TONBKO HYJIEBOW YJIEH pa3ioxke-
Hust B psine Teitmopa [(x')/I(x)~1 u cun-
TaTh JUHUIO OXHOPOAHOW. OTMETHM, YTO
MOJIyYEHHBIE MyTEM TaKOro MPEAeIbHOTO
nepexo/ia SKBUBAJICHTHbIE WHIYKTUBHOCTD
L'(w) u eMkocth C'(w) Ha €IUHULY JJIMHbI
LEHTPAJIbHOW 4aCTH KOHEYHOM JJIMHHOMW JIU-
HUU COBIIAJIAIOT C U3BECTHBIM BBIPAKECHUEM
JUIsl MHAYKTUBHOCTH L, u emkoctu C, Oec-
KOHEYHOW OJIHOPOAHOM JJIMHHOM JIMHUU HAJl
MIPOBOJIAIIEH TOBEPXHOCTHIO:

Lb = L'(a))|a)—>0 -
2h
:Re{ §I(X)|x 1/2} _>027z1n7
Cy = Cl(a))|w—>0 -
re 2rme 2me h<<1.

- :
0,(x)|._,,, | @0 In(2h/a)

VYpaBHeHust (4) ONMUCHIBAIOT IMHAMUKY
MIPOLIECCOB B JIMHUM, YYUTHIBAIOT KOHEY-
HOCTb €€ JUIMHBI U, IPUOJIMKEHHO, SIBICHUE
U3ITyYeHUe 3JIEKTPOMAarHUTHOM 3HEPIUU JIH-
uueil. [Ipu sTom B (4) B IBHOM BHUJE€ MOTYT
OBbITh BBIJICJIEHBI SKBUBAJIEHTHBIE ITapaMeTpPhbl
JIMHUH, 3aBUCAIINE OT YaCTOThl U KOOPJIMHA-
THI. SIBJIeHUE U3JTy4YeHUsI U KOHIIEBOU d(PpdeKT
B (4) onmcaHbl 100ABOYHBIMU UYJICHAMH, KO-
TOpbIe B 00JIACTH HU3KUX YACTOT CTAHOBSITCS
MaJbIMU. DKBHUBAJIEHTHAS €MKOCTh U MHAYK-
TUBHOCTb HA €IWHUIy [UIMHBI JIUHUU
L'(w,x)u C'(w,x) 3aBUCAT OT YacTOThI U

KOOpJMHATHI, MPUYEM 3Ta 3aBHUCHUMOCTh OT
KOOpJMHATHI 0071a1aeT CBOWCTBOM YE€THOCTH
OTHOCHUTEJIbHO CEPEUHbI IMHUH, YTO CIIETY-
eT U3 4eTHocTu (yHKuu [puHa OTHOCH-
TEJIbHO TOYKH X= x'.

AHanu3 CBONCTB CHUCTEMbl YpPaBHEHUU
(4) mo3BONSET YCIOBHO pa3/ieliuTh SKBUBA-
JICHTHYIO CXEMY 3aMelIeHMs JMHUM Ha 4ac-
TU. 110CKOJIBKY B LIEHTpaIbHOU YacCTH JIMHUU
byukmun 61(x) 1 {3(X) CTAaHOBITCS MaJIbIMH, a
65(x) u {1(x) - HE 3aBUCAT OT KOOPMHATHI TIPH JIO-
OBIX qacToTax, TO IJId LleHTpa.]'H:HOfI YacTH JIUHHUU
MOYKHO 3aIrcaTth 0oJiee MPOCTYIO CHCTEMY YpaBHe-



HHUHA C IIOCTOSHHBIMH II0 KOOpAWHATE NapamMeTpa-
MMU:

E%?El=_zxjagnx)+u§?%xLZKaﬂ=
X

y7i 1
= a,—),
4”51( 2)

IOy (o,

©)

dre

o= o1y

OKBHBAJICHTHBIC napameTphbl
Z'(w), Y'(w)B ypaBHeHHAX (5) 3aBHCAT OT
YacTOTHI, MPUYEM B 00JaCTH HU3KUX YACTOT
BBINOJIHAIOTCS  ycnoBus:  Z'(jo) = jolg,
Y'(jo)= joCj, a B 0071aCTH BBICOKHX Yac-
TOT OHM TPOSIBJISIOT HOBBIC CBOMCTBA, XapaK-
TEPU3YIOIIHNE JTHHUIO, KaK U3TYYaroIly0 CHC-
TEMY.

NuaykTuBHOCTH L;f (a)) CUCTEMBI “NIPOBOJ

HaJl 3eMJICH” CKJIAIIBIBACTCS W3 L'(a)) - BHEIIHEH
MHyKTUBHOCTH, L., (a)) - BHYTPEHHEH UHIyKTUB-
HOCTHU NPOBOJIA U Lé (a)) - HHIyKTUBHOCTH, OIIpe-

JIeTIIEMOI TIOTOKOM, 3aMbBIKAIOIIMMCS B 3eMile. AK-
TUBHOE TPOJIOIFHOE COMPOTUBIICHUE R}v (0)) CHC-

TeMBI “TIPOBOA HaI 3eMiIei’ CKJIAABIBACTCS W3
R;V(a)) - CONMPOTHBIIEHUs TpoBoja U R, () -
CONPOTHBIICHUS 3EMIIH, a TaKKe R'(a)) - JKBHBa-
JIGHTHOTO CONPOTHBICHUST H3MydeHus. CrenoBa-
TENBHO, 3KBUBAJICHTHOE MPOJIOIBHOE COMPOTHUBIIC-
HUE JTUHAW C YIETOM TTOBEPXHOCTHOTO d(deKTa U
a¢pdekTa M3MyUEHHST MOXKHO MPEICTABUTH Clie-
JIYIOIIIM 00pa3oMm:

Zy (0)=R(0)+ R, () + Ry (@)+
+ jolL(0)+ Ly (0)+ Ly ()=
= R}r(a))+ ja)L;z(a))

AKTHUBHOE TMPOAOJIBLHOE COIMPOTHUBIICHHE
JUHUH B 00JIACTU HU3KHUX M CPEIHHUX YacTOT
OTIpENIeTSAETC AKTUBHBIM BHYTPEHHUM CO-
MPOTUBJICHHEM POBOJIA M 3eMJIH, a B o0jac-
TH BBICOKMX YacTOT - JKBUBAJICHTHBIM CO-
MPOTUBJICHUEM U3JIyYEHUS! KOHEUHOW JIMHUH.
B ob6nacti HM3KUX U CPETHUX YacTOT MHIYK-
TUBHOCTb CHCTEMBI “TIPOBOJI HaJ| 3eMJieii” 00y-
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CJIOBJICHa KaK BHYTPEHHEW WHIYKTHBHOCTBHIO
MPOBOJIA U 3€MJIM, TaK U BHEIIHEH WHIyKTHUB-
HOCTBIO CHCTEMBI “TIPOBOJ HaJIl 3eMJIeii’, a B
00J1aCTH BBICOKHX YacTOT - TOJbKO BHEIIHUM
YaCTOTHO-3aBUCHMBIM CONPOTHBIIEHUEM CHC-
TeMbl “mpoBof Han 3emnel” (puc. 2). Ha oc-
HOBE CHCTEMBbl ypaBHEHHUH (5) MOXKET ObITH
MoJTyuyeHa IEeNHasi cXeMa 3aMEeUIeHUs JIMHUMU,
Mojenupyemoil T-o0pa3HbIMU 3BEHbSMH, CO-
JIEP’KalllMMUA B KQ4€CTBE MPOJIOJIBHBIX COMPO-
TUBJICHUA W TIONEPEYHBIX IPOBOJUMOCTEN
JIBYXITOJIFOCHUKH, aNIpPOKCUMHUPYIOIINE 3aBU-
CUMOCTH OT YacTOThl SKBHMBAJICHTHBIX Iapa-
METpOB JuHMK Z'f (@) n Y'(@) [8].

R', Om/m R',((o) /

10°
R, (o
10°
|3

10?

R (o)
10"
10° :
" R(w) Kh, pan
10
10 10 102 10°

x 107

L', Tu/m
79
CE
76
75 "
74 @) ,

P
73
AW
74} \é 1
7 Kh,'pan

-4 2 0

10® 10 10° 10
Puc. 2. 3aBUCHUMOCTH DKBUBAJIEHTHEIX
MapamMeTpoOB JIMHUU OT YaCTOThI

M BBICOTEI ITOABECA IIPOBOJA.

IlenHas cxema 3aMelIeHNs EHTPaIbHON
YacTH JIMHUM, MOJIy4eHHas Ha OCHOBE ypaB-
HeHul (5), MO3BOJSET PAacCCUUTHIBATH MEpe-
XOJIHbIE€ TIPOLECCHl B JIMHUU MPU HU3KUX BbI-
YHUCIUTENIbHBIX 3aTpaTax U ¢ Ooiblieil Tou-
HOCTBIO, 4TO ToKka3aHo B [8]. Ilpu monenm-
POBaHMM KOHLIEBBIX y4aCTKOB JIMHUU Ha OC-
HOBE ypaBHEHUH (4), BO3HMKAeT psii Mpo-
05ieM, CBSA3aHHBIX C MOCTPOEHUE CXEMbl 3a-
MEUIEHHSI C YYETOM HEOJIHOPOJIHOCTH KOHIIE-
BBIX y4acTKOB JuHUH. [lomyuyeHnHsie MmaTema-
TUYECKHE MOJENN JAI0T 3HAYUTENBHYIO IO-
IPEUIHOCTh Ha KOHIIAX JIMHUU.

