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THE SURFACE ELECTRIC FIELD OF CATENARY HIGH VOLTAGE
OVERHEAD TRANSMISSION LINES

Abstract. Most of the interference created by high voltage lines arises from the corona effect due
to high electric fields (also called surface gradients) on the surface of the conductors of the line. Com-
mon methods for the calculation of electric fields created by power transmission lines assume straight
horizontal lines parallel to a flat ground. The influence of the sag due to the line weight is neglected or
modelled by introducing an “effective” height for the horizontal line in between the maximum and the
minimum heights of the line. In this work we compare values of the surface fields created by horizontal
lines and catenary lines. We find that for pronounced sags there are large differences between values of
electric field predicted by the exact calculation and the horizontal line approximation, and a better esti-
mate arises from placing the horizontal line near the minimum catenary height.

Introduction

The calculation and measurement of
fields generated by high voltage power
transmission lines has been a major concern
in the past years, as the continuous increase
in human population, with a trend to concen-
trate in large cities, has created an unprece-
dented demand of electric power and accel-
erated the construction of high voltage
transmission lines near or over populated ar-
eas.[1 - 5]

An important issue is the corona effect
[6] created by UHV and EHV transmission
lines, which are the common choice as of
lately. Large fields and appropriate atmos-
pherical conditions may cause power loss,
radio and TV interference and audible noise
[1], [6].

In this case the important number is the
electric field on the surface of the conductors
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(surface gradient), which may be influenced
by the shape of the line.

Several publications have been made to
calculate and measure the electric and mag-
netic fields created by power transmission
lines. Most assume horizontal straight lines
parallel to a flat ground, and the sag due to
the line weight is neglected or introduced by
taking an “effective” or “average” height in
between the maximum and the minimum
heights of the line [1], [7]:

Hy,=H-2/38

where H is the maximum height and S the
sag.

One publication [8] calculates the mag-
netic field of a catenary line and reports that
differences as large as 40% are found be-
tween the exact calculation and the values
obtained from the straight line located at
maximum height. Field distribution also var-
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ies along the span, contrary to the constant
value produced by the straight line. This cal-
culation was made for a line with a distance
of 100 m between poles, maximum height of
13 m and a sag of 2m, that is, where the sag
is quite less pronounced than in UHV or
EHV transmission lines.

In this paper we shall calculate the elec-
tric field generated by a catenary line and
compare the results with fields generated by
a straight horizontal line, in order to estimate
the effects introduced by the sag.

Catenary geometry

Figure 1 depicts the basic catenary
geometry for a single-conductor line, where
H is the maximum height on the extremes of
the line, 4 is the minimum height at midspan
(hence the sag is S = H— h) and L is the span
length.

This geometry is described by:

z'=z(x") = h + 2a sinh 2(’(—) (1)
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where o is the solution of the trascendental
equation:

Figure 1 — Basic catenary geometry

H—
2

u= sinhz(u) with u = i
4o

The parameter o is also associated with
the mechanical parameters of the line:
o =T, /w where T}, is the conductor tension

at midspan and w is the weight per unit
length of the line.
Electric field of catenary

The electric field created by a catenary
single conductor line, as described by (1),
placed in air far from any other body can be
obtained from:

E(r):; | k(r’)%dl’
TE0 cr)

where g = 8.854x10712 F'/ m is the free space
constant, and A(r’) the lineal charge density
which depends on the electric voltage of the
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conductor. The integral is calculated on the
curve C(r') defining the catenary, and
R= |R| = |r -r’
point on the curve and r the position of the
point in space where the field is to be calcu-
lated (Figure 1).

When this single conductor line is placed
over a flat ground of homogeneous properties
(i.e., permittivity & and resistivity p) an im-
age line specularly symmetric respect of the
air-ground interface plane has to be intro-
duced to take into account the boundary con-
ditions of the electric field and electric cur-
rents in the conductive ground.

The former expression then becomes:

1 R
Er)=—— | X(r')—;dll’
€ ,
Togey B

, where r' is the position of a

(2a)

K
z20

’ R 1A
| X(r)—gdlz



with:
Eeq, —1

K= 1 Seqr =82r

S (2b)

Eeq, + 21tf80p

f being the frecuency in Hz of the line volt-
age.

K is a complex factor due to the fact that
the equivalent permittivity of the conductive
ground is complex. The field on the air over
ground is calculated by the superposition of
the field created by the real catenary line
C1(r") plus the field created by the image un-

derground line C, (r'). In these equations:

Ry =

Ry =(x-x)x+(-yph)y+(z-2"2
LRy =(x-x)R+(y-p0)y+(z+2")%

where z'=z(x") is given by Eq. (1) and yy is
the constant position of the single conductor
line on the y axis. This parameter allows to
incorporate more catenary conductors to
model the n-phase line by superposition.

At industrial frecuencies the imaginary
part of (2b) is five or six orders of magnitude
larger than the real part, and x — 1, the clas-
sical result of the method of images.

Egs. (2) give the electric field created by
a single conductor of vanishing radius. When
a cilindrical conductor of finite radius a is
considered, the position of the image line is

shifted towards the ground: ¢ = 22 —a? .

Figure 2 — Image line

As z >> a for overhead lines, we may
safely replace the real conductors by a geo-
metrical catenary line located in their axes to
calculate the electric field.

In case that the line is made up with
more than one conductor, the charges in-
duced on each one are calculated through the
potential coefficients [9]. In our case it is

24

enough to use the voltage of the single con-
ductor line to obtain A(r'):

z>20

V(r)=

1 J‘/’L(r)dll, B J‘/’Z,(r)dl,z
4re( R Ry
C1(r") Co(r")

We assume for this calculation that the

charge is constant along the line.
For x=0, y=y¢p,z=h-a = V=V

Using the expression of the catenary and
manipulating the integrands we get,

_ 27'[80 VO (33)
=1
with:
L/4a
cosh(2u) du
I =
2 . .2
0\/u +[a/2a+sznh (u)]2
L/4a (3b)
cosh(2u) du
Iy, =

I

Vo =[Vole' is the voltage of the conduc-

+ [(2h -a)/2a+ sinh? (u)]2

tor. A phase angle ¢ may be introduced to
accomodate n-phase lines. Thus the charge
density is generally a complex quantity.
Having calculated the charge density, the
electric field at any point above ground is:

E(X,)/az): Aa [[3_14] z2>20
27y

with:

I = I [(x— 2au)x+(y v0)¥ + (z — z")z]cosh(2u) du

“ug (x 20u)* +(y = yp)? +(z - Z)]3

0 [(x =2au)x + (¥ — y)¥ + (z + z")z]cosh(2u) du

Iy = /2
“ug [(x—ZOtu)z+(y—yb)2—i-(z+z’)2]3

Z'=h +2asinh2(u) uy = L/4a

These integrals, as those in the expres-
sion of the charge density have to be calcu-
lated by numerical methods.

Comparison with straight horizontal lines



Applying the same method used for a
catenary single conductor line we can calcu-
late the electric field created by a horizontal
single conductor line located at a height z,

above the ground:

V(r)= ;—goln(i—?J z20
with:
R1:|R1| R, =(y-y{)y+(z-2)2
R, =R,| R,=(y-y))y+(z+z,)2
We get: 4, = dne,V, _ 2me,V,

- (2
ln ZO 4+ 11'1(20]
z,—1 a
where we have used =4z —a’ and

a << z,. The field created by the straight
single conductor lines is:

E(r) = ;L_O[&ﬁ}

z2>0
27e( R12 R%

We shall compare both calculation
schemes for HV real lines in Argentina with
characteristics described in Table 1:

Table 1 — Power line characteristics

vo | L] H | H] S ]H,
) || m | )| m| m
1| 500 | 465 |25.65|8.50|17.15| 14.22
II{ 132 |[250112.32|7.01|5.31| 8.78

In both cases the conductor radius is
takentobe a =1.25cm .

Table 2 presents the catenary coefficient
a, the charge densities for the catenary and
the straight line at z) = H,,, and the height 4,

of the straight line for 4 = 4:

Table 2 — Line model parameters

a(m) |AuCim)\ kg (uC/m)| hg (m)
I]1578.83| 3.85 3.6 8.59
11| 1472.16 | 1.04 1.01 | 7.04

hy 1s slightly larger than the minimum height.
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For visual comparison, we plot the sur-
face electric field on the lowest point along
the line for Line I:

|E| MV/m)

\ ______________

Catenary
Horizontal Line at A
5.4
53
Horizontal Line at H,,,
5
T T T AT VT
x(m)
Figure 3 — Electric Field along the line

(Line I)

The maximum electric field on the cate-
nary line conductor surface occurs at the ex-
tremes. The values for both example lines
and the horizontal line approximations at H,,,

and A are presented in Table 3:

Table 3 — Maxima Surface Electric Fields

Catenary |H.L. H,,,| HL. hy | error %
I 5.6l 5.18 5.54 -1.7
II] 1.508 1.46 1.504 -3.2

Values in this table are in (MV/m). The
line at H,, yields a larger error (tabulated)

and the error increases with the sag.

The electric field exactly under the hori-
zontal line is vertical and constant, with val-
ues shown in Table 3. In the case of the cate-
nary line there is a longitudinal component
which is about one order of magnitude
smaller than the vertical component and var-
ies almost linearly with x. In summary, the
field magnitudes for the catenary and the
horizontal line at A, are coincident at

midspan and differ about 1% at the extremes.

Graphs and comparisons for Line II are
similar and are not included here because of
lack of space.

Conclusions

The electric field on the conductor sur-
face of a catenary line over conductive
ground has been compared with the electric



field created by a straight line at a height H,,, straight line at or slightly above the minimum

commonly taken in the literature to calculate height of the catenary.

the fields. For a HV transmission line with a Acknowledgement
pronounced sag we find that there are large
differences in the maximum electric field
value and the exact calculation has to be used
in order to get good values of the field. These
differences decrease when the sag is smaller,
but in any case a better choice seems to be a
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IHHOJABJIEHHUE ITOMEX B CUCTEME IIMTAHUSA IOJABOJIHbBIX
OIITUYECKUX JINMHU CBA3N

Pedepat. PaccMoTpeHa THIMYHAsS KOHCTPYKLMS CHCTEMBI Iepelayd JaHHBIX Ha OOoJbLIHe pac-
CTOSIHUS C TIOMOIIBIO MOABOJHBIX ONTHYECKUX Kabeneil. [Toka3ano, 4To HabII0qaeMble cOou B epenade
HH(pOPMAIUU MOTYT OBITH CBS3aHBI C HEOIATONMPHUATHON JIEKTPOMAarHUTHOW 0OCTaHOBKOW B 30HAaX pac-
MOJIOKEHHSI OKOHEUHBIX MOJICTaHIMiT Kaleinsi. PaccMOTpeHbl BO3MOXHBIE ITYyTH IIPOHHUKHOBEHUS TIOMEX B
CUCTEMY THTAaHHUS MPOMEXKYTOYHBIX ONTHYECKUX YCWJINTEJEeH M IMPEJIOKEHBI MEpBl MO MOAABICHHUIO
9THX MTOMEX.

CHUIHaja. HOSTOMY Ha 000X KOHIIaX JIMHUH

1. BBenenue
KpOME MCTOYHHKOB COOCTBEHHO TEIIEKOMMY-

JIuHUM ONTHYECKOW CBS3U IIpOKJIaJAbIBa- HUKAIIUOHHBIX CUI'HAJIOB YCTaHAaBIWBAIOTCS
OTCA Ha paCCTOHHI/IH A0 HECKOJIBKHUX TbhICAY UCTOYHUKH BHGKTpOMaFHHTHOﬁ I-)HCpFI/II/I C
KHJIOMETPOB. I[J'IH YCTOUYHNBOU pa6OTI)I CTOJIb HANPSDKEHUEM TIOPSIAKA +10xB 06ecnqu/I_

JJINHHBIX OIITHYCCKHX JIMHUH HCO6XO,I[I/IM]':>I
MPOMECIKYTOYHBIC YCHUIIMTCIIN OITHYCCKOI'O

26

BaromM€¢ MUTAHHUC IMPOMECKYTOYHBIX YCHUIIN-



tenei. BaxxkHo, 4Tto mepemavya wHbOpMaIu-
OHHBIX ONTHYECKUX CHTHAJIOB W IHTaHUE
IIPOMEKYTOUHBIX YCHJIUTENIEH OCYIIEeCTBIIs-
€Tcs 10 U TOMY K€ OJTHOMY Kabeliro, UMero-
IIEMY BCJIEICTBUE ITOr0 JOCTATOYHO CIIOXK-
HYIO KaK B MEXaHMYECKOM, TaK U B DJIEKTPO-
TEXHUYECKOM CMBICIIE KOHCTPYKIIHIO.
Ontuyeckuii kabenb MpPEICTaBISET CO-
00l crampHyI0 TpPYOKY, BHYTPH KOTOPOM
pAacIoyioKeHbl ONTHYECKUE BOJIOKHA, MO KO-
TOPbIM U OCYIIECTBISETCS CBsI3b. Bokpyr
CTaJIbHOM TPYyOBI PaCIMOJIOKEHO HECKOJIBKO
MOBUBOB CTaJIbHOM MPOBOJIOKH, oOecredu-
BAIOIIME KaK MEXAaHWYECKYI0 MPOYHOCTh
npoBemmBaeMoro Ha Oombimue (mo 7000m)
riIyOuHBl Kabessl, Tak U nepegady MOCTOSH-
HOT'O TOKAa MUTAHUS MMPOMEXYTOYHBIX YCHIIU-
tesned. BOmu3u Oepera kabenb MOXET [10-
MOJIHUTENIBHO YKPEIUISAThCS CTaJIbHOM Opo-
Hell, o0ecrieunBaroIeil eMy HeysI3BUMOCTh B
30HaX aKTUBHOTO PBIOOJOBCTBA. BapmaHTHI
UCIIOJIHEHUS ONTHYECKUX Kaleseil MHOroo0-
pa3Hbl. MoOryT UCHOJIB30BaThCS KaK HE3Kpa-
HUPOBaHHbIE, TaK U HKPAHUPOBaHHbIE Kale-
JIM, BO3MOXXHO NMPUMEHEHHE Pa3INYHbIX TH-
NoB Kkabesel Ha pa3IMyHBIX y4yacTKax Tpac-
CBI B 3aBHCHMOCTH OT KOHKPETHBIX YCIOBUH
npokiaaku (penbed 1Ha, popcupoBaHue NpU
MOAX0/€ K ToOepexbI0 O0JIOT, PeK U T. 11.).
VICTOYHMKM 37I€KTPOMArHuTHOM 3HEPruu
(cucteMbl NMHUTaHUS) ONTUYECKUX TEIEKOM-
MYHUKAllMOHHBIX JIMHUM TOJDKHBI oOecneyu-
BaTh B IPOMEXKYTOUHBIX YCUJIUTENSAX, PacIo-
JIOKEHHBIX Ha JIMHUM, MOCTOSIHHBIA TOK IO-
psanka 1A mo Bcelt JuiMHE Tpacchl. DHEPIreTU-
yeckoe OOOpYJOBAaHUE CHCTEMbl IHTAHUS
PacHojoKeHO Ha 00OMX KOHLIAX ONTHYECKOM
JVHAW Ha CHENMaJbHBIX MOJCTAHIUAX, Ha-
XOJSAIINXCS, KaK MPaBUilo, B TOpoiax BOIU3U
Oepera okeana. [loatromy Tombko 10-50 kM
JIMHUN ONTHYECKOW CBSI3U YKJIAABIBAKOTCS IO
IIOBEPXHOCTU 3€MJIM. PaccrosHue Mexnay
IIPOMEXKYTOUYHBIMH yCHJIUTENSIMH, PACIOJIO-
KEHHBIMU TI0 BCEH Tpacce, COCTaBJISET
50-300 kM ¥ OHM TIPEACTABISAIOT COOOM J0-
BOJIBHO CJIO’KHBIE 2JIEKTPOHHBIE YCTPOICTBA.
XKectkue TpeboBaHMA K YCTOWYMBOCTHU
ONTUYECKON CBA3M MPAKTUYECKH B IPOU3-
BOJIBHBIX YCJIOBUSIX BHEIIHEHW 3JeKTpoMar-
HUTHOM OOCTaHOBKM CTaBAT KakK BECbMa ak-
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TyaJIbHYI0 3a/1ady HCCIICIOBAHUS BO3MOXK-
HBIX MTyTeH MPOHUKHOBEHHS 3JIEKTPOMATrHUT-
HBIX MOMEX B CHUCTEMY NMHUTaHUS MOJABOJHBIX
ONTHYCCKUX JIMHUM CBS3U, a TaKXKe 3a7auu
OIIEHKM BO3MOJKHBIX YPOBHEH IMOMEX U pa3-
pabOTKH CPENICTB 3alIUTHI OT HUX.

