View metadata, citation and similar papers at core.ac.uk

brought to you by

145

ISSN 2522-9818 (print)

CyuacHuii cman HayKko8ux 00caiodceHb ma mexHonoeitl 6 npomuciosocmi. 2020. Ne 3 (13) ISSN 2524-2296 (online)

VK 621.319 DOI: https://doi.org/10.30837/1TSS1.2020.13.145

O. b. BAMUEHKO, H. 5. 3ANYEHKO

BAT'ATO30HJIOBUIA MIKPOXBWJILOBUI MYJIbTUMETP 3 OBPOBKOIO
CUTI'HAJIIB JATYHUKIB ®IJIbTPOM KAJIMAHA

IIpeaMeToM JOCIIKCHHS B CTATTI € MPOIIEC BUMIPIOBAHHS MAapaMeTpiB CHTHAMIB 1 TpakTiB HaaBHcOKuX yactoT (HBY). Mera poGotu
— peamizauis Ha [IJIIC 6araTo30HA0BOrO METOAY BHUMIPIOBAHHS IapaMeTpiB CUTHAJIB 1 TPAKTIB 3 MiABUIIEHHIM TOYHOCTI 32 paXyHOK
onTuManbHOI 00poOku iH(opmanii, oTpuMaHoi 3 HATYUKIB. Y CTAaTTi BUPILIYIOTbCS HACTYIHI 3aBJAHHA. CTBOPEHHS MOZETL
0araTo30HIOBOTO MIKpOXBIJILOBOTO MYJBTUMETpa 3 HaJMipHOIO KUIBKICTIO JaTYMKIB BHKOpHCTaHHS (ursTpanii Kanmana y metoni
6araTo30HI0BUX MIKPOXBUJIbOBHX BHMIpIOBaHb i #Oro peamisamisi Ha HOPOrpaMOBaHHX JIOTTYHHX iHTerpampHux cxemax (ILIIC).
BukoprcToByIOTECS Taki MeTOAW: JIiHiIHHA ajreOpa IpH BH3HAUYCHHI MPOMDKHHUX 3MIHHHX 31 3BOPOTHOI MaTpHIll CHCTEMH PiBHSHb,
0 ONHUCYIOTh 0araTo30HIOBY CHCTEMY HpH MOOYIOBI alropuTMy OOpPOOKM CHTHATIB JATYMKIB IPH HENPSIMOMY BHMIipIOBAaHHI
MIOTYKHOCTI 1 KoedillieHTa BIZOWTTS CHUTHATIB JATYMKIB, TEOPis OLIHIOBAHHS IpW (IIbTparii NPOMDKHUX 3MIHHHX, SIK IIJIbOBA
(GYHKILsI IpH BOMY BHCTYIA€ CyMa €JIEMEHTIB TOJIOBHOT [[iaroHaii MaTpHIi AUCIepCii i KoBapiamil (YMM MEHIIEe 1 CyMa, THM MEHIIE
MoXMOKa) 332 AHAJOTIEI0 3 METOAOM HAMMEHIIMX KBaapariB, J¢ MpH D-ONTUMAIBHOMY IUIAHYBAaHHI €KCIIEPUMEHTY MiHIMi3yIOTh
JOOYTOK eNeMEHTIB TOJIOBHOI [iaroHasi MaTpHUIi JUcIepcii 1 koBapiamii, ToMy 0 JOOYTOK €JIeMEHTIB TOJIOBHOI JiaroHalli BHOCHTh
OCHOBHHUH BKJIaJ B 0OYHCIICHHS BU3HAYHHUKA IIPU 3HEBAXKIIMBO MAIMX BHEAIarOHAJIBHUX EIEMEHTaX MaTpHIi JHchepcii 1 KoBapiawii, B
CBOIO YepTry BM3HAUHHMK MAaTpHIi JUcHepcii i KoBapuamii Bi3yali3yeThCsl eIICoinoM pO3CilOBaHHS, YUM MEHILE SKHH, THM TOYHIIIe
BuMiproBaHHs. OTpHMaHi HacTYIHI Pe3yJbTATH. YJOCKOHAJeHa MaTeMaTH4YHa MOJENb 0araTOo30HJOBOTO METOJy BHMipPIOBAaHHS
nmapaMerpiB curHamiB i TpaktiB HBY, sika IpyHTYETBCS Ha IEpETBOPEHHI CHUTHATIB JAaTYMKIB, PO3TAIIOBAHHX B3JOBX HAIPSIMKY
mepefavi MOTY)KHOCTI Yy TPakTi y Majawdy, BiIOMTYy Ta Ty, IO MPOXOJE, MOTYKHOCTI 1 KOMIUICKCHHH KOC(IIi€HT BiIOUTTS
HABaHTa)KEHHS, KA BIIPI3HAETHCA QLIBTPAIi€l0 TPOMDKHUX 3MiHHHX, [0 TO3BOJIMIO 301IBIINTH TOYHICTh, 3aPONOHOBAHO KiHIIEBUI
aBTOMAT 3 TAKMMHM CTaHAMH, K NIPOTHO3YBAaHHS 1 OHOBJCHHS anroputMy dinbrpa Kanmana Ta HOro MoneaioBaHHS 3a JOHNOMOTOO
[UIIC. BucCHOBKM YyIOCKOHAJICHHS OOpOOKM CHTHAJIB AATYUKIB 0araTo30HAOBOTO MiKPOXBHJIBOBOTO MYJBTHMETpPA JTO3BOJIIIH
30UTBIIATH TOYHICTH BUMIPIOBAHb.