ATNBTEpHATUBON IPENJIOKEHHON MeETO-
JUKE TIOCTPOEHUS UHWCJICHHONM MOJENU IO



ypaBHEeHUsAM (1) CIIy)KUT CO3JaHUE CXEMBI
3aMeIleHUs IO METOTy KOHEUHBIX 3JIEMEHTOB
[1-3]. CornacHo 3TOMy MOAXOAYy CXeMa 3a-
MEIICHUST JTUHUH CTPOUTCS B BUJAC IEMHOM
CXEMBbI, KaXKJ0€ 3BEHO KOTOPOH HMeEeT BH]
npeAcTaBleHHbIA Ha puc. 3. 3aech L pnm "

WHAYKTHUBHOCTHU YYAaCTKOB JIMHHHU, BJ - II0-

TEHIMAIbHbIE KOY(DOULUEHTBI, ¢@; U @) - TOY-

K1 pa36I/IeHI/I$I JIMHHUH, Rm - OKBHUBAJICHTHOC

AKTUBHOE COMPOTHBIICHUE YYacTKa JIHHHH,
'=t—(F—F")/V, - Bpemst 3amasipiBanus, V,
- CKOpOCTh CBETa B BaKyyme, 7 - BEKTOP,
ONKCHIBAIOIIHMN TTOJIOKCHUE DIEMEHTAPHOTO
TOKA WJIM 3apsija, a 7' - BEKTOP, OIHCHIBAIO-
1Ml TOYKY, HA KOTOPYIO BO3JICHUCTBYET MOJIE,
TEHEPUPYEMOE DIICMEHTAPHBIM TOKOM HITH
3apsIOM.

N

Z o, (1)

n=l1 ‘pnn

(01 R mem nzm goj
0_|:|_/\/\/\—@>.
i) - Y,
Ci u,, p Lo

=

P, — p-!
E J_ Z?Alck(tik) J_P”
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Puc. 3. DxBuBaneHTHas cxeMa y4yacTKa JTMHHH,
noctpoeHHas no merony PEEC.

Bce napaMerpsl 1aHHOM cXxeMbl 3amellie-
HUS ONPENENIAIOTCS 10 HaJyajla pacyera nepe-
XOJHOIO Ipoliecca, OJHAKO, B XOJ€ CaMoro
pacuera, Ha Ka)kJIOM IIare 4YMCJICHHOIO WH-

TETPUPOBAHUS I KaXJOTO 3BEHA CXEMBI
3aMElIeHUs] JIMHUM MPOU3BOJIUTCA BBIYUCIIE-
HUE MCTOYHUKOB 0 (opMyJiaM, YKa3aHHBIM
Ha puc.3. AnroputM TpeOyeT OTrpOMHBIX
BBIYMCIIUTENBHBIX 3aTpar (JIMHUS MOXKET
OBITh pa30uTa Ha THICAYU YYACTKOB), YTO HE
MO3BOJISIET HMCIIOJB30BaTh €ro Uil MpOTS-
keHHBIX [IPII Oe3 cmenuaibHON BBIYMCIIH-
TENbHON TEeXHHWKH. J[aHHBIN asropuTMm o0ma-
JIa€T BBICOKOM TOYHOCTBIO MPHU MOJICIUPOBA-
Huu [1-3].

IlermHple CXEeMBI 3aMeEIIEHUs, TMOJy4YEeH-
Hble o0oMMHU crocoOamu, 00Jaal0T CTPYK-
TypOH, KOTOpas TO3BOJSET BBIMOJIHUTH HX
KackagHoe coenuHenue. llpu comnpsikenun
cxemubix moxener L[PII, momyuenHbx 060-
UMHU CIOCOOAMH, HCIIONIb3YeM MPEANONIOKe-
HUE, YTO JUIMHA OJHOPOAHBIX ydyacTkoB LIITP
OOBIYHO MHOI'0O OOJIBIIE, YEeM JJIMHAHEOIHO-
poaHOCcTel (TaKMX KaK Pa3BETBJIICHHS M KOH-
[IEBbI€ yYacTKu JTuHUM). Cxema 3aMelieHus,
MOCTPOEHHAss I JJIMHHBIX OJIHOPOJHBIX
Y4acTKOB IO ypaBHEHHIO (4), U AJii OTHOCH-
TEJIbHO KOPOTKHX KOHIIEBBIX YYacCTKOB - Ha
OCHOBE METOJa KOHCUYHBEIX 3JIEMEHTOB, 00ec-
NEYUBAET BBICOKYIO TOYHOCTb U OBICTpOJEH-
CTBHE NIPHU pacyeTe MEPEXOJHBIX MPOILIECCOB
B IIPII. IIpm sTOM yuyuTBHIBaIOTCA Kak sIBJIC-
HUSl U3JIYyUYEHHUS 3JIEKTPOMAarHUTHON 3HEpruu
U KOHIIeBOH 3¢ deKT, Tak U moTepu B MPOBO-
JlaX, CBSI3aHHBIE C TOBEPXHOCTHBIM 3(dek-
TOM
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KOHTPOJIb COCTOSIHUS DJIEKTPUUYECKHUX LIEMEN C PACIIPE-
JNEJEHHBIMUA NAPAMETPAMU HA OCHOBE HAPAMETPUYECKOW
UJIEHTU®UKALIUU

Pegpepam. B paccMOTpeH MOAXOJ K PEIICHUIO 3a/laud MapaMeTpUyecKol MICHTU(UKALUU
AIIEKTPUYECKHUX LIENEH, coAepKalluX MOALENH C paclpeaeacHHbIMU napameTpamu. [logxon mo-
KET MPUMEHATHCS ISl ONpeieTIeHHs TOMEX B (PYHKLMOHUPYIOLIEH CUCTeME, BKIIOYAIOLICH LenH
C pacmpeneneHHbIMU Tapamerpamu. ONMUCaH METOJ WACHTHU(HKAINK, MPUBEICHBI YpaBHEHUS
JUIsl TATUYHON CHCTEMBI, COEPrKaIEl HCTOUYHUK, HATPY3Ky M COCIUHSIOLIYI0 UX JJIMHHYIO JIH-
HUIO0. MeTo MOXKET HCMOIb30BaThCs JUIsl TEXHUUECKOIO KOHTPOJIS MCTOYHMKA, HAarpy3KH, a
TaKXe U JJIMHHOM JIMHUM, KOTOpas MpeJCTaBleHa CBOMM BOJHOBBIM COIPOTHBIIEHHUEM U KOA(]-

(GUIMEHTOM 3aTyXaHus

BaxubIM 17151 3a7a4 3JI€KTPOMarHUTHOM
COBMECTHUMOCTH SIBJISIETCSI OMIPEICIICHUE TIPH-
CyTCTBUSI TNOMEX B HANpPSIKEHUAX U TOKax
(YHKIIMOHUPYIOUTUX CHCTEM, a TaKXKe BO3-
MO>XHOCTh MOMCKa HEUCIPABHOCTEN CUCTEM
B TeX CIydasX, KOTJla YPOBHH IOMEX IIpe-
BBIIIAIOT JOMYCTUMBIE YPOBHHU. 3HAUUTEIIb-
Has JOJIsl TIOMEX SIBISIETCS CJIEICTBHEM Ha-
JUYUSL B CHUCTEMaX NPOTSKEHHBIX AJIEKTPH-
YEeCKUX COCAWHEHUW - JJIMHHBIX JIMHUN, KO-
TOpble HEOOXOAMMO MPEJCTaBIATh B pacye-
Tax LEMSIMHU C paclpeeiCHHbIMU TapameT-
pamu. st pemieHus 3ajad Takoro TUIa Mo-
TyT HCTOJB30BAThCS METOJBI JHATHOCTUKH
TEXHUUYECKOro coctosHusi cucrem [1,2]. Oc-
HOBOM JTMarHOCTHUPOBAHMS SIBJISIETCS U3MEPe-
HUE B X0Jie paboThl cUCTeMBbl Habopa BemH-
YUH, UHPOPMAIIHS O KOTOPBIX MMO3BOJISAET TIe-
pEUTH K OLIEHKE AMArHOCTUYECKUX IpU3Ha-
KOB (KOHTPOJIMPYEMBIX TapaMETPOB).

