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Paccmompenvr éonpocol nosvluenus mou-
HOCMU u3mepeHull Quauueckux eluyuH
npU UCNONb306AHUU USMEPUMENbHO2O0 KAa-
HANA ¢ HeNUHeUHOU 2padyupo8ouHOl Xa-
PaKmepucmukou.

HayuHo-TexHnueckas 3aa4a co3/1aHus METOI0B I10-
BBIILIEHUS] TOYHOCTH M3MepeHHs (PU3MUECKUX BEIUYUH
(®B) npu UCHOIB30BAHUN MU3MEPUTENBHBIX KaHAIOB C
HEJIMHEHHBIMHU TPalyUPOBOYHBIMU XapaKTEPUCTHKAMH
ObL1a ¥ ocTaeTcs akTyasbHOH. CIIOKHOCTD 3TOM 3a71a4u
00yCIIOBIIEHA TEM, YTO OJJHOBPEMEHHO C JITHEApU3aIHei
TpaJyHPOBOYHON XapaKTEPUCTHKH HEOOXOIIMMO YMEHB-
IIMTh OTPEITHOCTh H3MEPEHHM, CBA3aHHYIO C H3MEHE-
HUEM YCIIOBUH UX IIpoBeAeHUs. [laHHas COCTABIIAIONIAs
CUCTEMaTUYECKOH IO PELIHOCTY U3MEPEHUI BbI3BaHA OT-
KJIOHECHHEM B OJTHY CTOPOHY OT YCTaHOBJICHHOTO 3HAUE-
HHS KaKOTO-TTH00 U3 TapaMeTpoOB, XapaKTEPU3YIOMINX yC-
noBus u3Mepenuit [1].

B n3mepurenbHol TEXHUKE 151 IMHEAPU3ALMY Tpa-
JyUPOBOYHOU XapaKTEPUCTUKHU U KOPPEKLIUU CUCTEMa-
TUYECKOH NOrPEeLIHOCTH U3MEPEHUH IMPOKO PUMEHS-
I0TCA METOABI, KOTOPbIE OCHOBAaHbl HAa MOJYYEHUHU H3-
OBITOYHOM HH(OPMALIUH — JOTIOTHATEIbHON HH(pOpPMAa-
IIUU HE TOJBKO 00 U3MepseMoil (hU3HuecKoi BEIIMYUHE,
HO U O MOTPEIIHOCTSX, T0IYCKaeMbIX IPU U3MEPEHU-
sx. Takue METOJIbI TIONYYHUIIH Ha3BaHUE «AJITOPUTMHU-
YEeCKHE METO/Ibl aBTOMAaTHYECKON KOPPEKIUH TOrpet-
HocTei [2, 3]. Cpean HuX HanboJee OOMUPHON TpyH-
TIOH SBIISIFOTCSA METO/IbI M30BITOUHBIX U3MEpEHuit [4], BO3-
HUKIIUE B PE3yJIBTATe BOIIOIMHA METOJJOB 00Pa3I0BbIX
Mep U TECTOBBIX METO/IOB.

IIpu BEIOOpE TOTO MIIM MHOTO MOJIX0/1a K ITOJIy4YeHUI0
UH()OPMAITMOHHON H30BITOYHOCTH HA IIEPETHAH ILIAH BBI-
CTYTIAIOT BOTIPOCKI, CBSI3aHHBIEC C BO3MOYKHOCTBIO €ro (u-
3uueckor peanuzanuu. OJHON U3 BCTPEUAIOLIUXCS Ha
MPaKTHKE TPOOIIEM SBIISIETCS HEBO3MOXKHOCTH TIPEKpa-
IICHUS BO3JICHCTBUS HCKOMOM (DPU3NUIESCKON BEIMUHHBI
Ha 4yBCTBUTEJbHBIN 3JIEMEHT JaTUuKa (IEPBUYHOTO U3-
MEpPHUTEIHLHOTO Peo0pazoBaTes).

Lenbto HacTosAIIEH PaOOTHI ABJISIETCS CO3/IAaHKUE MaTe-
MaTUYeCKOW MOJIETTH MPOLIecca H30BITOYHBIX U3MEPEHHH
IIpU HEIIPEPHIBHOM BO3ACHCTBUU H3MepsieMoi (u3uue-
CKOH BEJIMYMHBI Ha YyBCTBUTEIIbHBIN AIEMEHT JJaTYHKA.
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MATEMATHYECKAS MOJEJIb ITPOLECCA

N3bbITOYHLIX U3SMEPEHWH 11PW HEIIPEPLIBHOM
BO3JIEMCTBHUHN USMEPJEMON OU3NYECKON BEJIMYMHLI
HA UYBCTBUTEJIbHbBIN DJIEMEHT JATUUKA