[lepeunciienHble 3a1ayu SBISIOTCS TH-
MAYHBIMHU 33Jla4aMU AJIEKTPOMArHUTHOM CO-
BMeCcTUMOCTH. ClieyeT OTMETUTh, YTO TpakK-
TUYECKas UCTOpHUS Pa3BUTHUS JAHHOWU MpH-
KJIaTHOM TIPOOIeMBbI TUMTMYHA TSI OOJBIIHH-
ctBa 3aga4 DOMC. Ha cranuu npoekTupoBa-
HUS pa3paOOTYNKK MPUHUMAIIA MEPHI, 00ec-
MEYUBAIOIINE YCTOMYUBOCTh PaOOTHI KaXKI0-
ro dJIEMEHTAa CHCTEMEI B OTHCIBHOCTH. Tak,
HarpuMep, 1ake IpU YBEIMUYEHUU HampshKe-
HUS HAa TMPOMEXYTOUYHBIX YCHUJIUTEISIX B He-
CKOJIBKO pa3 OT HOMHUHAJIbHOTO WM YMEHb-
IICHUU B HECKOJBKO pa3 TOKa YCHUIIUTENICH
onTHYECKas CBsI3b He mpepbiBaeTca. Cucrema
3a3eMJICHUS TIOJICTAHIINH, OCYIIECTBIISIONICH
MUTAaHUE ONTUYECKON JIMHUHU, YJOBIETBOPSET
TpeOOBaHUSIM OTCYTCTBHS KOHTYPOB 3aMblI-
KaHUs TIOMEXH U CKOHCTPYHpPOBaHA TaKUM
o0pa3zoM, 4ToObI MUHUMU3UPOBATH YBEIHYE-
HUE TMOTEHIMajaa 3eMJIM MOACTAHIMU TpU
MPOTEKAaHWW TOKAa KOPOTKOTO 3aMBIKAHUA.
OpHako, KOMILJIEKCHBIM XapakTep HeOxaro-
MPUSTHON BHEIIHEW 3JEKTPOMAarHuTHOU 00-
CTAHOBKHM, BKJIIOYAIONIEH U MPOHUKHOBEHUE
MmoMeX dYepe3 IKPaHUPYIONTHE METaJIJIOKOH-
CTPYKLUH, U HABOJIKH B JUIMHHBIX JUHUAX, U
HABOJKH B 3a3€MJIUTEISX NMPUBOJUT K HEOO-
XOJUMOCTH pemiath mnpodnembr DMC yxe B
YCIOBUSIX DKCIUTYaTalluH.

Kak mnoka3piBaeT OMNBIT 3KCIUTyaTaluu
MMOJABOJIHBIX OMNTHYECKUX Kalesel, aBapwii-
HBIC CUTYyalluH, MPHUBOJAIINE K cO0sSM B Tie-
penadye wuH(OpMaNUU, CIy4aroTcs 10 He-
CKOJBKUX pa3 B roja. Iloatomy pacmpocrtpa-
HEHHOE MHEHHE O TOM, YTO ONTHYECKHE JIH-
HUU CBSI3U HE TOJIBEP’KEHBI AEHCTBUIO DJIEK-
TPOMArHUTHBIX TOMEX, B OOIIEM ciydae, He
BEPHO.

2. Buabsl nmomex

[Ipoananu3upyeM OCHOBHbIC MPUYUHBI
BO3HUKHOBEHHUS momex [1] B Toil yactu Ka-
0ens, 0 KOTOPOIl OCYyIIEeCTBISETCS MUTaHNE
MPOMEXKYTOUYHBIX YCHJIUTEJICH ONTUYECKHX



JUHAN CBsA3U. OmNacHbIM 1711 yCTOMYMBOU
paboThI TPOMEKYTOUYHBIX YCUIIUTEICH U, CO-
OTBETCTBEHHO, JJI MPEPBIBAHUS ONTUYECKOM
CBSI3U SIBIISIIOTCS IITUTENbHBIC (10 HECKOJb-
KUX MUJUIMCEKYHJ) MPOBAJIbl TOKA MUTAHUSA
ycwiutenei. B cBs3u ¢ stum Oynmem pac-
CMaTpUBaTh TOJBKO OTHOCUTEIBHO HU3KO-
YacCTOTHbIE HMCTOYHUKHM momex. llomexu B
kabeJie MOTYT OBITh BHI3BAHBI:

— (AyKTyauussMd TE€OMarHUTHOTO TMOJIS
3eMJIN;

— DJIEKTPOMArHUTHBIM TOJIEM BBICOKO-
BOJIbTHBIX JIMHUH, PACIOJIOKEHHBIX B HEMO-
CpEeICTBEHHOW OIU30CTU OT TOM YacTH Tpac-
ChI ONTHYECKOTO Kalessi, KOTOpasi MPOXOIUT
110 OBEPXHOCTH 3E€MJIU;

— BJIIMSTHUEM TOKOB KOPOTKOTO 3aMbIKa-
HUS CUJIOBBIX TOJCTAHIMA HMEIOMINX 00-
IIyI0 WM OJHM3KO PACIOJIOXKEHHYIO C IOJI-
CTaHIMEHW ONMTUYECKOro Kabems cucreMy 3a-
3eMJICHUS;

— 3JIEKTPOMArHUTHBIM TOJIEM U TOKaMH,
BO3HHKAIOIIUMHU TPU yAapax MOJHUU B 30HE
MPOKIIAJKU ONTUYECKOTO Kabes.

HamnpsbkeHHOCTh  T€OMarHUTHOTO  TTOJISt
mana (He Oonee 1B/km), HO ero aeiicTBue
MOXET HaAOJIIOAAThCSl MPAKTHUUECKH MO BCEH
Tpacce ONTUYECKOM JMHUHU, MO3TOMY €ro
BIIUSIHUE MOXET ObITh omnacHbM. OJHAaKO,
Onmarogapst TOMy, 4TO YacTOThI (PIyKTyaruu
T€OMarHUTHOTO TIOJI 3€MJIM BEChbMa HH3KH,
CUCTEMBl PETYJIHUPOBAHUS AMIUTUTYIbI TIH-
TAIOIIETO HAIPSKEHUS HAa OKOHEYHBIX IO-
CTAaHIUAX YCIIEBAIOT KOMIIEHCUPOBATh BIIUS-
HUE ATOTO THMA 3JEKTPOMArHUTHBIX MOMEX,
KOTOpBIE B CBS3H C 3THUM HE OyIyT paccmart-
puBatbces nanee. Caado U3ydeH K HACTOSIIEMY
BPEMEHU U HE HMMEET YJIOBJIECTBOPUTEIILHOTO
KOJIMYECTBEHHOTO OMHMCAHUS TaKK€ MEXaHU3M
nepexBaTa ONTHYECKMM KaleleM TOoKa MOJl-
HUHU. DTOT MEXaHU3M MPOHUKHOBEHHUS TIOME-
XM Takxe He OyJeT paccMaTpuBaThcs B Ha-
cTodled paboTe, XOTs IpejiaraeMble Janee
METOJIbI 3alIUThl Kalenst OyqyT OKa3bIBaTh
MOIABJISIIONIEE JICMCTBUE M HA ATOT THII TIO-
MeX.

Takum obOpazom, Oyaem paccMaTpuBaTh
WHYKUIHUOHHBIE IOMEXU OT BBICOKOBOJIBTHBIX
JUHUN ¥ TaJIbBAaHUYECKHE Yepe3 oOIue CHuc-
TEMBbI 3a3E€MJICHUSL.

28

OTMeTHM, YTO TrajlbBaHWYCCKHU MeXa-
HU3M TIPOHUKHOBEHHUS TMOMEXU B OOJBIICH
CTENEHH, YEeM D3JICKTPOMArHUTHBIA, Ompese-
JSETCS KOHCTPYKTHBHBIMU OCOOCHHOCTSIMU
KOHKpETHOTro mpoekTa. Ho u B 3TOM ciydae
MOHO TOBOPUTH O TUIUYHBIX MYyTSIX IMPO-
HUKHOBEHHS IOMEXH:

— 4epe3 3eMIII0 MOJICTAaHIIMU B 3a3€MJICH-
HBII 2KpaH ONTHYECKOT0 Kadeysl M 3aTeM, 3a
CYET MEePEXOJHOr0 COINPOTHUBIICHUS, B cCaM
Kaben;

— Yepe3 CUCTEMY 3a3eMIIMTEIIeH, pacro-
JIO)KEHHBIX TI0 TPAcCe€ MU OCYIIECTBIISIFOIIUX
3aMbIKaHUE HAKOPOTKO KOHTYPOB C HU3KUM
COTIPOTUBJICHUEM, HCITOJTH3YEMBIX ISt
YMEHBIIEHUS WHIYKIMOHHOM TIOMEXH, a
TaKKe 4Yepe3 3a3eMJICHUS JTOMOJIHUTEIbHBIX
9KpPaHOB U METAJUIOKOHCTPYKLIUM.

3. IlogaBjeHne momex

B kauectBe cnocoOOB ycTpaHEHHs ralib-
BAaHUYECKUX TIOMEX MOXHO MPEIOKUTH
cienyrouye. s yMEHbIIEHUS BIMSHUS TO-
KOB KOPOTKOTO 3aMBIKaHHUSI BO3MOXKHBI J[Ba
pewenus. IlepBoe — ycTaHOBKa IOJI0COBOTO
¢dunbTpa ¢ mosocoi mpomyckanus 48-52 I'n
(npu paboueii yactore 50 I'mr). Mecto ycTta-
HOBKHU (PUJIBTpPA 3aBHCUT OT MPOEKTA, HO 00-
el pekoMeHaanuei MoKeT ObITh YCTaHOB-
Ka ero Kak MOXXHO OJIKe K MOJCTAaHIUH, a
TaKKe Iepel yAalleHHOM 3emied. Bropoe
pellIeHe CBSA3aHO C Pa3/IeIeHUEM KOHTYPOB,
10 KOTOPbIM IPOTEKAIOT TOKU KOPOTKOTO 3a-
MbIKaHUs. C 3TON LIETBI0 MOYXHO HCHOJIb30-
BaTh JIONOJHUTEIbHBIN Kabelb B KauecTBE
3eMJIM CHCTEMBI MMTAaHUS ONTHYECKOTO Kabe-
JS1 ¥ PacHojIOXKHUTh €ro B HEIOCPEICTBEHHOM
O0mm30cTH OT OCHOBHOTO Kabemns. Ilpu stom
3a3eMJICHHE ATOTO JIOTIOJIHUTENIBHOIO Kabems
CIIEZyeT BBITIOJHUTH BO3MOXHO JaibIle OT
pabouux 3a3eMJICHUH CHUIIOBBIX MOACTAHIIMMA.
OTmeTuMm, 4TO 3TO pelIieHue He odecreunBa-
€T 3alIUThl OT TOKAa MOJHMHU, TaK KaKk OH MO-
KeT OBITh NepexBaueH dTHUM JOMOIHUTEIHHO
CO3JIaHHBIM KOHTYPOM 3a3€MJICHHUS.

C 1enpl0 yYMEHBIICHUS WHIYKTHBHOM
MIOMEXH OT BBICOKOBOJIBTHBIX JIMHUN 3 ek-
TUBHBI TaKWe€ TPAJUIIMOHHBIE METOMbI, Kak
NPUMEHEHHE 3KPAaHOB M 3aMKHYTHIX HAaKoO-
POTKO KOHTYpOB, MPOJIOKEHHBIX B TOH K€



IUIOCKOCTH, YTO U OCHOBHOM KaOesb, U Mak-
CUMAaJIBHO OJIM3KO K HEMY .

PaccMoTpuM, BiMSIHHME Ha ONTUYECKUUN
Kabenpb ByX (paKTOPOB: 3JIEKTPOMArHUTHOTO
I0JIsI, CO3aBa€MOI0 BBICOKOBOJIbTHBIMHU JIH-
HUSMH, U TOKa KOPOTKOT'O 3aMbIKaHHS B 3€M-
Jie, Ha IpUMEpPE TUIUYHON CHUCTEMBI TUTAHUS
ONTHYECKON KaOenpHOU nuHUH. Mccrnenyem
Takke  APPEKTUBHOCTh  MPEIOKEHHBIX
CpPeACTB 3aluThl OT nomex. B paccmatpu-
BAEMOW CHCTEME, Ha HA3€MHOM YYacCTKE JIM-
HUHU B KauecTBe OOpaTHOTO MPOBOJA BMECTO
3€MJIM HMCIIOJIB3YETCA JONOJHUTEIbHAS MHO-
TOXKUJIbHASI DKpaHUPOBaHHAs KaOenbHas -
HUs, IIPOJIOKEHHAas B HENOCPEICTBEHHOU
ONM30CTH OT omnTuyeckoro kabens. byaem
Ha3bIBaTh 3Ty JIMHUIO — «3€MJISI CUCTEMBI», B
OTJINYUE OT «3€MJIM MOJCTAHLIMM», HA KOTO-
Py 3aMKHyTa CHCTE€Ma 3a3¢MJICHMS IIOJ-
CTaHUUHU. DTOT Kabesb 3a3eMJIeH depe3 yna-
JEHHYI0 3eMJIl0 Ha Oepery okeaHa. Jlis
YMEHBIIEHUS MUHIYKTUPOBAHHON MOMEXH Ha
HA3€MHOM YyYacTKe KaOellsh TPOJIOKEH TaKKe
JIOTIONTHUTEBHBIA HU3KOOMHBIM Kabenb ¢
MEJHOM KWIOH, KOTOPBIN 3aMKHYT Ha 3E€MJIIO
B IIECTH TOYKax Mo Tpacce. Ha Gmmkaiimem
K MOJCTAHIIUN yYacTKe JJIMHOU 4 KM B HEIo-
CPEICTBEHHOW OJIM30CTH OT BBICOKOBOJIBT-
HBIX JIMHUH, OJIMbKaiias u3 KOTOPHIX pacmo-
noxkeHa Ha pacctosHuu 0,5 M, onTHYecKuid
Ka0eIb 3aKIIF0YeH B WIMHAPUIECKUH CTallb-
HOM 3KpaH ToaumHOM 4 MM. OnTuyeckuid
Ka0eIb MPOJIOKEH IO y4YacTKy cymu 1o Oe-
pera okeaHa mnuHoM 11 km. IlocTostHHBIN
TOK 3aMbIKA€TCs 110 CTAJIbHBIM IPOBOJIaM OIl-
TUYECKOro Kabens, skuie Kales, urparorie-
ro pojib 3€MJIA CHCTEMBI IUTAHMS, U 3aTEM
1o 3eMJie U Boje. byneMm cumraTh, 4TO IIEp-
BbIA OT IMOACTAaHLHMHU MPOMEKYTOUYHBIN YCH-
JUTENb YCTAHOBJIEH HA PACCTOSTHUU 25 KM OT
Oepera okeaHa, a IOCJEAyIOLME — Ha pac-
crosgHuu 50 kM 1o Beell Tpacce. Beero Takux
YCUIMTENEH B pPAacCMaTpUBAEMOM IIPUMEPE
45. llenp nccnenoBaHusl COCTOUT B TOM, 4TO-
Obl ONpeAenuTh BEIUYUHY TOKA, HABEJIEHHO-
ro B HOMMHAJIbHOM PEXKHUME B MEPBbIX JAECS-
TH OT NOJICTAHIIUH YCUITUTEISAX.

IlepexonHblil mpouecc B paccMaTpuBac-
MOM cucteMe ObLI PacCYUTaH C IOMOIIBIO
nporpammbl EMTP [2]. B cxeme 3amenenus
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CUCTEMBbI UICTOYHUK CUHYCOUJIaJIbHOTO TOKA C
ammuatyaoi 3000 A u yvactoroit 50 ' mo-
JEUPOBAl TOK KOPOTKOTO 3aMbIKaHUs, IIPH-
XOJSIIIETO M3 CHUCTEMBI 3a3€MJICHUSI CHIIOBOM
MOJICTAaHIIMHM, WMEIOLIEH OOIIyI0 3eMII0 C
MOJACTAaHIMEN onThudeckon cBs3u. IIpose-
JICHHbIE TEOPETUYECKNE U IKCIEPHUMEHTAIIb-
HbIE OLICHKH IOKa3ajd, YTO aMIUIMTYIHOE
3HAYEHHE CHHYCOUJAIBHOTO HANPSKEHUS,
HaBEJICHHOTO B JIMHUHU 3JEKTPOMArHUTHBIM
MOJIEM, CO3JIaHHBIM TOKOM B BBICOKOBOJIBT-
HBIX JIMHUSAX, MOXHO IPUHATH paBHOU 500 B.

bynem cuutath, 4TO B HOMHHAJIHHOM
pEKUME IOCTOSAHHBIM TOK B CHUCTEME IMUTa-
HUS MIPOMEXYTOYHOTO YCUIIUTENS paBeH | A.
CornocraBieHue pe3yJbTaToB pacuera MoMex
B PacCCMAaTPUBAEMOM CUCTEME BBITIOJIHUM JJIS
TOKa ONMMKAMIIEro K MOJICTAaHIUH YCUITUTETIS.
[Ipu oTCYTCTBHM B CHCTEME 3KpaHa U KOPOT-
KO3aMKHYTOI'O JIOIOJIHUTEIBHOIO MEIHOIO
Kabensi MaKCUMallbHOE 3HAYCHHE TTOMEXH OT
TOKa KOPOTKOI'O 3aMbIKaHHs B 3€MJIE PAaBHO
9 A u oT HaBeneHHOTO HampspKeHus 4,8 A.
[Ipu 5TOM 3aTyxaHue MOMEXHU COCTABISET B
TEUEHHEe TIEPBOTO TMepruoaa KoJeOaHWil TMo-
panka 2,2 n1b u 1,3 nb B Teuenune mnocnue-
OYIOIIUX TIEPHOJOB KOJEOaHUW ISl TTOMEX
OT TOKa KOpPOTKOro 3aryxaHus. g momexu
OT HAaBEJEHHOTO HAINPSHKEHUSI COOTBETCT-
BYIOILIME 3HaueHus 3aryxaHus paBubl 0,8 nb
u 0,9 nb. Takoe 3HaueHUEe TOKA ITOMEXH O€3-
YCJIOBHO ONACHO JUISl TUTaHUS ITPOMEKYTOU-
HBIX YCUJIUTENECH M MpUBEAET K COOSIM B OTI-
THUYECKOM CBS3H.