B kadecTBe AMAarHOCTUYECKUX MpHU3HA-
KOB MOXKHO paccMaTpHBaTh MapaMeTphl dJie-
MEHTOB 1IeNU (B ClIy4Yae JMHEHHBIX JIEMEH-
TOB), (PYHKIIMOHAIbHBIE 3aBUCUMOCTH (B
Clly4yae HEJMHEHHBIX 3JIEMEHTOB, HalpuUMep,
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BOJIBT-aMIIEPHBIE XapaKTEPUCTUKU HEIUHEH-
HBIX PE3UCTOPOB) WM (YHKIIMOHAJIBHBIE 3a-
BUCUMOCTH TIEPEMEHHBIX COCTOSIHMS LIETH
JUIsl TECTOBOTO WM paboyero pexumon. B
MOCJIETHEM ClIydyae UMeeT MeCTO (hyHKIHO-
HaJlbHAsE UJIEHTU(UKALUS MPU pElIeHUU 3a-
Jaud JWArHOCTUPOBAHMS, B JIBYX IIE€PBBIX
cily4asix — HapaMeTpuueckas HAeHTU(UKa-
UL,

Bo Bcex cnyuasx uaeHTU(QUKAIUU OLCH-
KM JUMarHOCTUYECKUX NPU3HAKOB M MX IIO-
IPELIHOCTH CPaBHUBAIOTCSA C JIOIYCTUMBIMHU
3HAYEHUSMH 3TUX BEJIMYMH, KOTOpBIE aIlpH-
OpHO U3BECTHBI. Pe3yibpTaTomM Takoro coroc-
TaBJICHUS SIBJISIETCS 3aKJIIOUYEHUE O TEXHHUYE-
CKOM COCTOSIHMM OTJEJIbHBIX 3JIEMEHTOB WJIH
BCEH LIENIM HAa MOMEHT NPOBEACHUS KOHTPO-
Js1.

B [1,2] paccmotpen meron uaeHTUduKa-
MM T[apaMETPOB HEJIMHEHHBIX AJIEKTpUYe-
CKHX LENEH C COCPEeNOTOYEHHBIMU I1apaMeT-
paMu Ha OCHOBE PErucTpanuy MepeMEHHBIX
COCTOSIHUS LIENIU B TEYEHUE CIIELIUAIBHO CO3-
JAHHOTO MEepexXoJHoro mporecca. Mojenb
JUHAMUKHA TaKOIo Ipolecca MOXET ObITh



MpeACTaBiIeHa cucTeMoi auddepeHmaib-
HBIX ypaBHEHMH, 3anucaHHbIX B ¢opme Ko-
TIH:

é=AX+Bf,

7 (1)

rae: xz{xi}T [~ — BEKTOp NEPEMEHHBIX CO-
i=Ln

crostausa, f E{fi}.Tr — BEKTOpP HCTOYHHKOB,
i=l,m

=Ln,j=l,m
MCTOYHHKOB, a A ={q; ;}

B={, ; }i — Marpuna kodduimeHTon

ijeln ~ Marpuua
[1apaMeTPOB LIETIH.

[lepexons B (1) or auddepenunanos k
KOHEYHBIM Pa3HOCTSM IOJIY4YUM Ha KaXKIOM
BPEMEHHOM 1IIare CHUCTEMY allreOpanvecKux
YPAaBHEHHUH OTHOCUTEJIBHO HEM3BECTHBIX Be-
JUYMH, B Ka4€CTBE KOTOPBIX MOTYT BBICTY-
natb ko3¢ ¢uiuentsl Matpull A u B. Onpe-
JeNieHne AITUX KOd(PPHUIIMEHTOB IO3BOJISET
HOJIYYUTh MHGPOPMALMIO O COCTOSIHMU HJle-
MEHTOB IIeNY WM BCEH IIeNH B IIEIOM, T.€.
OCYULIECTBIISATh KOHTPOJIb TEXHUYECKOTO CO-
CTOSIHUSL.

B nanHON paboTe napamMeTpUuecKyro
WICHTU(QHUKAIMIO TPEJIaraeTcsi MPUMEHUTh
JUIsL LIeTIel, BKJIIOYAKOIIMX MOJLENH C pac-
IpEJIeJICHHBIMU NTapaMeTpaMu. JTO SIBIISIETCS
aKTyaJIbHBIM JUISl KOHTPOJS JUIMHHBIX Ka-
OeNbHBIX Tpacc, TUAarHOCTUPOBAHUS COCTOSI-
HUS M30JI1MN Kabesaed U BO3MOXKHBIX HaBO-
JIOK OT BHEIIHUX UCTOYHHUKOB.

PaccmotpuM  3amauy  uaeHTH(UKALUU
LENH, COJAEpKaleH UIMHHYI JIMHUIO U
IIPEJICTaBICHHYO Ha puc. 1. JIunusa nnuHOU

{ cBSI3BIBAET UCTOYHHK CUTHANA FE(?), ONUCHI-
BaeMbIil mapamerpamu R;, R, L; ¢ Harpy3KoHu,
MpEeJCTaBIsIeMO CXEMOM 3aMeleHus ¢ Tma-
pamerpamu R; L; C;. Jlunusa 3amaercs B
9TOW 3aJaue BEIWYMHOW BOJIHOBOTO COMPO-
TUBJEHUS Z, KO3 (DUIIMEHTOM 3aTyXaHUs .

12 @

R3

Puc. 1. Cxema auarHoctupyemoi Lenu
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[IpencraBienue JUHUM CXEMOM 3aMellle-
HUS C COCPEOTOYECHHBIMU ITapaMeTpamu 1Jis
pellleHus 3a/1a4yil AUarHOCTUPOBAHUS MPUBO-
JUT K BECbMa I'POMO3JKUM cCHCTeMaM Jaud-
dbepeHIManbHBIX ypaBHEeHUU [4,5], mosToMy
BOCIIOJIb3YEMCSI METOJOM, OCHOBAaHHOM Ha
MpaBUJIe SKBUBAJICHTHBIX BOJH [6].

Bpewmst mpoxokaeHusl curHana 1o JIMHUA
T=/{/v, Tme v — CKOPOCTb PacrpoCTPaHEHH
curHana B JuHUM. bynem paccmatpuBath
IIPOLIECCHI, POUCXOSALINE B CXEME B UHTEP-
Bajie BpeMeHu 0<t<4T. PazoObem 1o Bpeme-
HU IIpoOLIECC B JUArHOCTHPYEMOM Lieny Ha 3
JTamna.

R1

1
Tommmnnd

@11

1u1 z
®

Puc. 2. DxBuBaneHTHAA cXEMa
JUTSL pacyueTa iy, u;

Li

000

ECtD 2

Jns mepBoro  BpEMEHHOrO  JTama
(0=<t<27) cornacHo METOAY, OCHOBAaHHOMY Ha
MpaBUJI€ SKBUBAJICHTHBIX BOJIH JIJIsi TOUeK 11’
ucxoJHoM 1enu (puc. 1), cxema st pacuera
BEJIMYUH i;, U; UMEET BUJ MpEeACTaBICHHBIN
Ha puc. 2. B TeueHue 3Toro s3ramna oTpaxkeH-
HBII OT Harpy3Ky CUTHAJl HE BIUSET Ha TOK U
HalpsOKEHUE Ha BXOJE JIMHUU, M JIMHUA
MPEJICTaBICHa BOJIHOBBIM COIPOTUBIICHH-
eM Z.

bynem mnonarate, 4YTO TECTHPYIOIIUI
curnan E(t)=El(t) mogaercs B MOMEHT Bpe-
MeHu (=0. YpaBHEHHE COCTOSHMS, MPEI-
CTaBJISIIOIIEE MAaTEMATUYECKYIO MOJIETb IMPO-
IIECCOB Ha BXOJ€ LIETIH Ha NIEPBOM MHTEpBaJIe
MMEET BUI:

di R R R
Lli+ Z+# ilz—on, (2)
dt R1+R2 R1+R2
itl,_g = 0w () = Zij (0).

VYpaBHeHue (2) MoOXeT OBbITh PpELIEHO
AQHAJTUTUYECKH WM YHCIEHHBIM METOIOM,
€CJIM U3BECTHbI 3HAUEHUS MapaMeTpOB LIENH
R, R, L, Z



Ha Bropom Bpemennom stane (7<t<37)
paccMOTpHUM MPOLECCH B TOUKax 22" ucxon-
HOI snekTtpuyeckor nenu (puc. 1). Cxema
JUIsL pacyeTa TOKa i, U HallpsDKEHUS Uy B 3TOM
TOUKE MpPEACTaBIEHa Ha pucC. 3.

Z 12®

R3

i3

uzl ==c3 L3

Puc. 3. DxkBUBajIeHTHAS CXEMA
IUI pacyera i, up

B kauecTBe HMCTOYHHKA B CXEME, Mpca-
CTaBJICHHON Ha puc. 3, COorjlaCHO METony,
OCHOBAaHHOMY Ha HpaBUJIC SKBHUBAJICHTHBLIX
BOJIH, CJICAYCT UCII0JIb30BAThH BCIIMYUHY

Uppp () = 2uy(t = T) - e,

B BBIPQXCHHE ]ISl KOTOPOH BXOJHUT KOA(-
(GUIUEHT 3aTyxaHUs JUHUH O.. DTO 00CTOs-
TEIhCTBO JA€T BO3MOXKHOCTh PacCMaTPHUBAThH
KOd(PUITMEHT 3aTyXaHUs KaK HEU3BECTHYIO
BEJIMYMHY B 3aJa4y€ TUArHOCTHPOBAHUS W,
COOTBETCTBEHHO OMNpPENEIUTh €€ B UTOTE pe-
LIEHUH 3TOU 3a7a4H.

YPaBHeHI/Ie COCTOAHUA JJIA CXEMBbI,
IPECTAaBICHHOM Ha pUC. 3, UMEIOT BUL:
di Ry . 1
= = ——313 + —Up
dt L3 3
du2 1 . 1 s -
L B ) 3
i TE G 3)
+——U (1)
7o, 7?

u2|t£T =0, i3|t$T =0.