MaremaTudeckasi MojaeIb rpauynpOBquOﬁ
XAPAKTCPUCTUKH U3MEPUTEJIBHOI0 KaHaJIa

B [5, 6] ormeuaercs, 4To B KauecTBE 00OOLIEHHOMN
MaTeMaTHYeCKOH MOJICITIH BCTPEUAIOIINXCS Ha TPAKTHKE
IpaIyHpOBOYHBIX XapaKTEPUCTUK N3MEPUTEIIBHBIX KaHa-
JIOB MOKET OBITh MPHUHATA (YHKIUS IPeoOpa3oBaHI
(®I0) Buma

_ 2 +1
Y=y, P Sx+ S, xS X,

)

e x — u3Mepsiemasi pu3nvecKkas BEIMUYUHA; Y — BBIXOII-
Has BEJIMYMHA U3MEPHUTENLHOTO KaHaa; Vo, S, S, 5 -

S,,,— napamerpsl OI1; n — crenens nonuHoMa.

H3BecTHO, YTO KOTJa rpalyupOBOYHAs XapaKTepuc-
THKa H3MEPHUTEIILHOTO KaHaJIa OIMCHIBACTCS TOJTMHOMOM
BBICOKOI1 cTeneHu, TpedyeTcs MPOBEICHHUE 3HAUUTEIIbHO-
r0 yHciia MPOMEKYTOUHBIX U3MEPEHUH. DTO MIPUBOJUT K
POCTY MOTPEIIHOCTH, BRI3BAHHOM N3MEHEHUEM 3HAUCHHS
u3MepIeMoi (U3NYECKON BETMYMHBI B TIpoIiecce U30bI-
TOYHBIX U3MepeHuil. B cBsizu ¢ aTuM B [5] pexomeHay-
€TCs NCTIONIF30BATh KYCOYHO-TapabOoIMUECKYI0 ampoK-
CUMAIIMIO TPAJlyHPOBOYHON XapaKTEePUCTUKHU, KOTOpas
MO3BOJISIET CHU3UTH CTEIIEHb alllPOKCUMHUPYIOIIETO 10-
JTUHOMA YBEIMUYCHHEM YHCIIa allllPOKCUMHUPYIOIINX I1a-
pabon Bumay =y, + S x+S x?. OnHAKO TaHHBIH MOIXO]
HEJIb3s1 IPU3HATh YHUBEPCAIBHBIM I10 CJIEYIOLIeH npu-
9HHE. 3aJI0r0M YCIICIIHOTO PEIICHHNS 3a/1a4l aBTOMaTH-
YEeCKON KOPPEKIMHU MOTPEIIHOCTEH SIBIsieTCsl BEIOOP OII-
TUMAaJIbHBIX 3HAYEHU I KOPPEKTUPYIOLINX BeaurH. Ecian
JMana3oH 3HaueHui m3mepsemort OB pa3ouBaeTcs Ha He-
CKOJIBKO TOZJINAa30HO0B, TO KaXI0MY U3 HUX OyayT CO-
OTBETCTBOBATb CBOM ONTHUMAaJIbHbIE 3HAYEHUSI KOPPEKTH-
pyronux ¢uzndecknx BenuduH. ClenoBaTenbHoO, pea-
TU3a1Msl METOJIOB M30BITOYHBIX U3MEPEHUN OyneT BO3-
MOYKHA TOJIBKO IIPU HAJIMYMKM MHOTO3HAYHOM Mephl WK
MarasuHa mep.

BBumy storo mpencraBnseTcs IeaecooOpa3HbIM HE
pa30mBaTh TUAa30H 3HAYCHUH H3MepsieMoit pru3maeckoit
BEJIMYMHBI HA TIOJJTUAIIA30HbI, HO orpaHnanThest B OIT (1)
YeThIPbMS NIEPBBIMHU WlieHaMu. B aTom ciyvae st huzu-
YeCcKOU peann3aly MeTo1a U30bITOYHBIX U3MEPEHHH TO-
TpeOYIOTCS JIUIIb TPH OJJTHO3HAYHBIC MEPBI M MaCIITaOHBIH
U3MEpUTENbHBIH IpeodpazoBaTesb. C yueToM 3TOro MpH-
MEM MaTeMaTUYEeCKYI0 MOJENb I'palyHpOBOYHOI Xapak-
TEPUCTHUKU U3MEPHUTEIILHOTO KaHaa B BUJIC
y=8,+S8 x*+8x+y,
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Torma peanbHyr0 (QyHKIHIO TIpeoOpa3oBaHUs U3Me-
PHUTENBHOTO KaHalla MOXHO 3alHCcaTh CICIYIOMNM 00-
pazom:

— Q’ 3 ’ 2 ’ ’
y=8,x+8, x+8 x+y, 2)
’ 4 4 ’ .
rne S, 8, 8, ¥, — napamerpsl peanbHoi @I, yuu-
TBHIBAIOIINE BIUSHUE JCCTAOMIM3UPYIOMUX (aKTOPOB
Ha U3MEPUTEIIbHBIN KaHaI.