[Ipy mcnonp30BaHUM CTAIBHOTO 3KpaHa
Ha MepBOM 4 KM y4YacTKe TpacChl 3HAUCHHE
TOKa, HABEJICHHOTO B IEPBOM YCHWJIHUTEIE,
yMeHblnaercsa. Ecnu 1onosHUTenbHbIN Mea-
HBII Ka0emb MPOJIOKEH BHE DKpaHa, TO Mak-
CUMAJIbHOE 3HAYEHUE MOMEXH OT TOKA KO-
POTKOTO 3aMbIKaHUS cOCTaBisieTr 7,2 A um OT
HaBeleHHOro HampsbkeHuss 3 A. Ecim  jo-
MTOJTHUTENIbHBIA MEIHBIM Kabelb TPOJIOKEH
BHYTPHU DKpaHa, TO MAaKCUMaJIbHOE 3HAUYCHUE
MOMEXHU OT TOKa KOPOTKOTO 3aMbIKaHHUS CO-
ctaBisieT 3,7 A U OT HaBEJICHHOTO HAMpsKe-
Hus 2,8 A. C BBelIEHHEM HDKpaHa 3aTyXaHHUE
MIOMEXHM Ha MEPBBIX AECATH MEPUOJax IMpaK-
TUYeCKU OTCyTcTBYyeT. CpaBHUBas IOJIy4YeH-
HbIE PE3yJIbTaThl MOKHO CJI€NIaTh BBIBOJI, YTO



9KpPAHUPOBAaHUE KaOEIbHON JIMHUM IUTAHUS
ONTUYECKOT0 Kabemnsi MPUBOAUT K yMEHbIIIe-
HUIO ToMexu B 1.25 pasza ajisi moMexu OT TO-
Ka KOPOTKOIO 3aMblkaHus U B 1.6 paza g
IIOMEXH OT HAaBEJCHHOIO HAIIPSKEHUS.

JIOnONHUTEIBHEIE ~ MEIHBIM  Kabelb
IIPAKTUYECKH HE BIUSAET HA YMEHBIICHHE
IIOMEXU OT HABEJIEHHOIO HAIPSDKEHUS H
IIPUBOJUT K YMCHBILIECHUIO €€ 3HAYCHUS 110Y-
TH B 2 pas3a Uil OMEX OT TOKa KOPOTKOTO
3aMbIKaHuA. OTMETHM, UYTO TaKOE CHUKEHHE
YPOBHsI TIOMEX HEAOCTATOYHO JIsi obecrieue-
HUS CTAOMJIBHOMN CBS3H.

B pesynbTare ycTaHOBKHM BBICOKOI00-
POTHOTO IOJIOCOBOTO (PUIBTpPA C TOJOCOM
nponyckanus 47-53 'l MakCUMaJIbHOE 3Ha-
YEHUE CHM)KAECTCS HABEJIEHHOIO TOKa B IEp-
BOM ycuiurene 10 1,5 A naxe 0e3 HCIOJb-
30BaHUs 3KpaHa U JAONOJIHUTEIBHOTO MEIHO-
ro kabens. Ilpu ncnonb30BaHUU JOMOIHU-

TEJIBHO 2KpaHa U MEJHOro Kabess moMexa He
npesbimaer 1,1 A. MoXHO OTMETUTH TaKxke
CYLIECTBEHHOE 3aTyXaHHE TIOMEXU B pe3ylib-
TaTe MCIIOJIb30BaHU QUIbTpa. 3aTyXaHUe Ha
IEpBOM IepHoje KojeOaHMi COCTaBUIIO
1,9 nb nnst cucremsl 6e3 skpana u 2,5 n1b B
CHCTEME C HIKPAHOM.

Takum 00pa3zom, MOMEXH B ILIEMU IHTa-
HUSl TPOMEXYTOUYHBIX YCHIIMTENEeH CHUrHaima
MOTYT CIYXHTb NMPUYUHOM cOOs mpu mepe-
Jladye CUTHAJIOB CBS3M, IPU ATOM IOMEXa Mo-
KET TIepeAaBaTbCcsl B IL€Nb NHUTAaHUA, Kak
raJIbBAHUYECKUM ITyTeM, TaK M 4Yepe3 dJIeK-
TpomarsuTHoe nose. Ilpumenenue GpuibTpoB
MOJKET PEUINTh MPOOJIEeMYy HAJEKHOCTH CBS-
31 Jaxke 0e3 HCIOJIb30BaHUs JIOMOJIHUTEIb-
HBIX JIOPOTOCTOSIIIUX SKPAHOB U KOPOTKO-
3aMKHYTBIX KOHTYPOB MEIHOTO KaOels.
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METOAUKA OHEHKU ITAPAMETPOB YACTUYHbBIX PA3PA10B
B BLICOKOBOJIbTHOM U30.JISIIIUA ITPU OTHOCUTEJIBHBIX
W3MEPEHUAX UX UMITYJIbCHBIX QJIEKTPOMATHUTHBIX MOJEN

Pedepat. B crathe maercst 000CHOBaHHE METOJa MOPOTOBOi 0OPabOTKH CIy4alHOTO HM-
nmyJabcHOTO u3nydeHuss YP u omumcanue mpubopa, pealu3yromero JaHHYI0 METOAUKY H3MEPEHUS.
W3nararorcst pe3ysibTaThl BBIYUCIUTENBHOTO KCIEPHMEHTA JUTSI IPOBEPKH MPENOTI0KEHHS O CTEIIEHHOM

3aKOHEC PACIIpCACIICHNUA Pa3MEPOB I'a30BbIX BKITFOUCHUH.

1. BBenenue

[Ipn oneHke KadecTBa BBICOKOBOJBTHOM
U30JIUK  OONBLIOE BHHUMAaHHUE YJENAeTCs
yacTUYHBIM paszpsinaM (UP), Tak kak oHu on-
peNeNAI0T TEeMIIbl IEKTPUUYECKOrO CTapEeHUs
M30JSIIMU ¥ SIBIAIOTCA HamOojee vacTon
npuuuHOM e€ nospexaeHusd|1,2]. Oneparus-
HO€ JIMarHOCTUPOBAHUE KAYECTBA H3OJISILIMU
U CBOEBPEMEHHOE OOHapyXeHHE MecT IOo-
BPEXKJEHUI B AKCIUTYaTallMOHHBIX YCIOBUSX
BEChbMa aKTYaJbHO JUIsl IIMPOKO pacrpocTpa-
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HEHHOTO 3JeKTpoobopyaoBanus 6-35 kB.
Pemenue 3Tux mpoGieM BO3MOXKHO MpHU OIl-
peNeNIeHNH 3HAYMMBIX IIapaMETPOB BJIEKTPO-
MarHuTHOro wusnydeHuss UYP, mnpumMeHeHHH
CIELUATU3UPOBAHHON HW3MEPUTEIBHON  all-
rmapaTypbl M KOPPEKTHOM HWHTEPHPETALNN
pe3yIbTaToB.

Pazpsim UP coznmaer B anmexkTpoobopyio-
BAHMM BOJIHOBOW IIEPEXOAHOU IIPOLECC C
IIUPOKUM CIIEKTPOM, COIIPOBOKIAIOLIUNCS
U3IIy4EHUEM DJIEKTPOMATHUTHOW DJHEPTUH.
ITapaMeTpsl H3iIy4YeHUs] 3aBUCAT HE TOJIBKO



OT 3apsfa YacTUYHOM €MKOCTH, HO U OT
dUydt, dI/dt, aMnnuTy 1HO-4aCTOTHBIX Xapak-
tepuctuk (AYX) snemMeHTOB 00BEKTa, HX
F€OMETPUUYECKUX pa3MEpPOB U CBSI3U C IIpO-
cTtpaHcTBOM. Ilapamerpsl npuHMMaeMoro
CHUTHAJIa 3aBUCAT OT elle OOJBIIEro KoJuye-
cTBa (akTOpoB. DTO MperonpenenseT BO3-
MO’KHOCTb OLIEHKHM KayecTBa U30JISILIUU TOJb-
KO 110 TMHAMHUKE OTHOCUTEJIBHBIX H3MCHEHHUN
NEPUOANYECKA H3MEPSIEMBIX IapaMeTpOB
UMITYJIbCHOTO 3JIEKTPOMAarHUTHOTO U3JTyYEHUS
YP npu BO3MOXKHO GOMbIIEH 1€TepMUHUPOBAH-
HOCTH yCJIOBUI U3MEPEHUH.

2. O0ocHOBaHNE METOAUKH

[Ipy mpueme ciy4aiiHOrO MMITYJIBCHOTO
uznyuenuss YP uenecooOpasHO MPUMEHUTH
MIOPOTOBYIO0 00paboOTKy, Mociie KOTOpOH Ha-
OJIr01aeMBIii POIIECC MOYKHO paccMaTpUBaTh
KaK IOTOK CIy4yalHbIX coObITUH X(#) C MH-
TEHCUBHOCTBIO A = n/t, n - cpeHee Konuye-
ctBo YP 3a Bpems HaOmonenus f. TeopeTu-
YECKOe paclpe/ielieHHe BEpOsSTHOCTEW Mpe-
BBIILIEHUS] YCTAaHOBJIEHHOIO IOPOra OCHOBaHO
Ha aHallu3e CpEeIHEero 4Yucia TMepecedeHuid
(UKCHPOBAHHOTO YPOBHS &) BEIIECTBEHHBIM
CIIy4ailHBIM TporeccoM X(2), 4To OJM3KO K
M3BECTHOM 3amayue o BbeIOpocax B [3, 4]. Oc-
HOBHBIM SIBJISIETCS TPEANOJNIOKEHUE O Iud-
(bepeHIUpyeMOCTH Mpoliecca U CTaTUCTUYe-
CKOM HE3aBUCHMOCTH IUIOTHOCTH BEPOSTHO-
CTH p Ul 3HaUEHUH Ipolecca U ero Mmpous-
BOJHOM B OAMH U TOT K€ MOMEHT BPEMEHHU
p(x,x)=p(x)-p(x). [Hng craunoHapHOro
rayccoBa Ipoliecca cO CTaTUCTHYECKH He3a-
BHCUMOM TPOU3BOJHOW CpEIHEE YHUCIO MO-
JOKUTEIBHBIX BBIOPOCOB Ha ypoBHE &) B

eauHULly BpemeHu [4]:

G(xl) éZ

= - 1
)= o e"p( —2-62(x)} M
rae  o’(x)- OUCIEPCHst CIydalHOro Ipo-
o’ (x')-

npouecca. Jucnepcun o’ (x), o°(x') MOKHO

ecca, TUCTIEpCUsl  TIPOU3BOIHOMN

BBIPA3UTh 4€pPe3 OJHOCTOPOHHUN JHEPIeTH-
yeckuil crektp F(w):
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o2 (x") = Isz(w)dm,
0

o2 (x) = TF(co)dco (2)

0

N3nyuenne YP mmeeT nOCTaTOYHO MIU-
POKHUIl CIEKTp, MO3TOMY CHTHal MOXKHO
MPEACTaBUTh OCNBIM IIyMOM C OTpPaHUYCH-
HBIM CITIEKTPOM B TIOJIOCE YacTOT A® (CIEKTp
OTPAaHUYMBACTCS TIOJIOCOU MPOIMYCKAHHUS A®
BXOJHBIX IIETIEH CpENCTBa H3MEPEHUM) C
JMCIIEpCUel CHTHANA: o =F-Ao. DTa ujiea-
JU3UPOBAHHASI MaTeMaTU4eCKas MOJECINb IO-
3BOJISIET CYIIECTBEHHO YIPOCTUTH OMHUCAHHE
peanbHBIX mporeccoB. Ilocie moacTaHOBKH
(2) B (1) 1 mpeobpazoBaHuil MOTYYUM BBIpa-
JKeHHE, CBA3BIBAIONICEe HMHTCHCUBHOCTh IOTO-
Ka (CpeOHIOI0 YacTOTy BO3HHMKHOBEHHS) C
MOPOroM OOHAPY>KEHUS:

l(§)=£-eXp(—a—22] ,

K 20 )

rae AM(&) — MHTEHCUBHOCTD IOTOKA Ha YPOBHE
&, Af =w/2n — nosoca NpOIyCKaHUs IpUEM-
HuKa, K — KoappUIMEHT, 3HaUeHHEe KOTOPO-
ro onpenensercs KpyTusHou ckata AUX us-
MEpUTENIBHOrO  TpakTa. Beipaxenue (3)
JIOKa3blBa€T HEOOXOAMMOCTh IPUMEHEHUS
IpPUEMHHKA C I[IUPOKOW MOJOCOH mpo-

IyCKaHWsI  NPU  U3MEPEHHH  IHKOBOWU
aMIUIATYAbl  CIIy4allHOrO  MMILYJIbCHOTO
m3nyyenuss YP. bumsocte  skcnepuMeH-

TaJbHBIX JAHHBIX K HOPMaJbHOMY pacipeze-
nennto A= f(&) = A~®(&) cBumeTENBCTBYET
0 OOJBIIOM KOJIMYECTBE (IECATKU - COTHH)
HE HMMEIOLMUX KOPPENsLUN JpYr C JIPyrom
BKIIOYeHUN ¢ YP, mapameTrpsl KaxIoro us
KOTOPBIX CTATUCTHUUYECKU HE3aBUCHUMBI.

3. KomnbrorepHoe MoeMpoOBaHue

W3nosxeHHBbIH MOAX0/l, KaK U APYTUE CY-
IIECTBYIOIIME METOJUKH OIICHKH KayecTBa
M30JSIIUK TI0 Xapaktepuctukam YP, Tpamau-
[IMOHHO OCHOBBIBACTCSI HAa MPEANOJIOKECHUH,
YTO pa3Mepbl ra30BbIX BKIIIOUEHUN B TUAJIEK-
TPUKE pacCHpEeleNeHbl 10 HOPMAJIbHOMY 3a-
KOHYy [6,7]. OnHako psia ucciaenoBaHuil [8]
MO3BOJIIET MPENOIO0XKUTh, YTO Oosiee ajiek-



BaTHBIM SIBJISETCS CTSIICHHOHN 3aKOH pactpe-
JACIICHHUA BUa

N~d™H, 4)

rae N — 4ucio BKIOYEHUH pasmepom d, H —
[I0Ka3aTellb  CTENECHHM, XapaKTepU3YIOLIUN
pacrpeeleHie BKIIOYEHUH 10 pa3mMepam
(0<H<I).

UToObl OIIEHUTH BIIUSHUE CTEHEHHOIO
3aKOHA PACIpEleIeHUuss pa3MEepOB BKIIOYE-
HUM Ha BUJ SKCNEPUMEHTAIBbHONW 3aBUCHUMO-
CTU A=f (&), MOCTPOUM IPOCTEUIYIO CTaTH-

CTUYECKYI0 Mojienb YP.

Jns mpocToTel OyZeM paccMaTpuUBaTh
UP B IUAIEKTPUKE, PACIOIOKEHHOM MEXITY
oOknagkaMu KoHaeHcaropa. [Ipeamonoxum,
YTO BCE BKIIOYEHHS MPEACTaBISAIOT CcO00it
MNpAMOYTOJIbHUKH, BBITAHYTBIC BAOJIb CHJIO-
BbIX JIMHUN TIOJIA, HMMEIOIIKE Pa3IUYHYIO
JUTMHY d ¥ OJIMHAKOBYIO IJIOMIAAh OCHOBAHHUS
s, IPUYEM CyMMapHas IUIOIIAJlb OCHOBaHUI
BKIIIOUEHUI paBHA IUIOMIAIN OOKIAKU KOH-
neHcaropa. Kpome Toro, myctb BKIIOUYEHHS
pacCIONIOkKEHbI TaK, YTO MPOEKIMH BKIIOYE-
HUI Ha TOPU3OHTAIbHYIO OCh HE MepeceKa-
torcst. Ha puc. 1 BkitoueHus A HArjsaHo-
CTH MOKa3aHbl B YBEJIMYCHHOM MacIiTade.

i
|_| ] A
d [] D D

.
Puc. 1

[Ipocreiimias cxema 3amMenIEHUs], ONKUCHI-
BaIOII[as MPOIIECCHI B LIETIH ¢ KOHJIEHCATOPOM
npu Haymuuu YP umeet Bup (puc. 2) [6]:

Puc. 2

C, — emkocth Bkmo4eHus; Cy — €MKOCTb

QJIEMCHTA IOUIJICKTPHKA, COCAWMHCHHOI'O IIO-
CJICAOBATCIIbBHO C BKIKOYCHUCM, Ca — €M-

KOCTh OCTaJIbHOM 4YacTH JUDJICKTPHUKA C
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BKJIFOYEHUSIMHA; R — CONPOTHBIICHHE BHEI-
Hel 1enu; £ — BHEIIHUM UCTOYHMK 3.]1.C.
[IpoGoii BKIIOYEHUSI MOJCITUPYETCS 3a-
KopayuBaHueM KoHjeHcaropa C, c IOMO-
upio Kitoua K, To ecTh HanmpspKeHHUe roraca-
Hust YP npunumaercss paBHbIM Hyto. Pac-
CUMTAB TEPEXOJIHbIN MPOLECC MPU 3aMbIKa-
HAKM Kiaro4ya K, TOJMy4YuM BBIPOKEHHE IS
MaKCUMyMa TOKa BO BHEUIHEH eMu:

; _E C,
" R(CHC)C,+C)

)

BbIunuciIuTeNbHbI JKCIIEPUMEHT Ha OC-
HOBE JTaHHOW MOJEIU CTPOUTCS CJIECLYIOLINM
obpa3om:

- CO3/1aeTCsl MACCHUB Pa3MEpOB BKIIIOYE-
HUH d; C 3aJaHHBIM 3aKOHOM paclpee/IeHUs

(4), oOmee YMCIO BKIIOYCHUN TMOPSIKA
104 = 103;

- UCXOHS W3 JOIYIIECHUH, YTO B KaKIbIA
MOMEHT BPEMEHHU MPOUCXOAUT MPOOOH TOIBKO
OJTHOTO BKJIFOUEHHSI M BEPOSTHOCTH MPOOOST HE
3aBUCUT HM OT pa3Mepa BKIIFOUECHUS dj, HU OT
BeJIMYMHBI E, HOMep j BKimoueHus: ¢ UP BeiOH-
paercs ¢ MOMOIIBIO CIYYalHbIX YMCEIN, UMEIO-
LIMX PaBHOMEPHOE PACIIPEAEIICHUE;

- Uil TaHHOTO d] pacCUUTHIBAIOTCS €M-

KOCTH TIO CJICTYIOITUM cbopMyJIaM (puc. 3):

C
0 II
ezTT
CA
Puc. 3
E,.S8 €8
C(;: 8 ;C(): ;
d; D-d;
i=M s
Ca= . (6)

i D1 1

€& &

roe €y U & TUBJICKTPUICCKHE TPOHH-
IAEMOCTH JIUAJICKTPUKA M Ta3a BO BKIIOYEC-
HUU; D — paccTosHUE MEXIy OOKIaJIKaMH
KOHZICHcaTopa, M — oOlee YKCIIo BKITIOYEC-

HUM;



- o ¢opmyie (5) HaxoauTCs TOK .
HccnenoBanuck BBIOOPKH Ij(?) C 4UCIOM MM-

mynbcoB 104103, dparMeHT Takoil BHIOOPKH
NPHBEJIEH Ha pUC. 4.