Ha tpetbem Bpemennom (27<t<4T) sta-
e aHaJn3a CHOBA PACCMOTPHUM IPOIIECCHI B
Toukax 11’ MCXOMHOW SIEKTPUYECKOHN Lienu
(puc. 1) B mpomexyTtke BpemeHu 27<t<4T.
[Ipu »TOM cClenyeT y4MTHIBATH JIONOJIHH-
TEJILHBIM UCTOYHUK U (’/,1 MPEICTABISIOIIMNI

CUTHAJI, OTPAXKEHHBIN OT KOHUA JUHUH. DK-
BUBAJICHTHAs CX€Ma JIs pacyera TOKa i; U
HaANpPsDKEHUS 1) IpeJICTaBlIeHa Ha puc. 4.
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@ i1 z
13
lUl Ueyg

®

Puc. 4. DxBuBaieHTHAA cxeMa I
pacdera i;, u; Ipyu HAIUYUU
OTpaX€HHOI'0 CUTHAJIa

R1
S

L1
000

ECtD Rz

Hnsa onpenenenuss ucrounuka U, (;l Hc-
noJib3yercs popmya (4).
Ul (6) = us(t=T) = Ul e =T)] - e =

(4)
= [Zuz(t —T)—uyt-2T)- e_af]- e

TJIe U] U Uy HANPSDKEHUS, ONPEICIICHHBIC U3
pemienus 3ana4 (2) u (3).

VYpaBHEHHUE COCTOSIHHMS I CXEMBI,
MpeJCTaBICHHON Ha puc. 4, OyneT HMeThb
BU/I;

di R -R
LI?I+[Z+—R1 Rz j‘l'l =
4 Y)
R )
-2 _F,- Up
Rl + R2

PaccmarpuBas IOJHBIM MHTEpBaN Bpe-
MEHU TUarHoctTupoBanus kak 0<t<47 u 00b-
enuHsas ypaBHenus (2), (3) u (5) nmomyuum

enuHyr  cucteMy  IudQepeHIaIbHbIX
YPaBHEHUN:
ﬁ — _i Z + M . ll +
dt Ll Rl + Rz
1| Ey-Ry
o Bty )
Ll Rl + R2
di R
ﬁ — __313 +
dt L3
+—uy;
Ly °
d 1 1 Upo(t
ﬁ:__lé_ Uy + (p2( );
dt C3 ZC3 ZC3
T <t<3t




rie
0, o0<t<2r
Upilt)= wi(t) 27 <i<ar
0, 0<t<T
Up2t) = p2(t), T<r<aT

il|t=0 =0; u2|tST =05 B3f, ., =0.

[Ipu pemenun 3aa4un aHaJIM3a pelIeHUE
cucTeMBI (6) MOXKET OBITH MOJTyYEHO pa3iiny-
HBIMU 4YHCIEHHbIMM MeToaamu. Ilpu peme-
HUM 3324 JMAarHOCTHPOBAHUS YHCIICHHbIC
METO/bI MOT'YT OBITh MCIIOJIb30BaHbI AJIS OI-
peneneHnsT HEeM3BECTHBIX IMapaMeTPOB IIETH
[0 pe3yJbTaTaM M3MEPEHUH IepPEeMEHHBIX
coctosiHUs. JI7Isi 3TOTO CHUCTEMa ypaBHEHUIA
(6) zammceiBaetcss B Buae (1), rme
x=(ij, up, i3 )', a ko3 duEenTs MaTpHIT A

u B npecTaBiIsIOT BEIMUMHBL, 3aBUCSILUE OT
napaMmeTpoB nenu. s ompeseneHus mapa-
METPOB OPraHU3yeTCsl MEPEXOHBIN Mpolecce
B LIeTK (HampuMep, Mmojavyeil CTyNeHbKH Ha-
npsbkeHust E(t)). C HEKOTOpod 4acToTod B
TeueHre BpeMeHH 0<t<4T peructpupyrorcs
3HAUEHUS BEKTOPA X.

Ha ocHoBe uncieHHOro MeToza BBINOJ-
HSETCSl JUCKpETHU3alMsl ypaBHEHHUS COCTOSI-
HUS:

[ Axl ) X1
At ap ay, b by
Ax
=2 | |a az, by ban | | Xn
At o
Axn aul Aun bnl bnm
L A | em
WIH B MaTPHYHOM (opme:
AX=6-L-w, 7

rae L — pacmmpenHas maTtpuia napameTpos,
B KOTOPOH a;; ... Quy U by; ... by — k03D PH-
LUEHTBl MAaTpPULl JMHEWHBIX KAHOHUYECKHX
yYpaBHEHHH COCTOSIHMS, 0=Af — BPEMEHHOMH
WHTEpBaI JUCKpETH3aIuu,

w:[xl, X, e, em]T — 0000-

116

IIEHHBIA BEKTOpP COCTOSIHUSI U BO3JECUCTBUU
JUISl TUCKPETHBIX (TOYEUHBIX) CIEKTPOB CHUT-
HaJIOB, KOTOPBIN B JalibHEWIIeM OyaeM Ha-
3bIBATh JIUCKPETHBIM CIIEKTPOM COCTOSIHHUSI.
Marpunia L MoxkeT paccMaTpuBaThCs
KaK MaTPU4YHBIA OIEPaTOpP, CBI3BIBAIOLIUN
MHOECTBO BXOJHBIX M BBIXOJHBIX CHUTHA-
10B. [Ins onpeznenenust nt+m 371€MEHTOB OX-
HO# cTpoku L HeoOXoaumo n+m ypaBHEHH.
Jns aTOro mpuMeHsieTcs mpoieaypa cmenie-
HUS Pa3HOCTHOTO ypaBHEHHUs Ha [ MHTEpBa-
JIOB JUCKPETU3ALMM, YTO IO3BOJSET BOC-
MOJIb30BaThCS HOBOHM ampuopHod mH(pOopma-
LMel U MOJYYUTh HOBOE ypaBHeHHE. MHBep-
CHIO TIOSICHUM Ha TMpHMEpe HACHTH()UKAITIH
MapaMeTpoB YPaBHEHUN COCTOSIHUH LIETIH BTO-
pOro MOpsi/IKa. YPAaBHEHUSI COCTOSTHHSI UMEIOT
BUJ (BEKTOP € COCTOUT W3 OJIHOTO DJIEMEHTa

u):

dxl/dt =ay1x] +appxy + bllu

, (®)

dX2/dl =as|X] T ayxy + b21u

rIe X,,X, — IHEPEMEHHbIE COCTOSHMS LIEIH,
U — BO3JIEUCTBUE.

3aMeHUB ypaBHEHMsI cocTosHus (8)
YpaBHEHUSIMH B KOHEUHBIX PA3HOCTSX, MOJY-

YHUM.:

Axjy=0(ay1xj) +appxjo +bju;)

)

Axjy=08(axxj) +axnx;r +byu;)

rone Ax JAL

HBIX COCTOSIHUS Ha WHTEpBaje IUCKPETH3a-
muu O, j — HOMep Immara. YpaBHeHHS (9)
yI0OHO 3amucarh MOCTPOYHO B MATPUYHOMN

dbopwme:

Ax;, — TpHUpALICHAs IEPEMCH-

ij,l :5'L1'
ij,2 :5L2W]

(10)

L =[a” a, bn]; L,= [a21 ay b21]
crpoku oneparopa L. Kaxnoe u3 ypaBHeHU
(10) comep>kUT TpU HEU3BECTHBIC BETUUYHHBI,
JUTSL OTIpeIeTIeHHsI KOTOPhIX HE0OX0IuMO Co-
CTaBUTH €Ille JIBa ypaBHeHUs. Hemoctaromme
YPaBHEHHSI MOXKHO MOJIYYUTh MyTEM CMelle-
HUSl TpoIlecca BBIUMCICHHUN 1O ypaBHEHUIO
(10) Ha oaWH WJIM HECKOJIBKO HMHTEPBAJIOB
nuckperuzaruu O . O003HAYMM YHUCIO WH-

IPIS



TEpBaJOB JTUCKPETH3AIMH [UISI CMEIICHUS
yepe3 /, a a1 (GOPMHPOBAHUS TPETHETO
YpaBHEHHsI CHCTEMBI BBEIEM KPaTHOCTh
CMeILEeHHS K.

B pesynbraTe momydyuMm CHUCTEMY Tpex
yYpaBHEHHH ¢ TpeMs HEU3BECTHBIMH 3JIEMEH-
TaMu NIEpBOM CTPOKH omneparopa L:

Ax;y=6(ayx; 1 +appxjo +byuj);
Axjp1=0(a11Xj4 1 +a12Xj4 2+
= Dby )

Ax g =0(a11x 0 +

(11)

+a1X g0 o)

B KOoTOphIX [ =1,2,...; k=23,..., a mpuparie-
HUSl TICPEMEHHBIX COCTOSIHHSI BBIYHCIISIOTCS
Ha MHTEpBajie O C y4eTOM CMEIICHUS:

Ax., =x X

Ax

Js JHLL T D

=X X

(12)

J+,1 JHIHLL T Nl

AX a1 = X s = X
VYpauenust (11,12) mnozBomsitoT momy-
YUTh CUCTEMY YPaBHEHHUH, KOTOpas B CBOIO
ouepeslb OIpENEseT AIrOPUTM UACHTUPU-
Kaluu:

Ax

Jol
Axjyi
AXjir
(13)
Xjl Xj2 uj |an
=0| Xji1 Xjy1p Uiy | a2
Xjrki) Xjrki2  UWiekd LD

wi Ax; =8-§;- L, rae Ax; =5‘§j'Llj

UICHTUQUIMpPYIOLas MaTpulla, HWHBEPCHS
KOTOpOﬁ MO3BOJIACT OHNPCACIUTD 3JICMCHTHI
IepBOM CTpokH oneparopa L.