KnrouoBi cioBa: Garato3oHmoBuil MiKpOXBIIbOBHH MynbTuMeTp; (inbTp Kammana; kinueswit atomart; I1IJIIC; amroputm
00pOOKH; HAIMIPHICTb.

Beryn po3po0OKa HOBUX NATYUKIB, MOCATIIO MEXKIi. 3SaIHIIUBCS

NUIAX IiJABUIICHHS TOYHOCTI 0araTo30HI0BOTO METOIY 3a

Texmiuanii cran HBY-amapatypu nis 3B'a3Ky, DaxyHOK JTOCTIIPKCHHST MaJIOBUBUCHHX JDKEPEI MOXUOOK i
CYTyTHUKOBOTO TeJlebaueHHs, paioiokalii BU3HAYAIOTh  1X  YCYHCHHs OOpOOKOK — CHTHAB  JaTYMKiB 3
[UIAXOM BUMIPIOBaHb [APAaMETPIB  EJIEKTPOMArHiTHUX  ONTHMAJILHUMM aJrOpUTMaMu.
KOJINBaHb 1 MapaMeTpiB MepeJaBaibHUX TPAKTIB, cepeln 3acTocyBaHHs OibLI TOYHMX 3aCO0IB BUMIPIOBAHHS,
NPUHIUN [ii SKAX 3aCHOBaHWN Ha 0araTo30HIOBOMY

SKAX OCHOBHHUMH € TIOTYXHICTh 1 KOMIDICKCHHA

KOE(]IL[€HT BiIOUTTS HABAHTAKEHHS. METOMi, JOIIIFHO 1 aKTyaJbHO, OCKUIBKH 3a0e3MednTh
Oco0IHBICTIO BOYIOBaHOTO KOHTPOIIIO ¢ CKOHOMIIO EHEeproHOCIiB MpH eKcIuTyaTamii o0iaTHaHHS

HEMOMKIIMBICTh  Ge3nocepenboi  yuacti omepatopa B HBY, 0co6/1MBO mpu BenMKMX PIBHSX IOTYXKHOCTI 32

HpOL[eCi BI/IMip}QBaH},, a TaKOX eKcrmyaTauiﬂ PaxyHOK Y3rOo/DKEHHS TpPaKTy, SIKE BHUKOHYETHCA 3a

BUMIPIOBAJIbHUX 3aC00iB B JKOPCTKUX KIIMAaTHYHUX 1  PE3yJIbTaTaMd BHMIPIOBaHb, a TaKOXK B KPUTHYHHX

MEXaHIYHAX YMOBax IIiJ{ BIUIMBOM IIHPOKOIO Jiarna3oHy
TemIepaTyp, BiOpariil, ynapiB i IHIIMX YMHHUKIB. Y IHX
YMOBax BHUKOPUCTAHHS BIJJOMHX METOIIB MNOOYIOBH
ABTOMAaTH30BaHUX BUMIPIOBAJILHUX MPUIIAJIIB YCKIIaHEHE,
OCKUIbKM BOHM HE 3a0e3MeuyroTh MPH MaluxX rabapurax
MIEPETBOPIOBAYIB 30epeKeHHS METPOJIOTIYHHX
XapaKTEepPUCTUK IPOTATOM JIOBFOTO 4Yacy B 3aJaHuX
MeXax, [0 NPU3BOAMTH O 3HWKEHHS HaJiHHOCTI Ta
JOCTOBIPHOCTI KOHTPOJIIO.