10 80.0
0.0

[Omin °

Discrete time,
Puc. 4.

['uctorpammel, OyYEHHBIE B pe3yibTa-
T€ MPOLEAYpHl MOPOroBoi 00pabOTKU Bpe-
MEHHOTO psija [p(?) UMEIOT BUJ CTEHEHHOM

GYHKIMM € [IyMOBBIMH  HMCKa)KEHUSMU
(puc. 5). YtoObl ompeAenuTh MOKa3aTeib
CTENEeH! ATOM (DYHKIIMH, TIOCTPOUM €€ B Ou-
JorapupMHUECKOM MacImiTade M OMpeIeTnM
yIII0BOM KO3(PUIIMEHT HHTEPIIOIUPYIOMICH
npsiMoii (puc. 6). BeruncineHus: nokasplBaroT,
YTO ATOT KO3(PHUIIMEHT paBeH IOKa3aTelto
CcTeneHn B cooTHouleHuu (4), To ects H.
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Puc. 6
An

9up min

TouHOCTB OmpeneneHus Mmoka3aTenisi Bo3pac-
taeT npu npudmxennn H x 1 (Ilpu H=0.9
MOTPEUIHOCTh COCTaBJsAET nopsaaka 5%, npu
H=0.2-20%). 3aBucumocTtu Buaa (4) ObuTH
TaK)K€ IOJIy4eHbl AKCHEPUMEHTAIbHO IPHU
WCCJICIOBAaHUH aMILUTUTYIHBIX CHEKTpoB YP
CITI0T00YMaKHOATIOKCHIHBIX KOHJIEHCATOPOB
(puc. 7)[7].4. IIpudop a1 OLEHKH KA4YecT-
Ba M30JISIHH

Pa3paboTanHblii METOJ] OIICHKH KauecTBa
m3oJMu 1o u3nyyeHutro YP ocHoBaH Ha
OTIpe/IeNICHUU 3aBUCUMOCTU CpeIHEH WHTEH-
CHUBHOCTHU TMMOTOKA UMITYJIbCHBIX CUTHAJIOB OT
nopora o6Hapysxkenus A= /(&) u Habmrome-
HUU JTUHAMUKHU €€ M3MEHEHUs MpU MpOBeje-
HUM NEPUOINYECKUX M3MepeHuil. [Ipakrtuue-
CKasl peaju3alysl 3aKJII04aeTcs B MOTYYECHUU
AKCTIIEPUMEHTAIBHOW 3aBUCUMOCTH A = f (é)

IIPU TOCJIEeI0BAaTEIbHOM YMEHbILIEHUH MOpO-
ra oOHapyxeHus &. crenuaaTu3upoBaHHOTO
cpeacTra u3MepeHnil. MakTuyeckas 3aBUCH-
MOCTb MMEET JIOMaHbI XapakTep C BbIpa-
JKEHHBIM "HacbhIIIEHHEM'" IIPHU MaJioM MOpore,
TaK KaK C pOCTOM KOJMYECTBa OOHApy»KeH-
HBIX HMCTOYHHMKOB CHUTHaJla /1, BEPOSTHOCTH
B3aMMHOI'O HAJIOXKEHMSI 3TUX CUTHAJIOB BO3-
pacTaer u

kus«m < Z}“i (7)

ITpu oTcyTCTBUHU COBHIAJECHUS BO BpeMe-
HU CHTHAJIOB OT BKItoueHuil ¢ YP, n3mepeH-
HOE 3HAYEHHE MHTCHCUBHOCTH Ay, = Y A, .

B wurore mnomyuaerca rpaduk KyCO4HO-
JUHEHHON aNmpoOKCHUMAlMM  JKCIEPHUMEH-
TalbHOM 3aBUCHMOCTH Ay, = f(8), Xapak-

TEp KOTOPOro B OOJBIIMHCTBE CIydYaeB MO-
3BOJISIET TPOBECTH M BBIJICIUTH B Ka4eCTBE
JIMarHOCTUYECKUX CIIEAYIOIIUE TapaMeTphl:

- KpYTH3HA HAKJOHA OTPE3KOB aIMpOK-
CUMHPYIOLIUX NPSMBIX;

- KOJMYECTBO MHTEPBAJIOB, HEOOXOIHU-
MBIX JUIsl TMHEHHON annpoKCUMaliH;

- KOJIMYECTBEHHBIC 3HAYCHUS KOOPAMHAT
TOUEK Ieperuoa;

- IIOKa3aresp cTeneHu H.

OTKIIOHEHHUs OT 3aBUCUMOCTH (4) B BUJE
BBIPAKEHHBIX CTYNEHEK KPUBOH A, = f (EJ)



ABIISIOTCA BAXKHBIM JIMAarHOCTUYECKUM IpH-
3HAKOM JJIg olleHKH YP BO BKIIOYECHHUSIX H30-
nsuuu. PaszpaGorannbiii Meton orneHku YP
10 UX UMIIYJbCHOMY M3JIy4EHHUIO UMEET Clie-
JyIoIlIHe JOCTOMHCTBA:

- U3MEpEHHsI POBOASATCS B JIIOOOH TOUKe
CETH B pealIbHbIX YCIOBUAX SKCIUTyaTalluH;

- He TpeOyIoTCsl yCTPOUCTBA MOJKIIOUe-
HUSl, BIMSIONIME HA aJeKBATHOCTb pe3yJjbTa-
TOB U3MEPEHUM.

- TPYIOEMKOCTH pabOT HE3HAYMTEINbHA,
HET MpoOJeMbl OOecTeueHus: 3IEKTPoOe30-
[IaCHOCTH IPU MPOBEICHUHN U3MEPEHU.

Bce 5T0 mo3BOMSET OmEpaTUBHO MPOBO-
JUTh U3MEPEHUS BO MHOXECTBE TOYEK U IO-
Jy4yaTh OOJBIIOE KOJIUYECTBO SKCIEPUMEH-
TaJbHBIX JAHHBIX 3@ OrPAaHUYEHHOE BpeMs, a
caMU M3MEpPEHHUs BKIOYaTh B MPOLEAYPY
NEPUOANUYECKUX OCMOTPOB JIEKTPOOOOPYI0-
BaHUs [5].

D PeKTUBHOCTE PaCCMOTPEHHOTO METO-
Ja IUarHOCTUPOBAaHHS BO MHOTOM 3aBUCHT
OT MapaMeTpoB M3MEPUTENBHON ammnapary-
pBl., KOTOpasi JOJHa OOeCrne4YuTh OITH-
MajbHbI IPUEM B 3aJaHHOM IOJIOCE MPO-
nyckaHus. BBIXOQHOW CUTHan JUHEHHOTO
W3MEPUTEIILHOTO TpakTa (A0 JEeTeKTOopa) ¢
YaCTOTHBIM  KO3(PPUIIMEHTOM  Mepenayu
K(w)-onpenensieTcs: BBIpa)KEHUEM:

o0
U gpix (03) = IUex (Z) * h(t)e_jmtdt =
—©

=S(0) - K(o)

(8)

rae S(w) — CHeKTpajbHas IUIOTHOCTh BO3-
JICUCTBYIOIIET0 Ha 1enb curHaia. M3 Beipa-
xkeHus (8) ciaemyeT, 4yTO aMIUIMTyJa HU3Me-
psieMoro curHajia OyAer MakCHUMallbHa, €Cllu
AUYX nuHEMHOM YacTH HW3MEPUTEIBHOIO
TPAaKTa «IEPEKPBIBACT» CIIEKTP BO3JIEUCT-
BYIOLIETO U3IyuyeHus. Jl0OCTOBEpHOCTh HU3Me-
PEHHI aMITUTYbl TMKOB CIYYalHOTO H3Jy-
yeHust YP Oyner HanOombIIel NpH MIUPOKOIH
YaCTOTHOM II0JI0CE MPOITyCKaHUs H3MEpH-
TEIBHOIO IIPUEMHHMKA. JlnurenpHOCTH UM-
nyiascoB YP olieHMBaIOTCA B €AUHULIBI, Ji€-
CATKM HaHoceKyHA [1, 2], moaToMy BepxHss
4acTOTa U3MEPUTENBHOIO IIPUEMHUKA MOXKET
ObITh OTpaHWYCHAa 3HAYEHUEM B HECKOJIBKO
I'Ti.
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BriOop HWXHEW 4YacTOTHI 3aBUCUT OT
TFEOMETPUUECKUX Pa3MEpPOB M3JIyyaTesled —
3JIEMEHTOB BBICOKOBOJIBTHOTO 3JIEKTPO00O-
pPYZIOBaHUS U CIIEKTpA IIOMEX NPU U3MEPEHU-
saX. C pocTOM 4acTOThI CHEKTpajbHas IUIOT-
HOCTh IIOMEX YMEHBIIAETCs, NPUYEM OTH-
Oaromast cniektpa u3nydenuss UP sBisercs
OoJiee MOJIOTOi, YeM y MEIIAIoUINX H3ITyue-
Huil. IcXoas 3 NpakTUKU U3MEPEHU, HIX-
HSASL 4acTOTAa IOJIOCHI MPOIYCKAaHUS U3MEPH-
TEJIBHOI0 PUEMHHUKA MOKET OBITh PEKOMEH-
noBaHa nopsnaka 150-200 MI'.

Nmnynecel u3nydenns YP umeror 3Ha-
YUTEJIbHYK CKBa)XXHOCTb, IMO3TOMY CHTHAJ,
MIPONOPLUMOHAIBHBIA YCPEAHEHHOW Ha WH-
TepBasiec A7 aMIUIATYyJle, MHOTO MEHBIIIE
MAaKCUMaJIbHOW aMIUIUTYIbI:

1 t+AT
[U@dt << Uppay (1)
t

)

DddexkTuBHOE 00HAPYKEHUE TAKUX CHUT-
HAJIOB BO3MOKHO IIPU NPUMEHEHUU ITUKOBO-
ro JIETeKTUPOBaHUs, IPU BpeMEHH HaOroe-
Hus AT >>1/A . B nonHO# Mepe npenmyIiect-

Ba MUKOBOW 00paboTku usmydeHuss YP mpo-
SABJIIFOTCA IMPU HETIOCPCACTBCHHOM ICTCKTU-
pOBaHMM MPUHMMAEMOI'O CUTHaja, a He BbI-
XOJTHOTO OTKJIMKa Ha HEro Iemneil uaMepu-
TEJIBHOIO YCTPOMCTBA, KaK 3TO CHIEJIaHO B
HU3MCPUTCIIBHBIX TPHUCMHUKAX W aHAJIN3aTO-
pax CHekTpa, OCHOBAHHBIX Ha CyIeprerepo-
AWHHOM IIPpHUECMC.

[IpoBeneHHble HCCNEAOBAHUA U pac-
CMOTPCHHBIC MCTOAbI OLCHKH I1apaMETPOB
YP Owputn peanu3oBaHbl TpU  pa3paboOTke
INpUEMHHUKA — HWHIUKATOpa HUWMITYJbCHBIX
AJICKTPOMArHUTHBIX TOJIEH [5], CTPyKTypHas
cXeMa KOTOpOro MMeEeT BUJ: aHTeHHA (JaT-
YHK) - LIMPOKOIOJIOCHBIN yCUIIUTENb - TUKO-
BbIi ferexkrop — @HY — nmoporosoe ycTpoii-
ctBo - AIIl —dopmupoBaTenr — cuUETYHK
(cMm. puc. 8).

YH >

— U

||
| |

cT

Puc. 8



TEJIb WHTEHCHBHOCTH TIOTOKA HMITYJIBCOB;
NEPEKII0YaeMblii  MOpPOr  OOHapyKEeHHUS.
[ludpoBas mHIMKAIMSA, 3BYKOBas CHUTHAIM-
3anusi, Majble TabapuThl 00eCreyuBarOT
yI0OCTBO AKCILTyaTalluH. DKCIIEPUMEHTAIIb-

Pric. 9 HBIE MCCJIEIOBAHHUS, BBIIIOJIHEHHBIEC C TIPUMeE-
HEHHUEM 3TOro npubopa, MOATBEPIUIN IIpa-
OnpiTHbIN 06pasen npubopa IJIMUH-3 BHJIIBHOCTE OCHOBHBIX HOJIXOIOB K OIICHKE

Ha puC. 9 UMEeT MHUPOKYIO MOJOCY MPOIMyC- yp.

kanus 150-1000 Mru; yyBCTBUTENBHOCTh MO
BXOJly, OIICHUBAEMYIO TIO CHEKTpaJIbHOU
IoTHOCTH, He Xyxe 0,2 MkB/MI'11; uamepu-
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IEC STD. 61000-3-2 HARMONIC CURRENT EMISSION LIMITS:
A REVIEW BASED ON MONITORING RESULTS.

Abstract. The paper deals with the harmonic emission limits provided by International Electro-
technical Commission (IEC) Std. 61000-3-2 for appliances with current absorption less than or equal to
16 Amps. To this aim attention is focussed on personal computers (PC) as a sample of the wide non-
linear appliance class D as regulated by the Standard. Results of some laboratory tests on a PC supplied
from the low voltage (LV) grid show that although IEC limits are provided for nominal load however
lower loading conditions produce higher specific (mA/W) harmonic contents. This problem is carried out
by means of an experimental layout providing harmonic monitoring of a PC supplied from a system with
variable impedance.

sorption range take part of the class identified

I INTRODUCTION by the Std. as class D (Information Technol-
The ever increasing penetration of sin- ogy Equipment) [1].

gle-phase power electronics-based appliances The IEC Std. substantially differs from

into the different segments of end-use de- the earlier IEEE Std. 519-92 [2] which does

mands the establishment of adequate har- not stipulate a limit on the harmonic current

monic current limits. emission from the individual NL equipment

In this field IEC Std. 61000-3-2 settles loads, irrespective of their characteristics or

the harmonic current emission limits for non- topology_ The IEC Std. thus attributes the

linear (NL) appliances rated 16 Amps and principal burden of complying with emission

below. Most of NL appliances in such ab-
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limits to the individual appliance manufac-
turer.

IEC proposes emission limits be tested
for appliances in ideal conditions of supply
that are not duplicated in practice: voltage
source nearly perfectly sinusoidal with a
small internal impedance; nominal absorp-
tion from NL appliance.

It is well known that the NL appliance
harmonic impact on distribution networks is
highly influenced by the characteristics of
both the upstream system (in terms of short-
circuit impedance or current at the point of
common coupling (PCC)) and the non-linear
loading conditions (non-linear load amount at
the PCC).

The IEEE Std. 519-92 and the current
revision drafts account for such variables by
introducing the ratio Isc/Il between short cir-
cuit current value at the PCC (Isc) and the
fundamental load current (II) drawn from
PCC. At Isc/ll variation the effect of NL ap-
pliances on the grid can significantly vary,
since such a ratio acts as an indicator of the
stiffness of the supply system at PCC [3,4].

In the paper, the effects on PC’s current
harmonic spectra of both load levels different
from nominal and attenuation due to system
impedance have been assessed through test-
ing conducted on a PC supplied from a ge-
neric PCC. The experimental activity has
employed a custom monitoring equipment
that allows continuous harmonic quantities
recording.

Finally, the obtained results are dis-
cussed with reference to possible improve-
ments to be included in the next revision of
the [EC Std. 61000-3-2.

II. EMISSION LIMITS FROM IEC
STD. 61000-3-2

The IEC 61000-3-2 classifies the con-
cerned appliances in four classes: A-D. For
each class harmonic current emission limits
are given for up to the 39th order. The class
D includes appliances with input current with
an assigned “special waveshape” and an ac-
tive input power of P<600 W.

The “special waveshape” of class D is
the one typically drawn by single-phase
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power electronic-based loads employing di-
ode bridge rectifiers with bulk capacitances.
Personal computers are among the most
widespread equipment taking part of class D.
In particular, the harmonic current limits
provided for this class are listed in Table 1.

Table I. Harmonic emission limits pro-
vided for class D.

Harmonic Maximum Maximum
order n admissible admissible
current (mA/W) | current (A)
3 34 2.3
5 1.9 1.14
7 1.0 0.77
9 0.5 0.4
11 0.35 0.33
13<n <39 3.85/n 0.15*15/n
(odd har-
monics)

The IEC 61000-3-2 provides also, in An-
nexes, the main requirements for testing in-
dividual appliance harmonic emissions for
class D:

—a nearly perfect sinusoidal voltage
source with a small internal impedance

— appliance operation at nominal load.

The current value drawn at nominal load
will be assumed as 1,5 inal-

I1I. PC OPERATION
PRACTICAL SYSTEMS

During typical operation PC's power sup-
ply characteristics are different from those
provided by the IEC testing procedures for
the following main considerations.

PC is typically supplied from an ordinary
outlet connected to the LV grid through a
system impedance that is higher than that
provided by IEC.