_ ol -l
Llj—5 & - AX;. (14)

Amnanornutgoe BBIPAXKCHUC MOYKHO ITIOJTY-
YUTHh JAJSl OMpEICNICHUs] SJIEMEHTOB BTOPOil
cTpoku oreparopa L.

B paccmorpeHHOM mpumepe MaTpuia & ;

dbopMupyercss Ha OCHOBE MpOCTeiiiel pas-
HOCTHOI CXEMbI, YTO HE O00ECIeYuBaEeT BbI-
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COKOM To4yHOCTH uaeHTHU(uKanuu. s mo-
BBIILIEHUSI TOYHOCTU pacyeTa 3HAYEHUH dJie-
MEHTOB MaTpu4Horo omneparopa L nemnwm
MOKHO YMEHbBIIATh BEJIMUMHY HHTEpBaia
JUCKPETH3alMM WM NEepeXoAuTh K Oosee
TOYHBIM (pOpPMyJIaM YHCICHHOTO MHTETPHPO-
BaHMs. BTOpoiil myTh siBisieTcst GoJiee parumo-
HabHBIM. LlenecooOpa3Ho UCMONb30BaHUE
MHOTOIIArOBBIX MPOLEAYP M BBIYUCICHHE
3HaueHus napameTpoB L Ha ocHOBe mpowus-
BOJHOM, BBIYMCIICHHOW HE TOJBKO B j-OU
TOYKE, HO U JIPYT'HX TOYKaX CETKH, B 3aBUCH-
MOCTH OT TpeOOBaHMH K TOYHOCTH BbIUHCIIE-
Huil. [lonmydeHHble B TOUKax 3HaYEHUS MPOU3-
BOJIHOW yCPEIHSIOTCS, U HA OCHOBE YCPEIHEH-
HOT'O 3HaYeHUS UAECHTU(DHLUPYIOTCS apaMeT-
psI onieparopa L.

Matpuna §; popmupyercst B 3aBUCHMO-

CTH OT BBIOpPAaHHOW YHUCIIEHHOW INpOLEAYpPbI
UJACHTU(QHUKAIMA HA OCHOBE alNpOKCHUMAaLUU
MHTErpaia KBaJApaTypHOl ¢opmysoi, oTBe-
Yaronied CBOMCTBAM MHOI'OIIATOBEIX METO-
JIOB YMCJICHHOI'O UHTETPUPOBAHHUS:

J‘;;H f[e(t)a)’(t)]dt ~
~8 YA e(f*),y(t*)]

I Y — BEKTOP OTKIIMKOB, € — BEKTOpP TECTO-
BbIX CHUTHAJOB. Marpuily &, MOXHO 3aIu-

caTh B OOIIIEM BUJIE:
=2
N ey
y =0- izaq
Zizl Ai y./‘+i+l—l

)
rie g — napameTp, ONPEIENAIOINNA CTEIECHb
TOYHOCTH AaNIpPOKCUMAlLMU OTpe3Ka HHTeE-
IpaJIbHOM KPHUBOW, A; — MaTpuLa, OIpene-
JasiemMas U3 YCJIOBUN NMPUONIMKEHUS UHTErpa-
J1a KOHEYHOW CYMMOM.

B ciiyyae HenmHEHHOW Le MaTpUYHbIN
ormeparop L Oyner HecTalMOHapHBIM U €T0
3HAYEHUS CIENYET BBIUHCIATH HAa KAKIOM
MHTEpBaJie UACHTU(PHUKALIMU B IIpesienax Bce-
ro paboyero Auamna3oHa.

[IpuBeeHHBIE YHCIIEHHBIE MPOLEAYPHI
MO3BOJISIIOT  MOCTPOUTh  (DYHKI[MOHAJIBHYIO
JUCKPETHYIO MOJEIb JJIEKTPUYECKOW LIEH,
IIPEJICTAaBJICHHON MHOTOIOJIOCHUKOM C M-

i=2q

A e

i j+i-1

A e

i jti-1 -1
i=2q

i=1 JHi+l-1



BXOJaMHU U n-Bbixonamu. HalineHHbIe 3Haue- XU B (DYHKITMOHHPYIOIIECH TEXHUYECKON CHC-

HUS KodpduureHToB matpull A U B wnu He- T€ME, OCHOBAaHHBIM Ha IMPOLELYpE IHATHO-
MOCPEACTBEHHO HCIOJB3YIOTCS B KauecTBe ctupoBanus. IlpennoxeHo o6oOmieHue Mme-
AUArHOCTUYCCKUX IIPU3HAKOB WM CJIy7KaT TOda AUArHOCTUPOBAHUA IAPAMCTPOB DJJIC-
JUIsL  TalbHEHIEero omnpeaesneHus HCKOMBIX MEHTOB 3JIEKTPUYECKHX LIeTeH, i Lenen ¢
apaMeTpoB LIETIH. pacnpeielieHHbIMM NTapameTpaMu. Panee mno-
JlnarnoctupoBaHue TEXHUYECKOTO CO- JOOHBIN MeTO ] ObLT IPEJIOKEH AJIsl JUArHO-
CTOAHUA DJJICMCHTA WM LCIIHU MOXKET GBITB CTUPOBAaHHUA HEJIMHEHMHBIX ueneﬁ C coCcpeao-
BBIIIOJIHEHO HAa OCHOBE JIOIYCKOBOI'O KOH- TOYEHHbIMH mapameTrpamu [1]. Juarnoctu-
TPOJIsSl MyTE€M CpaBHEHUS 3HAYEHUH HJICHTH- pyeMble TapaMeTpbl CHUCTEM paclpeaeeH-
q)HHI/IpOBaHHBIX DJIEMEHTOB MaTpu4HOI o HbIX CUCTEM — OJIMHHBIX JIMHUH npeacraBJic-
orepaTopa WIM HalJIeHHBIX 3HAUYEHUU Mapa- HBl X BOJIHOBBIMH COIMPOTUBJICHHUSIMH U KO-
MCTPOB LECTIM C aHAJIOTMYHBIMU, OIPECACIICH- 3(1)(1)I/IIII/I€HTaMI/I 3aTyXaHus, OJHAaKO, 3TO HC
HBIMU 3apaHee ISl TEXHUYECKU HCIPABHOTO UCKJTIOYAaeT MPUMEHEHHUs YKa3aHHOTO MOAXO0-
COCTOSIHUS IMarHOCTUPYEMOT0 OOBEKTA. Ja K Oonee neTanbHOMY NPEICTaBICHUIO
C YROR——. CBOIICTB, Hampumep, KabeIbHBIX Tpacc, I
BBISIBJICHUA I[eCpeKTOB B U30JI111MHU 1 HABOAOK

PaccmoTpeH nmoaxon1, MO3BOJISIONINNA BbI- oT COCCAHMX TMHUH

MOJIHATH AUArHOCTUPOBAHUC HAJIMYUA ITOMC-
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REDUCTION OF LOW FREQUENCY MAGNETIC FIELDS
BY FIELD-CONTROLLED ACTIVE SHIELDS

Abstract — Knowledge and control of low frequency magnetic fields is an important topic for
power system and EMC engineers. Reduction of critical magnetic fields is increasingly necessary to pre-
vent humans from EM field exposure effects and electrical/electronic apparatus and systems from elec-
tromagnetic interference (EMI). The aim of this paper is to propose an active shielding technique based
on field-controlled active coils. The method permits to attenuate arbitrarily shaped magnetic fields, in-
stant by instant, in the area to be protected. The reduction of the low frequency magnetic field in a cubic
volume is investigated. A prototype of the active shield with field-controlled active coils is also pre-

sented.

Reduction of incident magnetic fields
by field-controlled active shields

Summary

Strong magnetic fields can be generated
at power frequency by several high voltage
(HV) and low voltage (LV) power systems
and by some industrial and household elec-
trical devices. High magnetic fields must be

Active coils

attenuated for the following main reasons
[1]-[7]:

1) to reduce the disturbances induced in
the electrical or electronic equipment;

i1) to comply with the field reference lev-
els of standards, rules and laws related to the
protection of the human exposure to electro-
magnetic fields.

()

Figld sensor

Controlled
supply

I
[

Fig.1 Prototype of the field-controlled active shield applied to a box.

For the above-mentioned reasons it is
very important to develop techniques to at-
tenuate considerably critical magnetic fields
in the environment. Here, a method is pro-
posed to reduce low frequency magnetic
fields by means of field-controlled active
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shields. Active shields are generally com-
posed by current coils that produce a mag-
netic field opposite to the incident one, in
order to reduce the total magnetic field [8]. In
the proposed method the active coils are en-
ergised by field-controlled sources, which


mailto:felizian@ing.univaq.it

generate, instant by instant, currents whose
amplitudes and waveforms are obtained as
function of the incident magnetic field. The
incident magnetic field is measured, instant
by instant, by a field sensor linked to a con-
trolled power supply that generates oppor-
tune currents in order to achieve the desired
magnetic shielding effectiveness in the area
to be shielded. The magnetic shielding effec-
tiveness is defined as the ratio, in decibel, of
the incident magnetic field and of the mag-
netic field in presence of the active shield [6].