ITpu sToM 3Ha4YeHUs1 apameTpoB peasibHoi DIT omnpe-

JIETISIFOTCS KaK

{8 =180 Iy 0)s {8, =180 ()
(S8 od={ret (111,9),

e {S,}, 1S,,}, 1S,}, {¥y,} — HOMHUHAIbHBIE 3HAYE-
Hust mapamerpos PIL vy, v, ¥, Vg — OTHOCHTEIIbHBIC
U3MEHeHus 3HaueHui napameTpoB @I1, o0yciioBneHHbIE
MPOIIECCaMH CTAPEHHsI, a TAKXKE BIMSTHUEM JIeCTaOMIN-
3UPYIOMUX (PaKTOPOB Ha N3MEPUTEIHHBINA KaHAaII.
MaremaTnyeckasi MojieJIb Npouecca U30bITOYHBIX
u3MepeHui

Amnamumz @1 (2) mokazai, 4To penieHne 3a1a4u aBTo-
MAaTUYECKON KOPPEKIIMH MOTPEMIHOCTEN BO3MOKHO ITPU
WCTIONB30BAHUU TPYIIBI U3 IECTH KOPPEKTHPYIOIIUX
¢usnaecknx penmann (Kp®B) x,, x,, x5, X4, X5 1 X CO
CIEYIOIMMH 3HAUEHUAMU: {X, }={x}, {x,}={x}+{x },
Pegp=txp+ix, b, od=ixd+ixg, sd=ixi/k,,
{xgb=k ix}. Bmech {x ), {x,}, {x,;} — HOpMHpO-
BaHHbIC 3HAYCHUS (PU3MUECKUX BEITMYHH, BOCIIPOU3BO-
aumbix Mepamu ({x 1 ={x,} +{Ax,}, {x ,}=1xy},
{x 5t =1{x} H1AX,}); &k, — mepBoii koopdunuent mo-
KaJbHOU MrHeapu3anuu. CiaeayeT OTMETUTb, YTO B COOT-

x(?()’z t+y, _kz)’3)+onxo(yZ - y4)+k2Ax02(.V3 - ﬁ
kyx,Ax] (x5 — Axg) k

B x;(k;l _kl)(km _kl)(y3 - yl)_xo (kjfl[(km _kl)xﬂ _x()](yl - y5)+[knl(xﬂ +x0)_xﬂ](y6 - yl))

BETCTBHH C TEOpHEH N30BITOYHBIX U3MepeHHMi [4] 3Haue-
HUS {X,}, {X;} U {X,} 00pa3yroT apu(h)MEeTHIECKYO IIPO-
TPECCHIO, & {X,}, {X5} U {X;} — I€OMETPUYECKYIO.

Ecnu usmepenus uckomoit @B x npoBoagarcs MeTo-
JIOM M30BITOYHBIX H3MEPEHHIA TIEPBOTO POJia, TO CHCTE-
MY KOTE€PEHTHBIX HEJIMHEHHBIX YPAaBHCHUHN CBA3H MEKTY
BCIIMYMHAMHU MOKHO IIPCJACTABUTL B BUEC

Vi = Six + Spx +Six + vg
Y2 = S + Sx5 + S0, + 3,
Y3 = SipX3 + Spxs + S5+ ¥, 3)
Vo = S;:zxi + S:xle +87x, + ¥

7 3 r 2 ’ ’
Vs =SpXs 8 X5 +8,x5 + ¥y,

7 3 ) ’ ’
Yo = SpaXs + S,0X6 +S,% + ¥y

Pemienue 31oit cucTeMbl OTHOCUTENIBHO UCKOMOM OB
X TIPEJICTABIICHO YPaBHEHUSIMA H30BITOYHBIX H3MEPEHHH
(4)—(8), te X,— JACHCTBHTEIbHOC 3HAYCHNUE ¢buznye-
CKOW BeNMYHMHBI X; k =1; k,=2.