The harmonic currents produced by PC
interact with the upstream system impedance
thus determining harmonic voltage drops giv-
ing origin to voltage distortion.

Furthermore, the voltage waveshape
available at the outlet in practical systems is
not perfectly sinusoidal but it is affected by a
“background” (no-load) voltage total har-
monic distortion (VTHD) typically in the

IN

range 1-3%.



The resulting voltage distortion affects
the PC’s harmonic current absorption by
causing not neglectable attenuation effects,
as discussed further.

The PC's power supplies are typically
under-utilised with respect to their nominal
rating since they are manufactured to supply
even the more complex configuration of in-
ternal devices. Therefore, PC operates with a
current absorption (I,.¢,,1) typically less than
the nominal one (I,yyina)- The bulk capaci-
tance equipping single-phase diode bridges is
designed for nominal load and when the PC's
demand is lower the conduction angle of the
diodes is shorter, thus giving origin to nar-
rower current pulses. This fact determines
that loading conditions different from nomi-
nal ones cause a higher harmonic current
content for the PC.

Some laboratory tests whose results are
shown in Table II evidence how significantly
loading conditions affect harmonic current
production from PC’s power supply.

Table II. Harmonic currents monitored
for a PC's power supply connected to a LV
outlet (Isc = 163 A, phi = 10°).

o —~ = —_
2. 22| 5 |2gzEg5
5} "a [ "a v S Q2 9 n
£ SIS oo~ | £ N £
s © = EJ |5 E|5E/(
3 0.981 0418 | 3.806 | 3.891
5 0.655 | 0.322 | 2.539 | 3.002
7 0.425 | 0.206 1.648 1.922
9 0.367 | 0.089 1.423 | 0.830
11 0.305 | 0.005 1.184 | 0.046
13 0.178 | 0.051 0.691 0.474
15 0.083 | 0.059 | 0.321 0.553
17 0.062 | 0.044 | 0.239 | 0.408
19 0.037 | 0.018 | 0.145 | 0.171

Table II reports the harmonic current
values both in Amps and in mA/W as moni-
tored for a PC’s power supply in two differ-
ent loading conditions: operation at rated
nominal active power (200 W), and operation
at actual demand relevant to a typical con-
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figuration absorption (75 W). The power de-
mand relevant to the above mentioned load-
ing conditions was, respectively, of 264 and
107 W. The harmonic current values ex-
pressed in mA/W in Table II have been cal-
culated with reference to these latter values.
In the Table both the short-circuit current
value (Isc) and the system impedance angle
(phi = arctg(X/R)) as recorded at the LV out-
let in no-load conditions are reported.

The results in Table II show that the spe-
cific harmonic current absorption in mA/W
increases with load decreasing with respect
to the nominal value.

In the Table it is also evident that the
harmonic current emission limits expressed
in mA/W in Table I for nominal load are
largely exceeded by the PC monitored during
practical operation.

IV.  HARMONIC MONITORING
ACTIVITY

In order to investigate more in depth how
loading levels and attenuation phenomena
affect harmonic current spectrum in practical
systems, some PCs have been tested in labo-
ratory with the experimental layout reported
in Fig. 1.

The testing activity provided harmonic
monitoring of a PC supplied from a PCC
whose impedance was gradually changed in
order to perform a parametrical analysis of
PC's harmonic content versus Isc/Il ratio
[5,6].

The variable R and L components of Fig.
1 have been introduced in order to produce
the above mentioned changes of the system
impedance.

The measurements were taken at the
lab’s premises and have provided a continu-
ous monitoring activity of harmonic quanti-
ties for every session. To this aim a custom
monitoring equipment has been used [5-7].

Current and voltage harmonics (magni-
tude and phase angle) of order up to 40th
have been continuously monitored at the
PCC.



Lab’s panel PCC
additional impedance
Upstream | |
system Variable [— Variable O PC
impedance | R L Amps under test
Fig. 1. Lab monitoring activity layout
V. ATTENUATION EFFECTS tion angle variation. With distortion the sup-

As above mentioned at a PCC supplying
a NL load there exists an interaction of volt-
age and current distortion primarily due to
the system impedance. This effect has been
defined attenuation since it produces, as main
consequence, the harmonic current magni-
tudes reduction with the voltage harmonic
distortion increase at the PCC [3,4]. There-
fore, as the PCC voltage becomes more dis-
torted either current individual harmonic dis-
tortion (IHD) for each harmonic order or,
thus, current total harmonic distortion index
(ITHD) decrease. Even this effect can be at-
tributed to the power supplier diodes conduc-

ply voltage waveshape tends to become more
flattened thus giving origin to larger conduc-
tion angles of the diodes with the conse-
quence of more flattened current pulses.

The attenuation effects have been artifi-
cially reproduced in some monitoring ses-
sions conducted respectively on a Pentium
PC and a 486 PC with the measurement lay-
out of Fig. 1.

The Figs. 2 a)-c) report average values of
the scatter plots obtained by monitoring har-
monic currents at the PCC for various Isc/Il
values.

a)
90 1
] o o
85 1 8 ° °
1 ° 8 ?
© 80 1 o
& ] @ o .
8 75 Pentium
z 1 o ° 486
70;
65 |
60 t+H—r————"—""""""""T+—"""7
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Isc/Il
b)
"] : :
60 8 °
L . ®
§ 50: o ¢ Pentium
T 407 o= o 486
] o
30 1
20 +——— - - e e —
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Isc/ll
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Fig. 2. Attenuation effects for harmonic currents drawn by a PC vs. Isc/Il:
a) 314, b) 5th, ¢) ITHD (in percent of fundamental)

The figures report only the 3td and 5th
harmonics jointly with current total harmonic
distortion index (ITHD). Analogous trends
have been obtained for the further odd main
harmonic orders (7th, 9th, etc.).

The figures show clearly how large can
be attenuation of the PC's harmonic current
at system impedance increase (Isc decrease).

The tests giving results reported in Table
II have been repeated for the same PC but
connected to a PCC with a system impedance
significantly higher (Isc=48 A, phi= 60°).

The results are reported in Table III. The
results evidence how attenuation effects can
amplify the loading level effects mentioned
in § IIL.

Table III. Harmonic currents monitored
for a PC's power supply connected to a LV
outlet (Isc=48 A, phi=60°).

g, 32| 2222|228
E2 | 52| 5L 828|582
=S| Bl | BL |EEQ|BEL
T O & S | OO0 —C
3 0.829 0.347 3.227 3.246
5 0.437 0.231 1.700 | 2.159
7 0.134 0.116 0.523 1.082
9 0.105 0.071 0.407 0.668
11 0.086 0.065 0.335 0.610
13 0.042 0.048 0.164 0.448
15 0.048 0.054 0.188 0.504
17 0.034 0.052 0.131 0.489
19 0.029 0.053 0.114 0.499

As above mentioned, the IEC Std. testing
procedure is applied to NL appliance at
nominal load.
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The results of Figs. 2 show that in practi-
cal systems, where the supply voltage is af-
fected by a certain level of VTHD, attenua-
tion effects must be expected. In presence of
such effects the nominal loading conditions
of appliance is less conservative in terms of
harmonic current content.

The compliance with emission limits set
for nominal conditions, therefore, seems a
less conservative action which brings under-
estimate possible negative effects of har-
monic current flows within distribution net-
works.

Therefore, a PC's power supplier
manufactured with characteristics complying
with IEC emission limits, in typical practical
conditions produces specific harmonic
currents (mA/W) well exceeding limits.

VI. CONCLUSIONS

The TEC Std. 61000-3-2 provides har-
monic current limits for conditions that are
not duplicated in practical systems.

Some lab tests performed on a PC oper-
ating in practical conditions show that the
IEC limits result not conservative for limiting
harmonic current flows from NL appliances
in practical systems.

Therefore, in a revision activity of the
IEC Std. 61000-3-2, both loading levels and
attenuation effects occurring in practical sys-
tems should be considered for assessing test-
ing procedures.
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MNPOBJEMBI U METO/bI KOHTPOJISI QJJIEKTPOMATHUTHOM
OBCTAHOBKU HA DHEPI'OOBBEKTAX

AnHoTanusi PaccMaTpuBaroTcst mpo06aeMbl KOHTPOJIS 3JIEKTPOMarHuTHOH oocranoBky (OMO) Ha
00BEKTaxX  JNEKTPOSHEPTETHMKM W NPEANPUATHAX C  BBICOKOH  IHEProBOOPYKEHHOCTHIO
(371eKTpOTpaHCIOPT, HE(TE- U Ta30IepPEKAINBAIOIINE CTAHINH, ATFOMHHHEBOE MTPOU3BOACTBO, TKETAs
MIPOMBIIUICHHOCT). Takoi KOHTPOJIb CIEXyeT NPOBOIAWTH II€pel] BHEAPEHHEM IH(POBBIX CHCTEM
3allUThl, ABTOMATHKH, YIpaBJICHHs, CHUTHAIM3alUM M CBs3HM. Ha cymiecTByrommx oOBEKTax
PEKOMEHIyeTCsl IPUMEHSITh METOAbl Ha 0a3e HAaTYpHBIX M3MEpeHHH. [l MpOeKTUPYEMBIX OOBEKTOB
JIOJKHBI UCTIONB30BaThCSl PaCUETHBIE METOMBI C MOCIEAYIOIIel 3KCIIepUMEHTAIbHON POBEPKOH B X0/e
ITyCKOBBIX MCIIBITAaHUH.

CymiecTByeT OOUIMPHEIN OMBIT €€ yCIEIIHO-

1. BBenenue .
ro pemnieHus, KaKk 3a pyoexoM, Tak U B HAIIICH

OnHOM M3 OCHOBHBIX CJIOXKHOCTEW Ha ITy- ctpane. OHAKO ISl ATOTO TPeOYIOTCS yCH-
TH BHEIPEHUS Ha SHEProoObeKTax HuQpoBoii NS, KaK NPOM3BOAMTENEH ammapaTypsl, Tak
anmaparypbl 3allUThl, aBTOMATHKH, YIIPaB- Y OpraHu3aluii, OCYIIECTBISAIOMUX IKCILTya-
JICHUs, CUTHAJIN3allyu U CBA3U SABJISACTCA HC- TalUI0 U PEKOHCTPYKIIHUIO 3HCpFOO6’beKTOB.

00X0aMMOCTh OOecIrieueHus ee dJEKTpoMar-
HUTHOU coBMecTuMocTH (OMC) ¢ xecTkou
3JIEKTpOMarHuTHOM obctanoBkoi (OMO).

2. XapakTepuCTHKH 3JIeKTPOMATHUT-
HOH 00CTAHOBKH

Octpora mnpoGsieMbl OOBACHSAETCS CpaBHU- OMO Ha 3HeprooOBEKTax Onpenensercs,
TEJIbHO  HU3KOM  MOMEXOYCTOWYHUBOCTHIO KaK TpaBuiio, ciaeayrommumMu ¢pakropamu [1]:
UQPOBOH anmaparypbl — ¢ OJTHOW CTOPOHHI, IloreHuuanel Ha 3JIEMEHTAX 3a3€MIISIO-
u cnabbiM BHHMaHHeM K mnpobieme DMC miero ycrpoiictsa (3Y) npu KOPOTKUX 3aMbl-
IpU MPOSKTUPOBAHUU MHOTHX OOBEKTOB — C KaHUAX ¥ TPO30BBIX pa3psiiax.

JPYTOM. HaBonku Ha mH(OpMalMOHHBIC IIENMU U

He cnenyer, ogHako, cuuraTh, 4TO MpO- LEMNH MUTAHUS TIPU TPO30BOM pa3pse.

onema OMC sBisiercs HENpeoaoIMMbIM NMnynbcHbIE 1O UM IOMEXU IPU KOM-
O6apbepoM Ha IMyTH BHEAPEHHsI COBPEMEHHOM MYTalUsIX CHIIOBOIO 3JIEKTPOOOOPYJOBAHUS.

UQPOBOH anmapaTypsl Ha SHEProoOBEKTaXx.
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BbicokouacTOTHBIE UMIYJILCHBIE MOJS U
MOMEXHU TMPU KOMMYTAIUSAX DIIEKTPOOOOPY-
JIOBaHMsI MaJoOld MOLIHOCTH (pelie, KOHTAaKTO-
PBIL, IETKH 3JIEKTPOABUTATEIICH U T.11.).

HuzkouacToTHBIE 3J€KTpUYECKHUE U Mar-
HUTHBIE TIONISI TIPU IITATHBIX W aBapHIHBIX
pexuMax paboThl CHJIOBOTO AJIEKTPOOOOpPY-
JIOBAHMSI.

[IpoBanel, npepbiBaHus U BBIOPOCHI Ha-
NPSDKEHUS] MUTAHUSA TPU KOMMYTAllUU MOII-
HBIX TOTpeOuTeNei 1 aBapusX.

BbicokOoYacTOTHBIE TOJSI OT MOIIHBIX
MIOJTYTIPOBOTHUKOBBIX BBITIPSIMUTENICH U KOH-
BEPTOPOB, a TaKXe Pa3IMuYHBIX pagHoIepe-
JATYNKOB, BKJIIOYAsl TIOPTATHBHBIC PaJHO-
CTaHIIMH.

Onexmpocmamuueckuti pazpsio.

Habop mapameTpoB, KOHTPOJIUPYEMBIX B
xojie orieHKu OMO, T0KEeH TO3BOJISATH MPO-
THO3HPOBATh YPOBHM OCHOBHBIX BUIOB IIO-
Mex. Hmke MbI paccMOTpuM U 0000IIHM pe-
3yJbTaThl PabOT MO OIEHKE AJIEKTPOMArHUT-
HOM OOCTaHOBKH, BBITIOJIHEHHBIX 3a IMOCIE/-
Hee necatuierue Ha 6omnee yem 100 sHepro-
obbekTax Poccum.

3. Ouenka IKCILIYAaTAIUOHHOI'O CO-
CTOSAHMA 3a3€MJIAIOLIECTO yCTpOﬁCTBa.

PesynpTaThl MpOBEPKM HKCILIyaTallMOH-
Horo cocrostHust 3Y ¢ Touku 3penus OMC
JIOJKHBI TT03BOJIATH BBIIIOJHUTh OLIEHKY Clle-
JYIOIIHUX BEJIUYUH:

— MakCUMAaJIbHBIX 3HAUEHUN IOTEHIMA-
JIOB To4ek 3Y,

— MakCUMAaJIBHBIX 3HAQYE€HUH pa3HOCTEH
MNOTEHLUATIOB MeXAy Toukamu 3V,

— P KOPOTKHMX 3aMbIKaHUSX M (Kena-
TEJIbHO) IPO30BbIX pa3psiiax.

B nnreparype u HOpMaTUBHON JOKYMEH-
TalUU JJIs1 OLEHKU cocTOSiHUS 3Y OOBIUHO
UCIIOJIb3YETCS TIOHATHE CONPOTHUBIICHUS pac-
TEKaHHIO0, WIM TMPOCTO CONpPOTUBICHUS 3VY.
CMBICII TIOHATHS COIPOTUBIICHUS pPAacTeKa-
HUIO0 ¢ To4yku 3peHuss OMC odeHb NpoOCT.
PaccmorpuM, Hampumep, kabenb CBS3H, CO-
SAMHSIIOIINNA paccMaTpUBaeMblii OOBEKT C
yAAJIEHHBIM Y3JI0M cBs3u. IIpu kopoTkom
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3aMbIKaHUU C BO3BPATOM TOKa B SHEProOCHC-
TeMy K Ka0enro OyAeT MPUIIOKEH MOTeHIIUAT,
ONMU3KUII K MPOU3BEACHUIO CONPOTHUBIICHUS
pacrekanuto Ha Tok K3. Cormacno IIVDO,
3TOT IIOTEHIIHAII MOKeT ngocturath 5—10 kB.

He menbliee 3HaueHuE UMEIOT MEPETaibl
MoTeHIMana B npenenax eaunoro 3Y. SIcHo,
YTO TEepernajpl MOTSHINAIOB B mpeaenax 3Y
OyIlyT BO37CHCTBOBATh Ha KalOeau yrmpaBiie-
HUS ¥ CUTHAJIM3AIHMH, MPOXOJIIINE MO Tep-
putopun oObeKTa. [l XapaKTepUCTUKU Tie-
penanoB moTeHuana B npenenax 3Y Tpaau-
[MOHHO MCIMOJB3YIOTCS TIOHSTHS HampshKe-
HUSl [Iara ¥ HaMpsDKeHUS TPUKOCHOBEHHUS.
OTHW TOHATUS BBEJAEHBI M3 COOOpaKEHWM
ANIEeKTpOOE30MaCHOCTH MEePCOHAaNa U HE Y4H-
ThIBaroT crienudukun SMC.

Ha mpaxTuke 4yacTo HCHONB3yeTcs Me-
TOJ, 3aKJIFOYAIOIINICS B MPOTPY3KE TOKOM OT
reHepaTopa anmnaparoB U KOHCTPYKIUN, TPH-
coeMHEHHBIX K 3Y o0bekTa. BTopoil momroc
UCTOYHUKA TMPHUCOCTUHSIETCS K HEKOTOpOi
oropHo# Touke B mpenenax 3Y. OObIYHO B
KaueCTBE TaKOW TOUKH BHIOMPAETCS HEUTpab
OJTHOTO W3 TpaHchopmaropoB. B stom ciy-
yae MOXKHO TOBOPUTH, YTO Mozenupyercs K3
B IpeJenax 0oObeKTa C BO3BpAaTOM TOKa K
HEHTpanu coOCTBEHHOro TpaHcopmaTopa.
N3mepsieTcst moTeHIual nporpykaemMoro ar-
napara (KOHCTPYKIIMH) OTHOCUTENbHO yaa-
JIEHHOM 3emuid. HacTHOE OT JEJIeHMs NOTECH-
[yajga Ha TOK HAa3bIBAIOT COMPOTUBICHHEM
OCHOBaHUs annapara (KOHCTPYKIUH).