A prototype of a box with field-
controlled active shield has been realised. Six
active circuits composed by several coils
have been located on the six facets of the cu-
bic box. The six active coils are independ-
ently supplied by a controller in order to ob-
tain the desired magnetic shielding effective-
ness inside the box. The control of the power
supply is realised by means of a control
chain, which takes into account the magnetic
field level inside the box.

The main problem of the field-controlled
active shields is to construct the waveform of
the coil currents as function of the incident

sensar ‘

magnetic field. To this aim the incident mag-
netic field generates an electromotive force
(emf) in a coil of the field sensor as follows:

d
— 44 1
emf =—A ” B(1) (1)

where B(?) is the time-variable magnetic field
and A the surface of the coil.

The idea is to obtain instant by instant a
current proportional to the magnetic field
B(t) measured by the field sensor. The pro-
posed field-controlled supply is realised by
the functional chain shown in Fig.2, where
the amplifier and the preamplifier are used to
increase the signal current I. The constructed
signal current is then controlled in order to
follows the variations of the incident mag-
netic field. The proposed feedback is shown
in Fig.3, where R represents the coil imped-
ance, B, the magnetic field produced by the
active coils, B. the incident magnetic field
and B,—=B.+B. the total magnetic field, G an
analytical function which links B, with the
current .

active coil

PREAMP
INTEGRATOR T
emf=-A dB(t)/dt oo Bt

Fig. 2

AMP A
'\\vn‘*

- Functional chain to construct the desired current in the active coils.

Be

0 | PREAMP +
AMP

Bo=0G%

+ emf y
Bc Blot | consor INTEGRA.-
TOR

Fig. 3. - Scheme of the control system.
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The performance of the proposed field-controlled active coils is shown in Fig.4 where the
emf produced by the incident magnetic field in a planar passive coil is compared with the emf
produced by the total magnetic in the same planar active coil. The obtained field attenuation is

greater than 20 dB.
ek 5.00kS/s 28 Acqs Tek 5.00kS/s 3 Acqs
I T ] I T ]
[ i 1 E 1 1
- . . - . . Ch1 Freq . . . . 4 Chl Pk-Pk
X X X s X X 50.000 Hz 4.8mv
' : : i : : chi ampl : : : : 1 chiFreq
Lo oo ] d0.6my T 50.224 Hz
] : - ] : Low signal
X X i X X X . . ] amplitude
m_: + R R + + B ER i + + O Ch1 RMS ' ol + p + + + ddoiied + tofeiid ity ch1 RMS
- . 1 - . 1 14.36mv 1.80mv
Toomve W10.0ms Chi 7 —8.0MV 11 Oct 1999 0. 0mv W10 0ms ChT #  —4mV 11 Oct 1999
13:08:28 14:58:58
(a) (b)

Fig. 4 - (a) emf in coils without active shield; (b) emf in coils with field-controlled active shield
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JI. H. KEYHEB, Il. B. CTEITAHOB, A. A. IIIEBYYK

MoCKOBCKUY TOCYAAPCTBEHHBIM HHCTUTYT JIEKTPOHUKU U MATEMATUKH

IKPAHUPYIOHIUE TPOKJIAJAKHA
KAK CPEACTBO OBECHHEYEHUSA HEJJOCTHOCTHU DKPAHA

Abstract. The modern approaches to creation and application of conductive gaskets are consid-
ered. The guidelines on their application are considered.

LlenocTHOCTE 3KpaHa Wrpaer oIpene- TUBHOCTh HE JIOCTH)KMMa H3-3a OTBEPCTHH,
JSIOILYIO POJib B 3((GEKTUBHOCTH IKPAHUPO- LIEJIEH, CMOTPOBBIX OKOH U JAPYI'MX HEOJHO-
BaHus. M3BecTHO, uTO TeopeTrnueckas 3 dex- pOMHOCTEH JKpaHUpymoIme ob6omouku. Tem
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He MeHee, pu obecniedeHuu DMC u pere-
HUS BOIIPOCOB MH(POPMAITMOHHOHN Oe30macHo-
CTH TpelyeTcs CBECTH 10 MUHUMYMY IIpO-
HUKHOBEHHE 3JIEKTPOMArHUTHOW SHEPTUH ye-
pe3 HEOAHOPOJHOCTH AKpaHa. BaxHbIi kiacc
U3JIeNIUi, MCTOJIb3YEMbIX ISl BOCCTAHOBIIE-
HUSl 1IEJIOCTHOCTH 3alllUThl, SBJISIOTCS JKpa-
HUpYIOIIUE NMpOKIaAKu. B Hacrosiee Bpems
MPOMBIIIIEHHOCTh OCBOMJIA MPOU3BOJICTBO
3HAYUTENIBHON HOMEHKIATYPBI 3TUX U3JEIHA,
UHPOpPMaILKs 0 HUX BEChMa Pa3pO3HEHA U BO
MHOTUX CIIy4asX TpYyIHOIOCTymHa. B Ha-
cTosmel paboTe TpUBEIEHO 0000ImeHue
KOHCTPYKLUUN TPOKIAJOK U JTaHBI PEKOMEH-
JAIMy 10 UX ycTaHoBKe. [IpuBeneHHbIE CBe-
JIeHus: OyIyT TOJE3HBI ANl KOHCTPYKTOPOB
AJIEKTPOHHBIX CPEJICTB.

DKpaHUPYIOIIUE TMPOKIAAKA MPUMEHS-
I0TCS JJ11 BPEMEHHOT'O WJIM MOCTOSIHHOTO YTI-
JotHeHus: coenuHeHuil. IlpakTuuyecku Bce
BU/Ibl 3KPAaHUPYIOIUX MPOKIAA0K o0ecnedn-
BalOT BBICOKYIO TUIOTHOCTh COEAMHEHUS,
oOecrieurBasi OJHOBPEMEHHYIO 3allUTy OT
KIUMaTHYeCKUX (paKTOPOB BHEIIHEH Cpebl.
Korna noBepxHocTu coeuHeHbl 0€3 MpoKIia-
JOK, HUKaKHe CHJIbl HE CMOTYT HJIealbHO
npwXKarb UX JIPYr K JIPYTy, MOCKOJBKY CO-
eNHsSIeMbIe TTOBEPXHOCTU HE OBIBAIOT COBEP-
IICHHO POBHBIMU M TIAAKUMH. B pesynbraTe
yepe3 00pa3oBaBUIYIOCS IIENb OyJIET MpOUC-
XOJIUTh yTEYKa DJIEKTPOMArHUTHOTO TOJIs
(OMII).

Takum 00pa3oM, B OOJIBLIIMHCTBE Ciy4Ya-
€B, HalMEHee JOpOroi crocod MOoIydYeHUs
TEPMETUYHOCTH COCIUHEHMSI IBYX IMOBEPXHO-
cTeil (c obecriedeHreM BOJOHEIPOHUIIAEMO-
CTH, MAacJIOHEIPOHUIIAEMOCTH, HENPOHUIIAE-
moctu st OMII) — 310 mpumeHeHue sia-
CTUYHBIX JKPAHUPYIOMIUX MPOKIATOK, KOTO-
pble KOMIIEHCUPYIOT HEPOBHOCTH IOBEPXHO-
CTe.

Jlis ynobctBa cpaBHEHUS U BBIOOpaA IMPO-
KJIAJKd MOXKHO pa3leliuTh Ha CleAyolue
THUIIBL:

"  [POKJIAAKUA U3 MPOBOJAIIUX TJIACTH-

KOB U 3JIACTOMEPOB;

" [IPOKJIAJAKU C HAIPaBJIEHHO BHEJPEH-

HBIMH IIPOBOJTHUKAMU;

" [UIETEHbIE IPOBOJIOYHBIE TPOKIIAIKH;
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" D3JAaCTUYHBIE MPOKIATKA C BBICOKO

MIPOBOJIALIUM MOKPBITHEM;

* rpebeHUYAThIC MPOKIIAIKH,
"  COHpajgbHbIE MPYKUHSIIUE MPOKIIAI-

KM U3 IPOBOJIOKU;
=  KpyIJible CIIMpabHbIE MPOKIAJIKH U3

METaJUIMYECKOM JIEHTBI.

Ilpokiagkyn M3 NPOBOAAIIMX ILIACTH-
KOB U 3JIACTOMEPOB IPUMEHSIOTCS JJIA I0-
Jy4EeHUs] BBICOKOW IJIOTHOCTH COEIMHEHHUS C
o0ecrieueHreM BOJOHEITPOHUIIAEMOCTH U 3a-
umTel o1 OMMU. IlpoBogsiue 3macTomMepsl
M3TOTaBIUBAIOTCS IyTEM BHEIPEHUS MHOXKE-
CTBa MENbYaHIIMX METAUIMYECKUX IIAPUKOB
(HamosHUTENIS1) B MaTEpHall dJacTOMEpa.

Bun wanomnutens: cepeOpo, HUKEb,
Me/lb, ATFOMHUHHM, TTocepeOpeHHast Meb, T0-
cepeOpEeHHOE CTEKIIO U JIp.