Pu3nUeCKUil CMBICI IPUBEIEHHON MaTeEMaTHYECKON
MOJIeNIA COCTOUT B ciienyromeM. CHayaia Ha BXOJ U3Me-
PHUTENBEHOTO KaHalla MOAAeTCs HCKoMasi (pu3uIecKasi Be-
JvduHa X ({X,}={x}), KOTOpas MOABEPracTCs U3MEPH-
TenbHOMY npeobpasoBanuio B OB y,. 3aTeM ¢ momopro
nepBoit Mepsl popmupyercs OB x|, 3HaUEHHE KOTOPO
C 3a/IaHHOM TOYHOCTBIO PaBHO {x, | ;=1X,}—{Ax,}. [lan-
Hast @B noctynaer Ha BX0J H3MEPHUTEIBHOTO KaHaa O/l
HOBpeMeHHO ¢ uckomorr @B x. Koppekrupyromas ®B
X,, 3HAYEHHE KOTOPOH PaBHO CyMMe€ 3Ha4eHUH (husnde-
CKUX BEJMYMH X, U X ({x,}={x}+{x,}—{Ax}), mox-
BEPraeTcsi U3MEpUTEILHOMY IIPeoOpa30BaHuIo B (hu3u-

-k

al

; 4)
x2xy (k= k) (X, + x0) = x 1k = k)x, = x]
- szxg(y3 =)+ %A% (¥, —y) +x§(y2 +y,—kyy3) (5)
" kszAxg (xg —Axg ) ’
win =Koy yzﬁ N _kn21(yl _yS) _xﬂ knl +£+k1 kZAxg(y3 B yl)+x()Ax0(¥2 _2}’4)"‘2)602()’2 + V4 _k2y3); (6)
x, (kyy = k)™ (ky + k) al kyxgAxy (xg — Axg)
= k3 () _YS)_()’GZ_ ») +Xﬂ2 k., +£+k1 kAxg (v —y1)+x0Ax0(2/2 _2)’4)"'2353()’2 T _kz)’3); 7)
x, (k, — k) k. kyxyAxy (X — Axg)
Yo, = kﬂl[kflys =ik +k)I+ s 0 szxg()% = Y1)+ A% (y, - y4)+x§(y2 +y,—ky ;) (8)
oo — .

(knl - k1)2 (knl + kl) :

kzonxg (xg - Axg)
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YECKYIO BEIMYMHY V). AHAIOTHYHBIM 00pa3oM IpH M0~
MOIIH BTOPOH U TPEThEH Mep OcyIecTBIIeTCS (POPMHUPO-
Barne Kp®B x; u x, ¢ UX HOCIENYIONIUM U3MEPHUTEb-
HbIM TpeoOpazoBanreM B OB y; 1y, COOTBETCTBEHHO.

[Janee uckomast pu3mdeckast BeIMIHHA MTOAACTCS Ha
BXOJl MAaCIITAOHOTO H3MEPHUTEIHHOTO IpeoOpa3oBaress,
obecneunparommero popmuposanue Kp®B x,, kotopas
3aTeM MOCTYTAeT Ha BXO M3MEPHUTEIBHOTO KaHaNa 1 MOJI-
Bepraercsi U3MepuTeNbHOMY npeobOpa3oBanuio B OB.
AHaNIOrH4YHBIM 00pa3oM ocyliecTBiIsieTcs: (HopMUpoOBa-
nue Kp®B x, u ee u3smepurenbHoe peodpa3oBaHue B
DB y,.

IonyueHHble pe3yIIbTaThl IPOMEXKYTOUHBIX U3MEPEHUI
00pabaThIBaOTCsl B COOTBETCTBUH C YPAaBHEHHEM H30bI-
TOYHBIX U3MepeHuH (4), U3 KOTOPOro He CIOXKHO OIpesie-
JIUTh JEHCTBUTEIBHOE 3HAYCHHE {xﬂ} nckomont @B x.
[TockonbKy B ypaBHEHHE M30BITOYHBIX M3MEpeHHid (4)
He BxomiT nmapametpsl DI n3mepurensHOro Kanamia, cTa-
HOBHTCS] OUYEBHJIHBIM, YTO OHO 00ECTICUNBACT aBTOMATH-
YEeCKYI0 KOPPEKIIMIO MOTPELUTHOCTH H3MEPEHNH U3-3a 13-
MEHEHUs yclIoBUM n3Mepenuil. [Ipu sToMm Taxxe noctu-
raercs JMHEeHas 3aBUCUMOCTb MEXly 3HAUeHUEeM H3Me-
psieMOl (PU3NIECKOH BETHMUUHBI {X} W pPe3yJIbTaTOM H3-
OBITOYHBIX H3MEPEHHIT {X }.