Jlerko MoHSTH, YTO MPU U3MEPEHUSIX CO-
MPOTUBJICHUI PACTEKAHUIO U COIPOTHUBIICHUI
OCHOBaHUN HMHUTHUPYIOTCS JIBa TPEICIbHBIX
Ciydass KOPOTKHX 3aMbIKaHUH: a) C MOJHBIM
BO3BpaTOM TOKa B CHCTEMY M 0) C MOJHBIM
BO3BPATOM TOKa K HEHTpasli OJHOTO U3 COO-
CTBEHHBIX TpaHC(HOPMATOPOB OOBEKTA.

B Tabmune mpuBomuTcs QparMeHT pe-
3yJbTaTOB W3MEPEHHH CONMPOTUBICHUN OC-
HoBanuii Ha mojcranuuu KC-220 Cmonen-
CKoHepro. B kadecTBe HOpPMBI COMpPOTHUBIIE-
HUSI OCHOBaHUs BbIOpaHo 3HaueHue 0,1 Om.



Ta6ymia. Pesynbrarel usmepenus conporuBieHnii ocnoBanuii Ha [1C KC-220

Touka usmepenust Tox |Hamnp-e orno-{Hamnp-e otHo-| Conpotus- | ABapuiiHbIH
LA CUTEJIbHO CUTEJbHO | JIEHHE OCHO- | MOTEeHIHAJ
PIII 3onaa Usonjp, | Banust Rocn, Uas, B
Upm, B B Om

[Toptan 4 2CI1
JITMHHBINA KOHIIEBOU 74 3,80 3,20 0,04 513
nopTall
IIIP-110 Ne2 BJI-154 72 4,20 4,20 0,06 583
[IP-110 NelBJI-154 ¢.A 70 6,20 5,80 0,08 885
ITopran 4 1 CII 73 4,20 3,80 0,05 575

[IP-110 Nel BJI-154 ¢.B

HIP-110 Nel BJI-154 .C | 70

mo 110 kB

5,80 857

3HaueHue conpoTuBIeHUs pacTekanuto: R = 0,21 Om

W3 Ttabmuupl BUAHO, YTO HEKOTOpPHIE
JJIeKTpoanmnapaTl U KOHCTPYKIMH HMEIOT
MOBBIIICHHOE CONPOTHBJIICHHE OCHOBAHWS,
YTO CBHUJIETENIBCTBYET 00 UX HEYAOBIETBOPH-
TenbHOU cBsizu ¢ 3Y obObekrta. [loTeHImanst
TaKUX anmnaparoB (KOHCTPYKIMM) OTHOCH-
TEIbHO pEIeHHOro IuTa, Kyda MOIXOIUT
0oJbIIasg 4acTb BTOPUYHBIX Kalesei, MOoryT
COCTaBIISITh JIECATKH U Jake COTHU KB (cMm.
MPEITOCIEAHION CTPOKY Tabmwibl). OTme-
TUM, YTO B TO € BpPEeMsI COIIPOTUBJICHHE pac-
TekaHuio 3Y HeBeNUKOo. AHajoru4yHas Kap-
TUHA HaON0/1aeTcs U Ha OOJIIIUHCTBE APY-
rux 00CJIeIOBAaHHBIX YHEPTOOOBEKTOR.

OCHOBHOW NMPUYMHON MOAOOHBIX HEHOC-
TaTKOB SIBJISIETCS KOPPO3MS 3a3eMIIMTENEH,
NPUBOJAIIAS K YMEHBIICHUIO UX 3 (HEeKTUB-
HOTO MONEPEYHOr0 CEYEHMSI U JJaKE MTOJIHOMY
pa3pbIBY OT/EIbHBIX METAIITMYECKHUX CBSI3EH.
CBol0 JIENTYy BHOCST TAaK)K€ HEKAaue€CTBEHHAs
CBapKa M HEJIOCTATKH MPOEKTa

PacuetHoe omnpeneneHre NOTEHLIUANIOB
Ha anemeHTax 3Y TpelOyer ydera psna ¢ak-
TOPOB:

— BIIMSIHUSL HEPAaBHOMEPHOCTH pacrpeie-
JieHUs1 MoTeHuuana no 3Y Ha BEJIMYUHBI TO-
KOB, CTEKAIOIIHUX C €r0 3JIEMEHTOB,

— QKTUBHOM M DPEAKTUBHOM COCTABJISIO-
[IMX UMIIETAaHCOB OTJEJIbHBIX 3a3€MIIUTENICH,

— BIMSIHMS 110J1s TTpoBoJa ¢ TokoM K3 Ha
pacnpeenenyue TOKoB B ajeMeHTax 3V,

— peanbHOU cxembl 3V,

— peaybHbIX CEYEHUN 3a3eMIIUTENIEH,

— peanbHBIX IMapamMeTpoB IMOYBBI C yde-
TOM CE€30HHBIX M3MCHCHHH,
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— IIPY TPO30BOM pa3psiJie HyKHO HCHOJIb-
30BaTh aIIapaT rapMOHUYECKOTO AHAINA3A U
YUYUTHIBaTh HEJIMHEHMHOCTh XapaKTEPUCTUK
TpyHTa.

PesynbpTaThl NpOOHBIX pacyeTOB MOKa3bl-
BalOT, YTO YYET IMEPEUUCIICHHBIX (DaKTOPOB
MO3BOJIAET OO0ECHEeUUTh MPUEMIIEMYIO TOY-
HOCTb ONpeJeNeHus NnoTeHuuanoB. OTHOCH-
TeNbHO MpaBAono100Has uHdopmanus o ce-
YEHUSIX 3a3€MJIMTENIC UMEETCSl JIMIIb s
HOBBIX OOBEKTOB, TJ€ BIUSHUE KOPPO3HUU
€lle HE3HA4YMTeNbHO. [3BecTHBI, OJHAKO,
Cly4Yad TMOBBILIEHUS COMNPOTUBICHUN OCHO-
BaHUM M3-3a HEKa4yeCTBEHHOW cBapku. Ilo-
ATOMY JaXke AJI1 HOBBIX OOBEKTOB MpOBEe-
HUE HATYyPHBIX U3MEPEHUN HEOOXOAUMO.

4. Ilomexu npu rpo3oBbIX pa3psigax.

CylecTByOmMUe METOAbl OIEHKHU IIO0-
TEHI[MAJIOB Ha 3JIeMeHTax 3Y u IoMex BO
BTOPUYHBIX KaOEJNsSX HOCAT MPHUOIMKEHHBIN
xapakrep. Tak, ucCHonb30BaHUE CIELUATb-
HBIX TEHEPATOPOB MMITYJIHCOB JJISI UMUTALIUU
IPO30BBIX Pa3psiIoB HETOUHO U3-33 BIHUSHUA
[0JII IIPOBOJIA C TOKOM Ha paclpejesieHue
TOKa B 3eMJie U 3a3eMiuTessix. OrpaHuyeHust
pacueTHBIX METOJI0OB PACCMOTPEHBI BBILIE.
[loaToMy [0 mTOCIEAHEr0 BpEMEHU IpH
OLICHKE I'PO303alllUThl B OCHOBHOM IIPOBEPSI-
JIOCh BBINOJHEHHE TPeOOBaHUN CYIECTBYIO-
el HOpMaTUBHOM JOKyMEHTaluu (CM. Ha-
npumep [2]), OCHOBaHHBIX Ha SMITUPUUECKHUX
JMaHHBIX U pacuerax. OOcie0BaHUE SHEPro-
00BEKTOB MOKA3bIBAET, YTO YACTO UMEIOT Me-
CTO TrpyOble HapyIIEHHUs CYIIECTBYIOIINX



TpeboBanuii. Hampumep, paccTosstHue OT
AJIEMEHTOB TPO303aIIMUTHI JO0 KaOENbHBIX Ka-
HAJIOB YacTO COCTaBJIIET MeHee 1 M, mpuueM
B HEKOTOPBIX CIy4dasX MOJHUEOTBOJBI 3a-
3eMJISIIOTCSL MPSAMO Ha METAJUIOKOHCTPYKLUU
KaOeJIbHBIX KaHAJIOB.

S. UmnyJjibCHbIE MOMEXH NPH KOMMY-
TalHUsAX CHJI0BOIO0 3JIEKTPOOOOPYAOBAHMSA.

Pe3ynbpTarel u3MepeHUN IMOKa3bIBAIOT,
YTO HamboJee OMacHbIM HCTOYHUKOM KOM-
MYTAallMOHHBIX IIOMCX Ha 3HepFOO6"I)eKTaX
aBisieTcss paboTa paspenunuteneit. [lpumep-
HBI BUJI IIOMEXH TPU paboTe pa3beIuHUTE-
JIsl IOKa3aH Ha PUCYHKE.

[«Za 757

11.28ps
8.8)5

Tel [TCE Single Seq 125MS/s

Z0¥

Pucynok. [Tomexa npu pabote pa3beauHUTE-
751 MacmTad mo amrutyae — S0 B/nmen.,
pa3BepTKa — 2 MKC/Iell.

Jl1st u3MepeHrs UMITYJIbCHBIX TIOMEX TIPHU
paboTe pazbeAMHUTEIECH MCIONIB30BaJICS OC-
nuuiorpad ¢ MaKCUMalbHOM 4YacTOTOW JIHC-
kpetmzauu 1 [T, D10 obecneunno xopo-
IIYI0 TIOBTOPSIEMOCTh PE3YyJIbTATOB MPU MHO-
TOKPAaTHBIX KOMMYTalHUAX OJHOIO U TOTO K€
pasbenunutens. [lpu ucnonbp3oBaHWK HU3-
KOYAaCTOTHBIX OCHMILIOrpadoB HaOII0AaeTCs
pa3bpoc pe3yibTaToB MO MPUYHHE IOTEPHU
OT/I€JIbHBIX MAKCUMYMOB KPHUBOM.

MaxkcuManbHBIe 3a)KCUPOBAHHBIC
YPOBHHU TMOMEX IMpH paboTe pazbeAUHUTEICH
cocraBisaioT Oojiee 5 kB. Tunmuneie 3Hade-
HUS HAMHOTO MEHbIIE — TMOPSAKAa HECKOJIb-
kux cored B. Yactorel — oT coreH kIl mo
necatkoB MI .
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6. UmnyJbcHble MoMexH npu padore
3J1eKTPOMEXaHUYeCKUX YCTPOMCTB.

B mpouecce m3MepeHus: KOMMYTAI[MOH-
HBIX IIOMEX OT paSLCI[HHHTCHCﬁ 6LIJII/I 3a-
(bUKCUPOBAHBI HMITYJIbCHBIE IIOMEXU TpHU
cpabaTbIBaHUU 3JIEKTPOMEXaHUYECKUX YCT-
POMCTB TUIA peJie, KOHTAKTOPOB, MPHUBOJIOB
BBIKJIFOUATeNerd U T.. M3-3a CBOETro BBICOKO-
4acTOTHOTO xapakrtepa (cotHu MI), Takue
MOMEXH JIETKO MPOHUKAIOT Yepe3 WHAYKTHUB-
HBIC U ECMKOCTHBIC CBSA3U. HOBTOMy X MOX-
HO OOHApY>KUTh MPAKTUYECKU B JIIOOBIX Iie-
51X, BKJIO4Yasa LNy MEKMAIIMHHOI'O oOmeHa
upoBoi nHGopMalueil. AMILTUTY 1A TAKUX
IMOMEX CPAaBHUTCIIBHO HCBBICOKA (COTHI/I
BOJIBT), OJIHAKO Cama BO3MOXXHOCTh IOSIBJIE-
HUA 3aMCTHBIX IIOMEX B KOPOTKUX MCIIAX,
MPOXOSIINX BHYTPU MOMEIICHUMN, BHI3bIBACT
OTIpE/ICIICHHBIC OTIACCHHSI.

7. HU3K04aCTOTHBIE YJIeKTPUYECKue 1
MATHUTHBIE TOJISI OT CHJIOBOIO JJIEKTPO-
o0opynoBaHus.

OOBIYHO CHIIOBOE AJIEKTPOOOOPYTOBAHUE
CO37aeT MOMEXH Ha MPOMBILUICHHON 4acToTe
U ee rapMoHukax. VICKIIIOUEHHEM MOXKHO
cUMuTaTh paboOTy MOLIHBIX MOJYIPOBOIHUKO-
BbIX BBIIPSIMUTEIBHBIX U IpPeoOpa3oBaTelb-
HBIX YCTPOWCTB, CO3JAIOIINX TaKXE U BBICO-
KOYaCTOTHbBIE TIOMEXH.

OOBIYHO HHM3KOYACTOTHBIE 3JIEKTpHUe-
CKH€ U MAarHUTHBIC IOJISI HE MPEACTABISAIOT
CEPbE3HON YIpo3bl Il MUKPOIIPOLIECCOPHOU
annapatypsl. MckiatouenueMm SBISIOTCS, MO-
*KalyH, nuib skpanbl Ha 6aze DJIT. Kpome
TOT0, €CTh JIaHHBIE O HEraTHBHOM BIIUSHUU
TaKUX IOJIeH Ha 3J0pOBbe NepcoHana [3].

s u3Mepenus nosiel pu HOpMajibHON
pabote 00BEKTa MOTYT HCHOJB30BATHCS CY-
niecTByromue npudopsl (Harmpumep, MIIM,
UIID). IMons npu K3 onpenenstores pacyer-
HbIM IyTeM. [Ipu 3TOM pexomeHayeTcs y4u-
ThIBaThb HMCKa)XCHHUE IOJIA 3a CUET BIIMSHUS
3eMJIM C yYE€TOM KOHEYHOM NpOBOJMMOCTU
OCIEIHEN.

OcrasibHblE TIOMEXH, YIOMSHYTbIE B
NYHKTE 2, HE SBJIAIOTCS CIEUPHUUECKUMU
JUTS SHEProoOBEKTOB. MeToabl MX KOHTPOJIS
XOpOLIO M3BECTHBI U IIOTOMY 3.I€Ch HE pac-
cMaTpUBaeTcs.



Pazymeercs, ouenka OMO He sBisIeTCA
camonuenblo. IlomyuyeHHbIE NaHHBIE CIIy’Kar
OCHOBOM JI1 Pa3pabOTKH 3aIIUTHBIX MEpOo-
npusTuid. OJTHAKO 3TH BONPOCH! BBIXOIAT 3a
paMKH HACTOSIIIEH CTaThH.

BrpIBOABI.

JIst OIEHKH AJIEKTPOMArHUTHOM 0O0CTa-
HOBKM Ha JHEProoOBEKTaX CIeayeT, B Mep-
BYIO O4Y€pe/lb, MPUMEHSTh METOIbl, OCHOBAH-
HbI€ HA HAaTypHBIX H3MepeHusX. D heKTuB-
HOE UCIOJIb30BAHUE PACUCTHBIX METOIOB /IS
YK€ CYIIECTBYIOIINX 00BbEKTOB TpedyeT 3Ha-

Hus reomerpud 3Y U 3PPEeKTHBHBIX TIOTIE-
pEUHBbIX cedeHMH 3azemnurencil. Onpexnene-
HUE peaibHON cxeMbl 3Y, B IPUHIIUIE, BO3-
MokHO. OziHaKo onpeneneHne 3hHEeKTUBHBIX
MONIEPEUHBIX CEUCHHMH 3azemuintenieid  0e3
MacCIITa0HOTO BCKPBITUS TPYyHTA TIOKA HEJIOC-
TynHo. JlJis CBOEBPEMEHHOI'O OTCIIEKUBAHUS
n3MmeHeHni OMO HeoOX0IUMO TPOBEACHUE
nepuoandeckoro KoHTpoist O9MO Ha o0OBbek-
Tax (pa3 B 3—5 JIeT) U BHEOYEPETHOTO —
IIPU PEKOHCTPYKIUSX.
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['ocynapcTBeHHOE YHUTapHOE NPEANPUITHE HAYUHO-UCCIIEI0BATEIbCKUN
WHCTUTYT UMITYJIECHOM TEXHUKHU

MPOBJEMbI OBECIIEYEHUS DJIEKTPOMATHUTHOM
COBMECTUMOCTHU U ®YHKIIMUOHAJIbBHOA BE30IACHOCTHU
TEXHUYECKHUX KOMILIEKCOB OB bEKTOB ATOMHOM
JHEPI'ETUKH

Abstract: The problems of providing of electromagnetic compatibility and functional safety for
safety-related systems of Nuclear Power Plants are discussed in present paper

AHanu3 WHUUJICHTOB Ha JEUCTBYIOIIMX
ATOMHBIX CTaHIHUAX IIOKa3ajJl, 4TO HEAOCTa-
TOYHOE BHMMaHHUE K mpobieme obecreueHus
BHGKTpOMaFHHTHOﬁ COBMCCTUMOCTHU MOKET
OPUBOJUTH K OTKa3aM 0O0OpyIOBaHUS TIO
o0mieil mpu4mHe, CoCOOCTBYS TEM CamMbIM
HECaHKIIMOHUPOBAHHBIM OCTAHOBaM WJIH pa3-
rpy3KaM HHEPro0JIOKOB AaTOMHBIX CTaHIUI
(AC).