3 BOynoBaHUX 3acO0iB BHMIpIOBaHHS 1 METOIIB, Ha
SIKHX BOHM 3aCHOBaHIi, HalOUIbII yHIBEpCAILHUM, 1 TOMY
MEePCTIIEKTUBHUM, € Oarato3oHaoBoro merton. Lleit meton
3MaTHUH 3a0e3MeYnTH OJHOYaCHE BHUMIPIOBAaHHS SIK
IMIIEZIAHCHUX XapaKTEPUCTUK TPAKTY, TaK I EHEPreTUIHUX
XapakTepuCTHK curHady. Ha BinMiHy Bim wmeTomy
CIPSAMOBAHOTO Bifraxy)XKyBadi, BiH 34aTHHUH MPAIlOBATH B
TPaKTax 3 BEJIMKMUM PO3y3TO/PKEHHSIM, MEHII Yy TIIMBHH 10
M03aCMYTOBHX CKJIQJIOBUX CHUTHally reHepartopa. OnHak
Lei MeTos BUMarae MHiJBUILEHHS TouHOCTI. [TinBuImeHHs
TOYHOCTI 3a pPaxyHOK amapaTHHX 3aco0iB, TaKHX SK

CUTyallisIX CIPUSATHME IONEPE/PKEHHIO BUXONY 3 Jajay
TeHEePaTOPHOT0 00JIaAHAHHS.

AHaJli3 cCTaHy Ta NepcrneKTHB 0araTo30HA0BOr0
MeTO01y BUMIpPIOBaHHS MapaMeTpiB CUTHAJIB i TPakTiB
HBY

Y knum3l [l] Ha cydacHOMy piBHI BHKJIAJICHO
NpaKTHYHE BHUKOPUCTAHHS JBaHAIATHUIIONIOCHHUKIB IS
MIKpPOXBHJILOBUX BHMIpIOBaHb, O€3IPOTOBHX MEpEX 1 iH.
JBananusaTHNONIOCHT peduiekToMeTpu 3’sBWimch B 70-x
pOKax MHUHYJNOTO CTONITTSI 1 Oymm  po3poOieHi
I'.®. Earesom. OpHowacHO y BITYM3HSHIN JiTepaTypi
ommy0JIiKOBaHI BiJOMOCTI NP0 TNPHIaAWd 3 aHAJOTIYHUM
OPUHIUIOM i 13 pI3HUMH Ha3BaMH, TaKUMH SK
BaTMETPH, 0araTo30HI0BI BHMIipIOBaJIbHI JIiHiT,
aHami3aTopu  KiI,  pedJeKTOMETpH, Cepel  SKUX
BUJIUIAETHCS Ha3Ba MYJIBTHMETP, TOMY IO BHUMIPIOETHCS
OJTHOYAaCHO KUIbKa ITapaMeTpiB:  MOTYXHICTh, fKa
XapakTepu3ye T'eHepaTop 1 Koe]iieHT BioOpakeHHS,
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SIKHA XapaKTepU3y€e HaBaHTAXKEHHS. Taky Ha3By K
MyIsTEMETp BBeneHO A.l. MeXaHHIKOBHM, aBTOPUTETHUM
pociiickkum  BueHmM 3 BHJII®TPB. Mynetumerp,
po3pooOsennit 'y BHIAI®TPB, BukopucTOBYyEThCS B
€TAJIOHI TOTYXKHOCTi, TOOTO WOro BiApI3HIE BHCOKA
TOYHiCTh. Bu3HaueHHs1 6araTo30HI0BOTO BiITHOCUTHCS JIO
6araTo30HJ0BOTI'O METOLY BHMIPIOBaHb, a
MIKpPOXBHIILOBUH MiIKPECITIOE, 110 neu
panioBUMIpIOBAILHUN MPHIIAJ] BITHOCUTBCS A0 Jliara3oHy
HA/IBUCOKUX 4YacTOT. TakuM 4YHHOM, 0araTo30HIOBHI
MIKpOXBHJIBOBHHA  MYJBTHMETP 32  MDKHapOIHOIO
KIacu(iKamiero BiIHOCUTBCS JO JABAHAMLSATHIIONIOCHHUX
pedIIeKTOMEeTPIB 1 aHATI3aTOPIB KiJI, OCTaHHI 13 3raJlaHuX