Martepuan 3macToMepa: CHIMKOH, (hiop-
cunukoH, EPDM.

MakcumanbHOE yIeIbHOE IEKTPUIECKOE
conpotuBieHue (mpu moctaBke): 0,003
0.01 Om-cm.

Ilpoxyiagky ¢ HANPABJIEHHO BHeIPEH-
HBIMHU NMPOBOJHMKAMHU H3TrOTaBIUBACTCA ITy-
T€M BHEJIPEHUS MHOYKECTBA TOHKHX Iapai-
JIEBHBIX MPOBOJHUKOB B HM30JIALIMOHHOE OC-
HOBAaHHE W3 CIUIOIIHOTO WJIM MOPUCTOTO CHU-
nukoHa. IIpoknagku C HampaBlIE€HHO BHeE-
JIPEHHBIMH TMPOBOJHUKAMU 00ECIIEYMBAIOT
OJIHOBPEMEHHO I'€pMETHU3ALMNIO COSTUHEHUS U
3ammTy or OMII. BeimyckaroTcs NpokIaaku
C KIISAIIUMCS OCHOBaHHMEM JJisi OBICTPO ycC-
TaHOBKH Ha MIOBEPXHOCTh COCIMHEHHS.

Marepuan mTpPOBOJHUKOB: MOHEIb WU
AITIOMHUHHM.

[uametp BHEApPEHHBIX NpoBOAHUKOB: 0,1
MM (MoHens) i 0,13 MM (amroMUHUAIN).

ITnotHocTh pacnonoxenus: 110 ... 140
MPOBOJHUKOB Ha 1KB. CM.

IlneTeHHbIe MPOBOJIOYHBIEC MPOKJIAIAKHA
W3TOTaBIMBAIOTCA U3 TUOKON IMPOBOJOKH U
MOXOKH Ha OIUIETKY KOAKCHAJIhbHOTO KaOels.
Takue NpokJIagKu MOXKHO CAENaTh U3 Ipak-
TUYeCKu moboro Tuma Mmetamia. Haumbonee
4acTO MPU MPOU3BOJICTBE IUIETEHHBIX IPOBO-
JIOUYHBIX TPOKIAJ0K HUCIOJb3YIOTCA CIEIYIO-
e MaTepuasibl:  MOHENb, OepuitueBas
OpoH3a, mocepeOpeHHas J1aTyHb, alFOMUHUH,
CTallb C MEIHBIM IOKPBITUEM M HApPYKHBIM



cioeM ojoBa. B cepeauHe 3TuUX NMpOKIIANOK

MOXET OBITh BO3AYX WJIH, JAJII MAaKCUMAJIbHOU

yIPYrocTH, CepAlEeBUHA MOXET OBITh crela-

Ha U3 MMOPUCTOTO CUJIMKOHA WJIM HEOTpEeHa.

B OCHOBHOM IUIETEHBIE IPOBOJIOYHBIE
NPOKJIAJKU MPUMEHSIOTCS ISl SKpaHUpPOBa-
HUSl COEJAMHEHMH, MMEIOIMX AJIUHY Oonee
100 MM u mmpuny ot 1,5 10 20 MMm.

DddextuBHOCTh 3KkpanupoBanus 100 ab
Ha yactoTre 1 I'T1rL.

Kak pa3sHOBHIHOCTH IUIETEHBIX IPOBO-
JOYHBIX TMPOKIJIAJAOK BBIMYCKAIOTCS CIEaYyIO-
M€ THITBI TPOKJIAIOK:

* KOMOMHMPOBaHHBIEC MPOKJIAJIKU U3 IUIETE-
HBIX TPOBOJIOYHBIX MPOKIAJ0K U YIUIOT-
HSIOIIMX MPOKJIAJ0K U3 CWIMKOHA WIH
HeonpeHa. [IpenHazHadyeHbl 11 SKpaHU-
poBanust OMII u 3amUTHl OT MBUIH, IPSA3U
u Bnard. D eKTuBHOCTH SKpaHUPOBAHUS
100 ob ga yactore 1 I'T1.

"  [POBOASIIME 3JIACTOMEPHl B MeTajInye-
CKoil omneTke obecrieynBaroT P ¢HeKTUB-
HOCTb 3KpaHupoBanus Ha 20 nb Oosblie,
4yeM OOBbIYHbBIE TUIETEHbIE TPOKIAIKH.
Cpenu HOBBIX pa3pabOTOK CIIeIyeT OTMe-

TUTh 9KpaH U3 TKAHOW MEJHOH CeTKH, OTJIH-

YAOIIUICS BBICOKOH J(PQPEKTHBHOCTHIO H

IpeHa3HAYCHHbIN AJI SKpaHUPOBaHUs Kade-

Jel ¥ MPOBOJHBIX KTYTOB. DKPAHUPYIOMIUN

MaTepHal, MpeaCTaBISIONNNA cOO0H CeTKy U3

TOHKOM MEIHOM IPOBOJIOKH, MMEET MaJble

OTBEpCTHSI, OOJBIIYI0 THOKOCTh M O0ECeun-

BaeT IMPaKTHUYECKHU MOJHYIO 3alIUTy OT BO3-

nericteust OMIL.

[Ipouiecc HaHeceHUS! MOKPHITUS SBIISETCS
OJTHUM M3 BaXHEWIIMX B NPOU3BOICTBE IIje-
TEHBbIX NpoKJIagoK. Hemocratounoe HaHece-
HUSI IOKPBIBAOLIETO CJI0S MOYKET MPUBECTH K
IIPOU3BOJICTBY HE COBMECTHUMOIO U B HEKOTO-
pBIX cllydasx (HampuMep, B cilydae OTILeNly-
IIMBAaHUS TOKPBITHSA) OIACHOTO TIPOIYKTA.
ANbTepHAaTUBONW HEWIOHOBBIX BOJOKOH, IO-
KPBITBIX cepeOpoM, SIBIISIETCS] HUKEIb-MEIHBIC
BOJIOKHA. D(P(PEeKTUBHOCTH MPOKIAJOK HA OC-
HOBE HMKEJIb-MEIHBIX BOJIOKOH IIUPOKO
BapbUPYETCs U 3aBUCUT OT TEXHOJIOTUH U Ka-
YyecTBa MaTEepUalioB, UCIHOJIb3YEMBIX MpU
npou3BoJCTBe. bmarogaps cBoeil HM3KOH
TMOKOCTH HUKEJb “‘Tpeckaercs’ Ha IpaHuLax
NPOKJIAJOK €lle Ha CTaJud HPOM3BOJICTBA.
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UpesmepHOE OTLICNYIIMBAHUE MOKET MpH-
BECTU K KOPOTKOMY 3aMbIKAHUIO B LEMAX
AJIEKTPOHHOTO 00O0PYJIOBaHUs, Aa)K€ TaKOI'o
“HeTpe0OBATENBHOr0”, KaK JIOMALIHUNA KOM-
MBIOTED.

DJIacTHYHbIE NPOKJIAIAKH C BBICOKO-
NPOBOJSIIIMM NOKPBITHEM YCTaHABIUBAIOT-
Csl B MECTax COCAMHEHUS SKpaHa WIH OTIEIb-
HBIX JieTajiell Kopmyca, o0yciiaBiuBas MUHU-
MaJbHYI0 BEITUYHMHY COMPOTUBJICHHUS MEXKIY
COCIMHSIEMBIMH TTOBEPXHOCTSAMH, TEM CaMbIM,
obecrnieunBast MoNHYIO0 3amuTy oT OMU. OHu
UCIOJIB3YIOTCA B COEAMHEHUSX C TJIAJKUMU
MOBEPXHOCTSAMH, T/Ie MaKCHUMallbHasl BEJIHYU-
Ha HepoBHocTel He mpesbimaer 0,1 MmMm. Oc-
HOBY MPOKJIAJOK COCTaBIsAeT CUIMKOH. Ha-
PYKHBIM CJION BBINOJHSETCS U3 cepedpa, 30-
J0Ta, MEIW, HHKENsd, mocepeOpeHHOW Meau,
MIOCEpEOPEHHOr0 ANIOMUHUS U IPYrHMX Marte-
puanoB. OTnuuuTeIbHAS YepTa ITHX MPOKIa-
JIOK — OY€Hb HU3Kas JOMyCTUMas MPKUMHAs
cuia.

BeinyckaeTcsi MHOXXECTBO BHUAOB IIPO-
KIAJ0K C BBICOKONMPOBOASIIMM MNOKPHITH-
€M, KOTOpBIE OTJIMYAIOTCs (OPMOH CEUEHUSI:
neHTouHble (TommmHou 0,5 0,75 MM u
mupuHot a0 300 MM), NpAMOYIOJbHBIE,
KBaJIpaTHbIE, TpyOuaThle, MOPUCTBIC MPO-
KJIaJIKH, yriaoBeie, P-o0pa3nbie, D-o0pa3Hbie,
a TaKXkKe pa3NUYHble BUIBI MPOKIATOK U3rO-
TaBJIMBAIOTCS HA 3aKa3.

YcTaHOBKa MPOKIAIOK OCYIIECTBISETCS C
MIOMOUIBIO 3aKMMOB, KIIESAIIErocsi OCHOBAaHUS
1 3allPeCcCOBKH (PUTYyPHBIX BHICTYIIOB.

bonbumHCTBO MpoKIagoK (TpyOdaThIX,
P- o6pa3nbix, D- 00pa3HbIX) BBIMYCKAIOTCS
mpuHoit ot 0,75 no 15 Mm u anunHoit o 30
M.