DNEKTPOMarHUTHbIE BO3JAEHUCTBUS TIPU-
POIHOTO M TEXHOT€HHOI'O XapaKTepa MOTYT
OKa3bIBaThb HCTAaTHBHOC BJIINAHHUC Ha (1)YHK-
UOHAJIbHYI0 0€30MacHOCTh YHPaBIISIOLINX
cuctem 6e3omacuoctd (YCB) u mpuBoauTh K
OIIACHBIM MOCJIE/ICTBUSIM:

- HeaocCTraTrtodHasa HOMGXO}’CTOﬁ‘-IHBOCTB
CUCTEM PEryJIHpOBaHUsS BO30YXKIEHUS 3JIEK-
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TPOreHEpaTOPOB MPUBOAUT K KOJICOAHUSIM
AJIEKTPUYECKONW MOIIHOCTH 3HEProOJIOKOB
AC no 150 MBT, npubnuxasich K aBapHii-
HbIM yCTaBKaM, IpU NPOU3BOJACTBE perjia-
MEHTHBIX MEPEKIIOUYEHUN pa3beAUHUTENCH
Ha OPYV;

- HEeIOCTAaTOYHas IOMEX0YCTOHYHUBOCTh
00opy10BaHUsI MPOTHBOABAPUIHHON aBTOMa-
TUKH MOXET CIIOCOOCTBOBATH OTKIHOYEHUIO
9Hepro6so0koB AC OT 3HEProcUCTEMbI NPHU
0/1HO(a3HBIX 3aMbIKAHUSAX HA «3EMIIIOY;

- HEJIOCTAaTOYHas IOMEXO0YCTOHYHUBOCTh
CUCTEM KOHTpOJISI HEHUTPOHHOIO IMOTOKa K
MarHUTHBIM TOJISIM B COCETHHX Kabemsx Mo-
KET NPUBOAUTH K MCKAKEHUIO pPEaJbHOM
KapTUHBI PacIpeieeHHs] SHEProBblIEICHUS
B aKTUBHOM 30HE peaKkTopa WK 3araca peak-



TUBHOCTH TIOIVIOTUTENIEH HEUTPOHOB, YTO
OPUBOAUT K JEe3UH(POpPMALMU oleparopa U
€ro Hea/IeKBaTHbIM JICHCTBUSM;

- HEJO0CTAaTOYHas IOMEXOYCTONYHUBOCTh
000pyI0BaHMsI YIIPABJISIOMIUX CUCTEM 0e30-
nacHocTH (YCB) k BO3A€MCTBUIO U3TyUCHUH,
CO3/1aBaeMbIX YCTPONCTBAMH paJAHOCBA3H,
WIN K TPO30BBIM pa3psiiaM MPUBOJAUT K JIOXK-
HBIM (POPMHUPOBAHUSM CHUTHAJIOB aBapUHON
3allMThl WJIM CUTHAJOB HAa M3BJICUEHHUE IIO-
IJIOTUTEIEH HEUTPOHOB M3 AKTHUBHOW 30HBI
AJIEPHBIX PEAKTOPOB.

B cBsi3u ¢ 3TUM 00€CTICUEHHIO DJIEKTPO-
MarHMUTHON COBMECTUMOCTH OOOpYIOBaHMs,
uznenui u rexnonoruit (OUT) nist saepHbIX
YCTaHOBOK, PaJHAIlMOHHBIX HMCTOYHUKOB U
IYHKTOB XpaHEHUs CleAyeT YIENIATb Oob-
110€ BHUMaHHE.

Ha »sranax co3manus U Bcero >KU3HEHHO-
ro nukia OUT AomKHBI BBIMONHITHCS Tpe-
OoBaHust oOecriedeHHss (PyHKIMOHATBHOM
6e3omacHoctu: HapymeHue pynkuuii OUT B
YCIIOBUSIX OOECIEUEHUsl PEerJaMeHTHPYEMbIX
TpeOoBaHuil obecrieueHusi OE30MACHOCTH
AJIEPHBIX YCTAHOBOK U aTOMHBIX CTaHIIMM.

Ha »ramax ceprudukanum uCHbITaHUS
OUT cnexgyer mpoBOAMTH B pa3iMyYHBbIX pa-
00YMX M aBapUIHBIX PEXKHUMaxX JIsl BHISBIIC-
HUS BO3MOJKHBIX OTKa30B, HapyLIAIOLIUX
¢dyHKUHOHANIBHYIO O6e3onmacHocT OUT:

- «OTKa30B Ha TpeOOBaHHE» - HEBBIIOJI-
HEHUIO TpeOyeMbIX JEeHCTBUN NpPU BO3HHUK-
HOBEHUHU HEOOXOJUMOCTH B HUX (Hampumep,
OTKa3 Ha BBOJ TOIJIOTUTENEH HEHTPOHOB B
AaKTUBHYIO 30HY SIIEPHOIO peakTopa NpH
BO3HUKHOBEHUU aBapUUHOMN CUTYAIINH);

- «OTKAa30B, COINPOBOXIAEMbIX HECAHK-
[IUOHUPOBAHHBIMU JIEUCTBUSMU» - BBIMOIHE-
HUIO ONEepaluid, KOTOpble HE JOJKHBI BbI-
MOJHATHCS B JIaHHBI MOMEHT (Hampumep,
HECaHKI[MOHUPOBAHHOE H3BJICYEHHUE IIOIJIO-
TUTEJEH HEUTPOHOB M3 AKTHUBHOM 30HBI
SJIEPHOTO PEAKTOPA);

- «OTKa30B, COIMPOBOXKIAEMbIX HapyIlle-
HUSIMH HOPMAJIbHOTO (DYHKIIMOHUPOBAHUS -
OTKJIOHEHUSIMH OT HOPMAaJbHOTO BBIMOJIHE-
HUS onepauui (Hampumep, OTKa3 IMpoliecca
pasrpy3Ku SHEProOJOKa WM CHUKCHHUS
MOIIIHOCTH SJIEPHOTO PEAKTOPA).
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1. DTanpl co3JaHUA U KU3HEHHOIO
mukiaa OUT

1.1. ®ynkunoHanbHast 6€30MACHOCTb

[Ipu paccMOTpeHHH BOIPOCOB 3JIEKTPO-
MarHMUTHOM COBMECTUMOCTH U (yHKLHUO-
HAIBHOW 0€30MacHOCTH B TMpoIlecce pas3pa-
OOTKH, NPOEKTUPOBAHUS M SKCIUTyaTaluu
000pya0OBaHUs AJIsl SAIEPHO-OMACHBIX 00BEK-
TOB OCHOBHOH 3amaded sBISIETCS OIEHKA
BO3MOJXKHBIX TOCJIEJICTBUNA, BHOCAIINX BKJIAJ
B OOIIUI PUCK MPU JIEKTPOMATHUTHBIX BO3-
JNEUCTBUSIX M OCYIIECTBICHUE pPa3padOTKH,
W3TOTOBJICHHS, MOHTaXXa M HaJAJKH 000py-
noBanus « st ADCy TakuM 00pa3om, 4TOObI
UCKITIOYUTH BKJIQJI OTUX SIBICHUN (WM, XOTS
Obl, CBECTH €ro K JOMyCTUMOMY) B OOIIUMN
pUCK.

Hns  oOecnedyeHuss  (QyHKIIHMOHATBHON
0€30MMacHOCTH HEOOXOAMMO YICNATh BHUMA-
HUEe TmpoliemMe oOecreueHuss 3JIeKTpoMar-
HUTHOM COBMECTHMMOCTH Ha BCEX CTaJMsIX
JKU3HEHHOT0 1IMKJIa 00OpYAOBaHUs, BBIITYC-
KaeMoro JJis siIEpHO-OMACHBIX OOBEKTOB: OT
€ro pa3paboTKU JI0 BHIBOJIA U3 HKCIUTyaTalluu

ANTOpPUTM JTOCTHOKEHUS (DYHKIIMOHATH-
HOM Oe3omacHocTH obopynoBanus YCb mo
TpeOOBaHUSM DJIEKTPOMArHUTHON COBMEC-
TUMOCTH JOJDKEH 3aKI0YaThCsl B CIEIYIO-
iem:

- IloctynupoBanue HEIOMYCTUMBIX IS
6e3onacHoct AC coOwITHil (OTKa3 Ha Tpe-
OoBaHUE; OTKa3, COMPOBOXKIAEMbIH HECaHK-
[MOHUPOBAHHBIMU JICHCTBUSMU; OTKa3, CO-
MPOBOXK/IAEMBI HApYIICHHEM HOPMaJIbHOTO
(GYHKIMOHUPOBAHMUS).

- OneHka 3IeKTPOMArHuTHOM O0OCTaHOB-
k1 B Mectax pasmemnienus YCb u popmmupo-
BaHUE TpeOOBaHMI YCTOWYMBOCTU K IIIEK-
TPOMAarHUTHBIM BO3CHCTBHSIM C YYETOM Ha-
3HaueHus U BinusHus YCB Ha Ge3o0macHOCTh
AC.

- Ucnonb3oBanne TEXHUYECKUX CPEICTB
¥ Mep IS TIPEOTBPAIICHHS IPOHUKHOBECHHUS
U PaclpoCTpaHEeHHs]  SIECKTPOMArHUTHBIX
BO3JCHCTBUI: CHUKEHHUE PUCKA B IPOIECCE
pa3pabotku u npoextupoBanus Y Chb.

K takum cpeacTBam u Mepam OTHOCATCS:

TEXHUUYECKUE CPEJICTBA U MEphI 3aIlUTHI,
TaKUe Kak paspsiIHUKH, SKpaHUpOBaHUE, 3a-
3emiieHue, GUIbTpaIs, METOIbI MPOKIAIKH



AJICKTPUYCCKUX IIeNel, KOHCTPYHPOBAHHE
MEYATHEIX IIJIAT, MCIIOJIb30BAHHE TOTOBBIX
y3510B co 3HakoM CE, ucnonp3oBaHuUE KapT
MPOBEPKHU, MCMOJIB30BAHUE KOMIIBIOTEPHBIX
CPEJICTB MPOEKTUPOBAHUS,

® pa3paboTKa CTPYKTYpPbl TEXHUUYECKUX
CPE/CTB, TO3BOJISIONICH CHHU3UTH BEPOST-
HOCTh ONACHBIX OTKA30B, BBI3BAHHBIX JJIEK-
TPOMArHUTHBIMUA  BO3JCUCTBUSIMU  (HAIIPH-
Mep, AyOnupoBaHHE ¢ M30BITOYHOCTBHIO, BbI-
MOJIHEHHOE C HCIOJIb30BAHUEM Pa3JIMYHBIX
MPUHITUIIOB WJIM TEXHOJIOTHH ),

¢ pa3paboTka MPOrpaMMHOro obecreye-
HUs, TO3BOJISIONIETO CHU3UTH BEPOATHOCTH
OIMACHBIX OTKAa30B, BBI3BAHHBIX 3JIEKTpOMAr-
HHUTHEIMH BO3JCHCTBHAMHY;

® aHAIM3 HAJC)KHOCTU (HArpuUMep, aHa-
U3 JepeBa OTKAa30B) B YAaCTU HapyILICHUU
(YHKIIMOHUPOBAHUS, BBI3BAHHBIX JJIEKTPO-
MAarHUTHBIMU BO3JICHCTBUSMU,

® OTKa3 OT MCIIOJIb30BaHUS KOMIIOHCHTOB
U CXEM C 3aBEJIOMO IOBBIILIEHHONW BOCIIPHHIM-
YUBOCTBIO K 3JIEKTPOMAarHUTHBIM BO3CHCT-
BHSIM;

® [IPOBEJICHUE SKCIEPTU3bl CXEMHBIX U
MIPOCKTHBIX PEIICHHH B YacTH OOeCreYeHUs
AJIEKTPOMATrHUTHON COBMECTUMOCTH;

® IPOBEJICHUE TEPUOJUYECKUX  3aBO-
JICKUX WCTBITAHUH KOMIIOHEHTOB, paspa-
OOTaHHBIX CXEM W H3TOTOBJICHHBIX Y3JIOB U
OJIOKOB Ha COOTBETCTBUE TpeOOBaHUSIM 00e-
CIIEYEHUST DJIEKTPOMArHUTHOM COBMECTHMO-
CTH ¥ (YHKIIMOHAJIBHOU O€30MacHOCTH, per-
JTAMEHTHUPOBAHHBIM POCCUUCKHUMH M MEXITY-
HapOJHBIMU CTaHJIAPTAMHU.

1.2. [Iporpamma olecneyeHusi Ka4ecT-
Ba

Cucrema kadecTBa JOJKHA IMpeaycMmar-
puBaTh 00s3aTENBHOE HCIOIB30BAaHUE MPO-
HEeAyp CO3MaHUs M3JACTUN U KOHTPOJISI o0ec-
MEYCHUS JIEKTPOMArHUTHOM COBMECTUMOCTHU
Ha dTamnax CO3JaHUS W3ICIHH:

- Buenpenne mpouenyp, obecriednBaro-
IIMX TTOCTaBKY KOMIIOHEHTOB U UX MOHTaX B
CTPOTOM COOTBETCTBHUU CO criennuKauei u
CcXeMaMH.

- Hcnonp3oBanue mporeayp KOHTPOIS
KaueCcTBa U3TOTOBJICHUS y3JIOB M CXEM.

- IIpoBeneHue 3aBOJACKUX HWCHBITAHUUN
y3JI0B H CXEM TI0 TPeOOBaHUSAM 3JICKTpOMAr-
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HUTHOW COBMECTUMOCTH, pa3pabdoTKa KOp-
PEKTHPYIOIIUX MEpPONPUATHA U J10paboTKa
y3JI0B U CXEM.

1.3 CucreMHOe NPOEKTHPOBAHUE

B mpouecce nmpoeKkTUpPOBAHUS JOJKHBI
MPEyCMATPUBATHCS MEPOTIPUSITHS

- Onpenenenve rpynn UCHOJHEHHS TO-
MEIEHUI pa3sMeleHUs] CUCTEM, BIIUSIOIINX
Ha 0€30IacHOCTh, B 3aBUCHMOCTH OT Ha3Ha-
YeHUs] M BJIMSIHUS Ha 0€30MacHOCTh HCIONb-
3yeMOoro 000pyI0BaHHUS.

- MunuMu3anus AauHbBL Kabene u om-
TUMH3AIMS BHYTPEHHHUX CBSI3€ KOMILIEK-
TYIOIIET0 000pYI0BaHHUS.

- Ha3HaueHue THIIOB MOMEXO3alIUIIEH-
HBIX Kabemneil u coeAMHUTENeH, a TaKKe CIo-
COOOB UX 3aJIEJIKH.

- @usnyeckoe paszfelieHue CHUJIOBBIX U
c1abOTOYHBIX KaOenel, pasJeneHne Tpace
Ka0ernei nuTaHusl.

- Ha3HAYEHHUE OTPAHWYCHUN Ha (Qu3NUe-
ckoe pasMmenieHne obopyaoBanus YCBb mo
OTHOLIECHHUIO K JIpyroMmy 000pyOBaHHUIO.

- Haznauenue TpeOoBaHHII K mapamer-
paM ceTu 3JIEKTPONUTaHMsl (BBICILIUE rapMo-
HUKHU, 4aCTOTA, JUHAMHYECKHE U3MEHEHHUS).

- Hasnauenue TtpeOoBaHuil K 3a3emiie-
HUIO U dKpaHupoBanuio odopynoBanus YCb.

- HM3mepeHue mapamMeTpoB 3JeKTpoMmar-
HUTHOU 0OCTaHOBKH.

- UCHBITAHUS NpPEACTaBUTEIbHBIX 00pa3-
oB OUT B coctaBe cucrem YCb mno tpebo-
BaHUSM 3JIEKTPOMArHUTHOM COBMECTUMOCTHU
1 QYHKIIMOHATILHOW O€30MacHOCTH.

1.4. Ananu3 BJusHHUS Ha Oe3omac-
HOCTh

AHanu3 BnusHUS Ha Oe3zomacHocTh AC
3aKJII0YaeTCs B!

- Ananmse HaaeXHOCTH (PYHKIMOHHPO-
BaHus obopynoBanus YCb.

- OueHke KOPPEKTHOCTH peau3aluu
TpeOoBaHuil (yHKIMOHAIBHON Oe30macHo-
CTH.

- IlpoBenenuu ucneitannii YCb Ha yc-
TOMYMBOCTh K PErJIaMEHTHPOBAHHBIM 3JIEK-
TPOMAarHUTHBIM BO3JACHCTBUSIM.

- IlpoBenenuu ucneitanuii YCb Ha yc-
TOMYMBOCTh K 3aBBIIICHHBIM 3HAYCHHSIM
AJIEKTPOMATHUTHBIX BO3JAEHCTBUH ISl OIpeE-



JIEJIeHUs] ONEPATUBHOIO 3araca Mo yCcTOW4u-
BOCTH.

- IIpoBegeHnn KOJUYECTBEHHOW OLEHKHU
9acTOTHI 0TKa30B obopynoBanus YCb.

- AHanuze BIMSHHS OTKa30B 10 (akTopy
AJIEKTPOMArHUTHOM  COBMECTUMOCTH  Ha
6e3omacHocth AC.

1.5. DkcniryaTaums CJI0KHBIX CHCTEM

N3BeCTHO, 4TO YCTOMYUBOCTH AJIEKTPOH-
HBIX KOMIIOHEHTOB U Y3JIOB K 3JIEKTpOMar-
HUTHBIM BO3JICHCTBUSIM PE3KO CHUKACTCS
IpU UX CTAPEHUM KaK B MpOIECCE IUTENb-
HOM JKCIUTyaTaluu, TaKk U P JUIUTEIbHOM
XpaHeHuu. B cBs3u ¢ oTUM, U1 monepKa-
HUSl 3JIEKTPOMarHUTHONM COBMECTUMOCTU Ha
3a/laHHOM YPOBHE PEKOMEHIyeTCSI:

- BBoauTh orpannueHus Ha UCIOJIb30Ba-
HUE TEXHUYECKUX CPEJICTB, KOTOPHIE MOTYT
MPUBECTH K HAPYMIECHUSAM (YHKIIUOHATHHOU
6e3onacHocty YCbB (Hampumep, MOOUIIbHbIE
Cpe/ICTBa PaJInOCBS3H).