[ToxydeHHas MaTeMaTHYECKasi MOJICIb MTPOIIECCa U3-
OBITOYHBIX U3MEPEHUN MOKET TaKKe OBITH HCTIOJIb30BA-
Ha TIPH PEIICHUH 33/1a41 OLIEHUBAHUS METPOJIOTMYECKOM
HaJIS)KHOCTU CPENCTB m3MepeHuil [4]. Pemrenne Takoii
3aJ1a4¥ OCYIIECTBISAETCS IyTeM 00pabOTKH Pe3yIIbTaToB
MPOMEKYTOUHBIX N3MEPEHHH 0 yPaBHEHHUSAM H30bITOU-
HBIX u3Mepenuit (5) — (8), KoTopbie MO3BOJIAIOT OTpe-
ACIUTD JCHCTBUTEIbHbIC 3HAUCHUS {S ) }, {S, |}, {S, }
u {yoﬂ} napameTpoB PII nsmepurensHoro kanana. Kon-
TPOJIMPYS U3MEHEHUS ITUX IapaMEeTPOB 3a BpEMsI U3Me-
PEHHUIA, MOKHO CAENaTh BEIBOABI O BO3JICUCTBUN JI€CTa-
Onmm3upyromux (akKTOpPOB HA CPECTBO M3MEPEHHS, A
KOHTPOJIUPYS UX U3MEHEHUS 32 HHTEPBaI BPEMEHH, CO-

MU3MEPHUMBI CO CPEIHUM CPOKOM CITyXKOBI, MOJKHO CY-
JIITH O JICTPaIallii K3MEPUTEIIHHOTO KaHalla ¥ CPEeJICTBA
WU3MEPEHHUS B IIETIOM.

Takum ob6pazom, pa3paboTaHHas MaTeMaTHUeCKas
MOJIETh TIpoLiecca N30BITOYHBIX M3MEPECHUI TT03BOJISET
OTIPEIIeUTH IEHCTBUTEIBHEIC 3HAYCHHS TApaMeTPOoB (yH-
KIIMU TPeo0pa3oBaHus H3MEPHUTEIHHOTO KaHaja Ha MO-
MEHT €T0 M3TOTOBIICHUS U B IPOIIECCE IKCILUTyaTaIHH.
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B KHure paccMoTpeHbl SIBJIEHHSI KaTOAHOIO M aHOJAHOIO HarpeBa TOKO-
NPOBOASALLNX MaTepUaJJoB B BOJAHBIX pacTBOPax 3JEKTPOJUTOB; IIpoLec-
Cbl JIOKAJ/JbHOIO BCKUIAHHUS 3JEKTPOJUTOB B OKPECTHOCTU 3JEKTPOAA C
MaJIoll MOBEPXHOCTbIO, (COPMHUPOBAHKE CIJIOIIHON U YCTOHUYHBOW mapora-
30BOIl 000/I0UKH, 3J€KTpHUECKas MPOBOJMMOCTb B MaporasoBoil cpene,
TenJa0GU3nYecKne W 31eKTPOXHMMHUECKHE aCMeKTbl aHOJHOrO BapHaHTa
HarpeBa. JlaH KpUTHUECKHUI 0630p pe3yJbTaTOB NPUMEHEHHUS aHOAHOrO
HarpeBa € LeaAbl0 3aKa/JdKH, HUTPO3AKAJKH CPeAHEYTJePOJAUCThIX HIH
MHCTPYMEHTAJ/bHBIX CTa/leH, lleMeHTAllMi H HUTPOLLeMEHTALlud KOHCTPYK-
LHOHHBIX CTaJeH MU KeJae30rpauToB, OKCHAUPOBAHUIO CTAJNbHbIX UM THTAHOBBIX CIHJa-
BOB. Omucanbl (ha30BbIil COCTAB, CTPYKTYPa H SKCIMIyaTallMOHHbIE CBOMCTBA YIPOUHEHHBIX
mMaTepuanoB. MamoxkeHbl cnocoObl M yCTPOHCTBA /s HAarpeBa MeTaJ/JA0B W CHNJI4aBOB B
3JEKTPOJNIUTE, PEKUMbl 00paOOTKH, COCTABbl 3/JEKTPOJUTOB U Pe3yJbTaTbl UX MpaKTHUe-

ﬂJIS'-[ Hay4YHbIX pa6OTHI/IKOB, HUH2XKEHEePOB, a TaKxKe npenoaaBaTeneﬁ, ACMIUPAHTOB U CTYJ€H-
\TOB q)I/ISI/ILIeCKI/IX, XHUMHUYECKUX U TEXHUUECKHMX CIellHaJbHOCTEN. /
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