VienbHOE 3IIEKTPUYECKOE COMPOTHUBIIE-
nue npu nocraske: 0,005 Om-cm (0,001...0,5
Om-cm).

VienbHOE 3IIEKTPUYECKOE COMPOTHUBIIE-
HUE TOcJe dKCItyaTanuu B TeueHue 240 ya-
coB ipu 40° C u Bnaxxknoctu 90...95% (MIL—-
STD-202F, merom 103b, tect Ned): 0,03
Owm-cm (0,005...0,5 Om-cm).

VienbHOE 3IIEKTPUUECKOE COMPOTHUBIIE-
Hue nociue skcruryatamuu (1000 g mpu 135° C
mwioc 48 u mpu 170° C): 0,03 Om:-cm
(0,004...0,65 Om-cm).



JlaBnenue cxartus (Ui JTUCTOBBIX IPO-
K1ag0K): 105 kr/cm’.

JlJig ocTanbHBIX THUIIOB MPOKIAIOK C BbI-
COKOMPOBOJAIINM TOKPBHITHEM PHKUMHAS
cuna: 0,15 kr/em” (0...0,3 kr/em?).

Pabouas Temmneparypa: -55° C ... +260°
C.

I'peGenuaTble MPOKIAIAKH HCIOIB3YET-
Csl LIS IBEpEH, KPBILIEK U APYrUX 4acTeu an-
naparypsl, TpeOyIOIUX 0co00ro 00CIyK1Ba-
HUSL M 4YacToro jaoctymna. llepBeie BapHaHThI
rpeOeHYaThIX MPOKJIAI0K OBLTH W3TOTOBJICHBI
HECKOJIBKO JIECSATKOB JIET Ha3aja M SIBIISUIMCH
CaMbIM MEPBBIM THUIOM OM HPOKIATOK MOsI-
BUBLIUXCA B MHpe. OTIMYUTENBHON 4YepTO
rpeOeHUYaThIX MPOKJIAIO0K SIBISETCS OONBIIOE
3HAYEHUE MaKCUMaJIbHOTO cxkatus (10 95%).
OcHOBHbBIE HEIOCTATKU 3TUX MPOKIAT0K CBA-
3aHbl C TEHJCHLUEH OTHIENbHBIX NPYKUHS-
[IMX TUTACTUHOK OKHUCISATHCS U JIOMAThCS.

BonbmmHCTBO TpeGeHuYaThIX MPOKIIAI0K
W3rOTaBIUBAIOTCA U3 MEIHO-OepUIINEBOTO
CIJIaBa, 00ECTIEYNBAIOIIETO IPEKPACHbIE TIPY-
JKUHSIINE CBOWCTBA, JOJITOBEYHOCTh, MPUME-
HEHME B COCIMHEHHSX C OONBIIMMH HEPOBHO-
cTaMU.  Marepuan  MHOKpPHITUA ~ MEIHO-
OepHJUTMEBBIX MPOKIAZOK: 30JI0TO, cepedpo,
0JIOBO, HUKEJIb, KaJIMUH, ITUHK.

[Ipoknankyu BBIMYCKAIOTCS  Pa3lUYHBIX
pa3MepoB U KOHGUTYypaluii: MHOXKECTBO BH-
JIOB HECTAHAAPTHBIX IPeOEHYATHIX MPOKIIATOK
W3roTaBIUBaeTCs Ha 3aka3. boibmmHCTBO
IPOKJIAJ0K MMEET CTaHJapTHYyI0 anuHy: 305
MM, 405 MM, 455 mMm, 610 mm. Beimyckatorcest
IPOKJIAAKHU AnuHOU 10 10 M.

Boicora rpebeHuUaThIX MPOKIANOK, B
cpeanem, 5 mm (0,75... 11 mm), mupuHa oT
3,3 mo 41,5 mM. Yucino npyx uHAIMX IJ1a-
ctuHOK Ha 10 cm anmunel: 10...40 wTyk (Mak-
CUMAaJIbHOE KOJIMYECTBO — 65 MITYK).

PaGouas temmepatypa: -45° C ... +150°
C (mns mpokIaZoK C CaMOKJIesIencs TMoI-
70xkKoi); -45° C ... +70° C (s mpoKIIaI0K
C KpPEIJIEHUEM Ha IPOBOJALIEM KIIEE).

CrupalibHO MPYKUHALIUE MPOKIAIKU U3
NPOBOJIOKH OTIMYAIOTCS CIEAYIOIUMH Xa-
paKkTepUCTUKAMHU:

*  BbICOKast 3(pPEeKTUBHOCTD 3aLIUTHI HA Yac-

totax 100 I'T'mm;
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" [IOCTOSHCTBO (POPMBI U MHOKECTBO KOH-
TAaKTOB MeETaJI-METaJll, O00yCIaBIUBaIO-
HIMX XOPOUIYIO MPOBOJUMOCTb;

*  Majas NpUKUMHAS CUJIA;

= MaJsas BeJIMYMHA OCTATOYHOIO CXKATHUS,

®  BBICOKAsl 3JIEKTPO- U TEIUIONPOBOAHOCTH;

" [IPOCTOTa yCTAHOBKH;

" [IUPOKUU TEMIIEPaTypPHBIN AUAMA30H.
[Ipoknagkyu M3roTaBIMBAIOTCS U3 IOCE-

peOpeHHOI, MO30JI0YEHHON WM HUKETUpPO-

BaHHOM MpPOBOJOKH. MaTepuan MpOBOIOKHU:

HEepKaBelllas CTalb, TUTaH, OepusIHeBas

Oponsza u np. OCHOBHBIE TapaMeTphl IPO-

KJIAJ0K:

= nuametp npososioku: 0,05 ... 1,5 mm.

" CcKaThe MPOKIAIKU B paboyeM COCTos-
Huu 25%.

"  yOpyroe MaKCHUMaJbHOE CXKaTHUE Mpo-
knaaku 40% (35 ... 45%).

" 3HauYeHHE OCTATOYHOro cxaTus 5%.

= pabouunii Jrana3oH TEMIEpPATyp:
-273° C ... +288° C.

Cy1iecTByeT HECKOJIBKO THIIOB CIHMPalb-
HBIX MPYXUHAMINUX TPOKIAJA0K U3 IPOBOJIOKU:
NPOKJIAIKU Al paboThl ¢ Harpy3kou B oce-
BOM HaIpaBJIEHUH, B PaJualbHOM HallpaBiie-
HUH, JICHTOYHOTO TWMa, Uil paboThl C Ha-
TPY3KOil.

CrnupanbHble MPOKIAIKH, H3TOTOBJIEH-
HBIE W3 METaJUIMYECKOU JICHTHI (PHUC ), OTIIH-
YalTCsl MEXAHMYECKON NPOYHOCTBIO, BBICO-
KOW SKpaHUPYIOIEH CITOCOOHOCTHIO U HU3KOH
CTOUMOCTBIO.

D hHeKTUBHOCTH YIKPaHUPOBAHMUS:
= 100 kI'm— 120 ab (105...165 nb);
= [ MI'nu—120 ob (95...165 nb);
= [0MI'u—115 1B (90...160 nb);
= 100 MI'n—110 nb (85...155 nb);
= 1ITu—110 nb (85...155 nb).

[Ipy ycTaHOBKe 3KpaHUPYIOUIUX MPO-
KJQI0K Ha METaNINYECKYI0 IIOBEPXHOCTh
HCIOJIB3YIOT CIIEeIYIONINEe METOIbI:
® YCTaHOBKa B a3, €CJIM U3rOTOBJICHUE Ta-

30B OyJ€T OTHOCHUTEIBHO HEJOPOTHM MU

HETPYAOEMKHM,;
® ICIIOJIb30BaHUE KIIESIIEH MOANOXKKH, ca-

MBI OBICTPBIN U JEIIEBbII U3 BCEX METO-

JIOB YCTaHOBKHM 3KPaHUPYIOIIUX TMPOKIIA-

TOK;



® KpEIUICHUE HENPOBOMSAIIECH YaCTH IIPO-
KJIaJIKH;

UCIIOJIb30BAHUE MTPOBOISIIETO KiIes;
KpETUICHHE C MIOMOIIBI0 BUHTOB;
KPEIUICHHUE C TIOMOIIbIO 3KUMOB;

0CO0BIE METOEI.

Bce TBepapie 3macToMephbl, COCTaBJISIO-
IIHE OCHOBY OOJIBIIMHCTBA 3TACTHYHBIX K-

PaHUPYIOIIMX NPOKIJIATOK, MPAKTHUYECKH HE
ckuMaembl B o0beme. [Ipu 3ToM mpokiagku
U3 3JIACTOMEPOB MPH YCTaHOBKE TPeOYIOT J0-
MOJTHUTEIBHOTO MPOCTPAHCTBA, HEOOXOAUMO-
ro JUIsl pacCUIMpPEeHUs MPOKIAIKHA IIPU CKATUU.
PekoMenayercss BeIOMpaTh IMIMPUHY Ta3a He
MeHee, yeM Ha 10% Ooubliie HIMpUHBI HeC)Ka-
TOM IIPOKJIAJKH.