- CobmomaTh mpeanvucaHHble METObI
3aMEHbl KOMIIOHEHTOB M Y3JIOB CXEM IpH
BOCCTAaHOBUTEJIILHOM PEMOHTE 000pyAOBaHUS
BO M30eXaHWEe yXyAUICHUs MMOMEX0YyCTONYH-
Boctu YCb.

- IIpou3BoAUTE NEPUOINYECKYIO 3aMEHY
KOMIIOHEHTOB, Y3JIOB WU OJIOKOB C yXY-
HICHHBIMH XapaKTEPUCTUKAMHU yCTOMUYHNBOCTH
K AJIEKTPOMArHUTHBIM BO3JICHCTBUSIM.

- IIpoBoUTE HCIIBITAHUS O0OPYIOBAHUS
YCBb Ha ycTOMYMBOCTH K JJIEKTPOMArHUT-
HBIM BO3JICHCTBUSIM TIPU PETVIAMEHTHBIX pe-
MOHTHBIX paboTax He pexe 1 pasza B 2 roza.

- IIpoBoUTE HCHIBITAHUS O0OPYIOBAHUS
YCb Ha ycTOHYMBOCTBH K periaMeHTHPOBaH-
HBIM 3JICKTPOMArHUTHBIM BO3ACHCTBHUSAM TIO-
Clie MOJEpHU3AlLMU, YCOBEPIICHCTBOBAHMS,
PEKOHCTPYKLIMU, PAaCKOHCEpBallMM U JJIN-
TEIBHOTO XPAHEHUS JJISl OLICHKU PECYPCHBIX
xapakTepucTuk obopynoBanus AC.

2. Jranbl cepruduranu

C yderoMm stama 1 coOCTBEHHO TpoOIIECC
noiy4yeHus ceprugpukara coorserctbust OUT
TpeOOBAaHUSAM IJICKTPOMArHUTHON COBMEC-
TUMOCTH U (PYHKIIMOHAJIBHON 0€301MacHOCTH
COCTOHT U3:

- pa3pabOTKH TEXHUYECKOH JOKyMEHTa-
muu Ha OUT ¢ yderom obecrieueHust Tpebo-
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Bannii mo OMC u ¢yHKIMOHATBEHON 0€30-
MIACHOCTH;

- MPOBEJCHUA B IIpoLECcCcE pa3pabdOTKU U
nzrorosieuss OUT unccnenoBanuili u 3aBo-
JICKUX WCIBITAaHUH, NOATBEPKIAIOIIUX 00ec-
neyeHue TpeOOBaHM HOPMATHUBHOM JIOKY-
MeHTtammn 1o OMC u  (QyHKIIMOHAIBHOU
0€30I1aCHOCTH;

- IPOBEAEHUS CEePTU(PUKALMOHHBIX HC-
neltanuii OUT B akKpeJUTOBaHHBIX MCIIBITA-
TENbHBIX LIEHTPax B ycTaHOBIeHHOM B Cuc-
teme ceprudpukamuun OUT nopsiake B cooT-
BETCTBUM C JCUCTBYIOLIUMHU POCCUMCKUMH H
MEXIyHapOAHBIMU CTaHAAPTaAMH, METOIU-
KaMHU U TpoLeaypaMu sl MOATBEPKACHUS
coorBercTBUs xapakrepuctuk OUT Tpebo-
BaHUSM, TPEABSIBISIEMBIM K 000pPYIOBAaHHIO
st ADC m Ipyrux siAEpHBIX YCTaHOBOK C
BBIITYCKOM IIPOTOKOJIOB MCTIBITAHUIA;

- NIpeAbsABIIEHUS HA dKcnepTusy B Opran
no ceprudpukammu OUT, wim no ero mpen-
CTaBJICHUIO B CEPTU(PUKALMOHHBIN 3KCHEPT-
HBIM LIEHTP, MPOTOKOJIOB UCIBITAHUM U TEX-
HU4YecKor nokyMeHtauuu Ha OUT s npu-
HSTHS PEIICHUS] U BBIAAYe CepTU(HKATA CO-
OTBETCTBHUS M JIMIICH3MM Ha IPUMECHEHHE
3Haka coorBercTBusg OUT;

- MHCIIEKIIMOHHOI'O KOHTPOJIS B IIPOLIECCe
npousBoacTBa OUT s moarBepkaeHus
JeicTBusl cepruduKaTa COOTBETCTBHS HIIU
MPOJJICHUS CPOKA €T0 JEHCTBUS.

[Tpu skcnepTr3e NOKYMEHTOB U PE3YJIb-
TaTOB MCIBITAHUM aHaJU3UPYETCs COOTBET-
ctBue ceprudpunupyempix OUT ycraHos-
JICHHBIM TpeOOBaHUSAM OOecreueHus: 3JeK-
TPOMarHUTHOM COBMECTUMOCTH U BIIHMSHHE
OUT Ha 0e3011acHOCTD SJIEPHBIX YCTAaHOBOK,
paZiMallMOHHBIX UCTOYHUKOB U IIYHKTOB Xpa-
HEHUS.

[To pesynbraraM NpPOBEACHHOM 3KCIEp-
i3l COLl mo nopyuenuto OC npuHUMaeT
ydacTHe B pPa3pabOTKe KOPPEKTUPYIOIIUX
MeponpusTuii mo gopadorke OUT u KoHTpO-
JUPYEeT MX BBINOJIHEHHE C IOCIEAYIOLIEH
OKCHEPTH30U Pe3yJIbTaTOB JOPAOOTKU IO

00eceYeHUIO COOTBETCTBUS OuT
yCTaHOBIIEHHBIM  TpeOoBanusiMm DOMC u
BIMSHUS ~ HAa  OE30MaCHOCTh  SICPHBIX
YCTaHOBOK.
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Abstract. The article deals with voltage spectral characteristics in electric circuits of basic com-
ponents and devices as EMI sources. The classification and functional depends of output EMF spectrum

envelopes are given.

OctpoTta mpoOIEMBI IIEKTPOMATHUTHOM
comectumoct (OMC), Kak BO3MOXKHOCTH
COBMECTHOTO (yHKIIMOHUPOBAHHS B pealib-
HBIX YCJIOBUSAX S3KCIUTyaTallMd MOIIHOTO CH-
JIOBOTO 3JIEKTPOOOOPYIOBAaHUS M MaJOMOIII-
HBIX CHCTEM YMPAaBIICHUS M aBTOMATHUKHU aB-
TOMAaTU3UPOBAHHBIX AIIEKTPOTPUBOIOB
(ADII), mo mepe pa3BUTUS UX BJIEMEHTHOUN
0a3pl ocTaeTca B OOJIACTH TOBBIIIEHHOTO
BHUMaHHUS. JTO CBS3aHO CO CJICAYIOIIMMH
TEHACHIIUSIMHU:

3HAYUTEIILHO BO3POC YPOBEHB 3JIEKTPO-
MarHuTHbIX Tomex (OMII) BcneacTBue sHEP-
TOHACBIIIEHHOCTH TMPOU3BOJCTBEHHBIX IIPO-
[IECCOB. YCTAHOBJICHHAs] MOIIHOCTbh CHUJIOBOM
YaCTH JJIEKTPONPHUBOJA B PailOHE pacIoio-
JKEHUSI €ro AJIEMEHTOB, KaK BO3MOXHBIX pe-
LENTOPOB AJIEKTPOMATHUTHBIX MTOMEX, YBEIH-
yunack 10 5¢107 BT;

B 10 e Bpemsi OrpOMHbIE TEMIIbI TEXHO-
JIOTUYECKOI0 IMporpecca MpUBEIN K MOSIBIIE-
HUIO HOBBIX THIIOB YCTPOMCTB, M3MEHEHUIO
3JIEMEHTHOM 0a3bl, MUHHATIOPU3ALMUU DJIEK-
TPOHHBIX KOMIIOHEHTOB. MOIIHOCTh CHTHa-
J0B yrpabiieHus: sneMeHtamu ADIl ymeHb-
mmtack 10 10710 B, Ho cHIKeHHE MOIIHO-
CTEH CHUTHAJIOB YTMPABIICHUS OCTPEE OTpa3u-
JIOCh Ha 3JIEKTPOMArHUTHON COBMECTHMOCTH.
CoOTHOIIIEHHE MOIIHOCTEN CHIJIOBBIX LIETIeH U
neneil nHGOPMALMOHHBIX KaHAJIOB JOCTHUIIIO
ypoBHs 51017, VpoBHH HenpeaHaMepeHHbIX
3JIEKTPOMArHUTHBIX IOMEX CTaJld OKa3bIBAThb-
Csl COM3MEPHMBIMU C TOJIC3HBIMU CUTHAJIAMU
U BbI3bIBaTh M3MEHEHUS CTaTUYECKUX W JIU-
HAMUYECKMX  XapaKTePUCTUK  OTAENbHBIX
AJIEMEHTOB M BCEH CUCTEMBI yIIpaBJCHUS, a B
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psijie ciy4aeB MPUBOAUTH K €€ MOJIHOW Hepa-
060TOCTIOCOOHOCTH.

OCHOBHBIMHU  33/Ia4aMH, TTOJICKAIIMMU
paspemienuto npu odecrneueHun DMC ADII
SIBIISTFOTCSL:

Omnpeneneare HauOOJICe OMACHBIX BUJIOB
BHEIIIHUX [TOMEX, TyTel UX MPOHUKHOBEHHSI,

Bei6op wnm pazpabotka mpuOOpOB IS
W3MEPEHUS TIOMEX U BOCIPUUMYUBOCTH;

[IpoBeeHne CTaTUCTUYECKUX JKCIIEPH-
MEHTAJIbHBIX HCCIIEJOBAHHUIA AJICKTPOMArHUT-
HOW 0OCTaHOBKH Ha THITOBBIX OOBEKTaX;

Pa3paborka 3(pPeKTUBHBIX U IKOHOMUY-
HBIX c1toco6oB obecrieuenuss DMC.

Beimonnenune tpedoBanuii no SMC o0y-
CIIOBJINBACTCS CIETYIOIIUMH TTOJIOKEHUSIMH:

® BCE DJICKTPOMArHUTHBIC TIOMEXH O0BsIC-
HSIIOTCSI OCHOBHBIMHU 3aKOHaMHU (u3uku. IMII
BCErJia MOPOXKIAIOTCSA B AJIEKTPUUCCKUX IIe-
X,

e peasibHas 3a/1a4a MO CHIDKEHHIO B3aMM-
HBIX BIMSHHUN B CHUCTEMax aBTOMAaTHU3UPOBaH-
HOTO  DJIEKTPONPUBOJA  3AKIIOYaeTCs B
YMEHBIICHUN COTEH BO3MOXXHBIX KOMOWHa-
uuid OMII o mopparomierocs KOHTPOJIO
qHCa,

® JIayKe MPHU XOPOIIUX MPOEKTUPOBAHUU H
MoOHTaxke cucteMbl DOMII, kak HCKIIOUEHHE
U3 TIPaBUJI, MOTYT BCE-TaKH MPOSIBIISATHCS,

e oT BimsgHuS OMII nerko u30aBHUTHCH,
€CIIM HATH UX OCHOBHYIO IPHUYUHY;

e cobmozaenue TtpeboBanuit OMC npu
MIPOCKTHPOBAHUU CHCTEM YacTO 3aBUCHT OT
TOT0, YYTCHBI JIU MPUYUHBI U UCTOUHUKH TI0-
MeX, KOTOpbIE MOTYT BO3HHKHYTH MO3JIHEE.
BriBaer, 4TO O/HU M T€ K€ METOMbI, UCIOJb-
3yemble 11 yuera OMC, Xopomu AJisi OJTHO-



r'0 MPOEKTa U COBEPIICHHO HEMpPUEMIIEMbI JJIs HUMAaThCS 3TOI MpoOIeMol BO BpeMs MOHTa-

JIPYyTroro; ’a W HaJaJKW, YTO MPUBOJUT K CYLIECTBEH-
OMC 3akmouaeT B cebe DJIEMEHT BEpO- HOMY OTPaHUYCHHIO TapaMETPOB, WM K yHKe-

aTHocTH. Kaxknas cucrema M ee MECTOIOJIO- CTOYEHUIO PEKUMOB PaOOTHI.

JKeHHE OTJIMYAIOTCS APYT OT Apyra. BaxHo He [Ipu pemernn mpodiaem DMC B mepByto

3a0J1yKJ1aTbCsI OTHOCHUTEJBHO IMPUMEHEHHS ouepelb cleayeT OOpaTUTh BHUMAHUE Ha

OJIHUX U TeX e MeTofoB yyera OMC B pas- BO3MOXXHbIE HMCTOYHHUKH 3JIEKTPOMArHUTHBIX

HBIX MECTaxX YCTAHOBKU CUCTEMBI. nomex B ADII

[Ipu HenocrarouHoM BHUMaHuu Ha DMC
B IEPHOJ MPOEKTUPOBAHUS, MPUXOJUTCS 3a-
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AnnpokcumupoBanHble orudatonie cnekTpos I/]C Ha BbIxoje UCTOUHUKOB DMII
aBTOMAaTU3MPOBAHHOI'O IEKTPOIIPUBOAA.

1 - umnynsc nocrosiHHOM D/1C; 2 - nMiynbe nepeMenHoi D/1C; 3 - IUPOTHO-UMITYJIBCHBIE
npeoOpa3oBaTeNi MOCTOSHHOTO TOKa; 4 - HeympaBisieMble BEHTHJIbHBIE MpeoOpa3oBarenu; S5 -
yhpaBisieMble BEHTHJIbHBbIE NpeoOpazoBaTenu; 6 - mpeoOpa3oBaTesNyd 4YacTOThl C IIUPOTHO-
UMIYJbCHOM Moaynsuuen; 7 - mpeoOpa3oBaTesd YacCTOThl C HEMOCPEICTBEHHOU CBS3bIO; 8 -
JIEKTPUUECKUE MALIMHBI TIOCTOSIHHOTO TOKA; 9 - 3JIEKTPHUECKUE MALIMHBI IEPEMEHHOI0 TOKA.

Tak, aHanu3 CHEKTpaJIbHbIX XapaKTepu- 10 YaCTOTE U IO aMIUIMTYJE B 3aBUCUMOCTH
CTHK BbIXOAHBIX DJIC OCHOBHBIX 2JIEMEHTOB OT PEXUMOB PabOThl UCTOUYHUKA.
ADII, kaK BO3MOXHBIX MCTOYHHUKOB OMII, VYkazaHHble TIpynnsl UCTOYHUKOB OMII
IIO3BOJIAET BBIJCJINUTD U3 UX YUCIA TPU IPYII- HEPABHO3HAYHBl KAaK II0 YPOBHIO CIEKTPa
TIbL: BeixoHOM DJIC B paziuyHOM YacCTOTHOM
Ncrounukn OMII ¢ HenpepbIBHBIM CIIEK- Jana3oHe, TaKk U CTEIEHM BIIMSHHUA CO3[a-
TpoM BbIxoaHbIX D/C; BaEMBIX UMHU TIOMEX Ha pabOTy CXeM ympaB-
HcTouHUMKM € JIHUCKPETHBIM CHEKTPOM JIEHUS DJIEKTPOIIPUBOIOM.
FapMOHHMYECKUX IIOMEX, CIIEKTP BBIXOJHBIX [Ipn obecneuennn OMC 351eMEHTOB U
O/1C KOTOpBIX HEU3MEHEH 110 YacCTOTE, a OT- CUCTEM YIIPABJICHMsI DJIEKTPOIIPUBOJA LiEJe-
HOCUTEJIbHBI ypPOBEHb FapMOHHUK JHOO IO- c000pa3HO MCXOIUTHh U3 YCJIOBHUS, YTO KaXK-
CTOSIHEH, JIMOO OJIHO3HAYHO OIpeaelseTcs JbIA 2JIEMEHT WIN YCTPONCTBO KaK UCTOUYHUK
PEXUMOM PabOTHI CAMOTO UCTOYHHUKA; OMII paboraer B HaMXyaIIeM C TO3HLIUH
HcTouHMKM  TapMOHMYECKHX  IIOMEX, IEeHEpUPOBaHUs NIOMEX pexume. Torga oxu-
criekTp BbIXOAHBIX DJIC KOTOPBIX MEHseTCs naeMbiii yposenb OMII B cxemax yrmpasie-
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HUS JIEKTPOIPUBOJIOM OyAeT MaKCHMaibHO
BO3MOXKHBIM, a MPUHATHIE MEPBI MO oOecte-
yeHnto DMC B yKa3aHHBIX YCIOBUAX OyAyT
rapaHtueii  paboTOCIOCOOHOCTH  3JIEKTPO-
IpHUBOJA B JIIOOBIX €ro HKCIUTyaTallMOHHBIX
pekuMax. YUHTHIBash 3TO, pPEAIbHBIE CIEK-
TpaJbHbIE XapaKTePUCTUKH BBIXOAHBIX D/IC
Bcex rpynn uctoyHukoB OMII menecool-
pa3HO amMpOKCUMHPOBATh [0 MaKCHMallb-
HOMY YpPOBHIO crieKTpoB. Orubaromue criek-
TPOB MOTYT MMETh 00Jiee TPOCThIC aHATUTH-

YECKHE COOTHOIICHHS, ONPEACIIAIONIUE 3aBH-
CUMOCTb OTHOCHTEILHOTO YPOBHSI TIOMEX OT
YaCTOTHI.

[TomoOHast ammpokcuManus CHEKTPOB
BBIXOJIHBIX DJIC ocHOBHBIX 3jieMeHTOB ADII
MO3BOJIIET COCPENOTOYUTH OCHOBHOE BHUMA-
HHe Ha oOmacth wactor DMII mo 105 I'm u
apryMEHTHPOBATh IOCJIEI0BATEIIBHOCTh BO3-
neiictBuil pu obecneueHun OMC snemeH-
TOoB AOII.
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