TECTOBAaHWX MPHUCTPOIB, OCKUIbKH, SK Bigomo, 3
mapamMeTpaMy BiIOUTTS TIIOB'S3aHI MapaMeTpud MaTpHIl
PO3CifoBaHHS.

baraTto30HIOBHIT  MIKpOXBWJILOBUH  MYJIBTUMETP
MOXKE OJIHOYACHO BHUMIPIOBATH TMapaMeTpU CHTHANTY, Taki
SK BiIOWTa, Majaoya i MpoXiJHa MOTYXHICTb, 1 MapamMeTp
TPaKTy, Taki K MoAynb i (asa KoediuieHTa BiIOUTTA
HaBaHTAXXCHHSI, 16 HABAHTAKCHHSM BHCTYIIA€ TECTOBAHHN
npuctpiit (DUT) [1-3]. Barato3oHm0BUiT MiKpOXBHIBOBHI
MYJBTUMETP Ma€ TaKMW CKJaJ: JBa BXIJHUX HOPTH 1
YOTHPH BUXIIHUX MOpTH (puc. 1), CHTHAIM YOTHPHOX
BUXITHUX TIOPTIB € YOTHUPMa PI3HUMH  JTIIHIHHAMH
KOMOIHAIlisIMH XBHJIb, IPUCYTHIX HA HOTO BXOJaX.

NPUCTPOIB  BHU3HAYAIOTh ~ MATPUMIO  PO3CIIOBAaHHA
Ps Ps
o
s T Tb6 | DUT
bqg — b |
a parato3oHAoBLI y |
1 MIKDOXBMILOBU H
MynbTUMETP |
| P | -
o
o o
P3Py
Puc. 1. barato30H10BHI MiKpOXBHIbOBHH MyIbTHMeTp (I'—TeHepaTop, H-HaBaHTa)XeHHS)
3a  OWbII  HDK  M'SATHASCATHPIYHY  ICTOpIIO  pe3yNbTaTiB, MNPUYOMY HE3HAYHO YCKJIAJHIOYH 1
JIBAHAALSATHIIONIOCHI  pedJeKTOMETpH NEpeKMBaiu 1  30UIbLIYIOYM BapTICTh NPHUCTPO0. MeToj HalMeHIIHX

MOMYJIAPHICTh 1 3a0yTTs, mpoTe crabinbHO € 00'€eKTOM
yBar", OCKIJIBKM  Ha0arato JeuieBIIe BEKTOPHUX
aHaJi3aTopiB Kijl, 32 PaXyHOK OUIbII MPOCTHX IATYUKIB, 3
CUTHAIIB SKHUX NUIIXOM OOYHCICHb OTPUMYIOTh BEKTOPHI
BEJIMYMHH KOMIUIEKCHOTO KoedimieHTa BinOuTTsa. CydacHi
myOmikamii B OCHOBHOMY 30CEpE/DKCHI Ha MPaKTHIHHUX
IoIaTKax. Benwka WacTHHA 3 HHX TNPHCBSYCHA pagapam
Ha  0asi JBaHAMIATAIIONIOCHUX  PeIeKTOMETPIB,
nouynHarouu Bif [3], mo cyvacHux [14-15], B Tomy uucmi
MennyHi momatku [2]. ITlpakTwyHi HanpsSMKH OibIn
NpuBaOJIMBI TUM, IO B HHX OTPHMaHHS pPE3yJbTaTiB
BiOyBaeThCsl WIBHIIIE, HDK Yy TeopernuHux. Lle
MOSICHIOEThCS. THM, JBAHAIIIATUIIONIOCHUKA B IIOMY 1
MYJITUMETPU 30KpPEMa XapaKTePH3YIOTHCS PO3BUHCHUM 1
YCTaJCHUM MAaTEeMAaTHYHHM arapaTtoM, M0 BKIIIOYAE
rpadoaHaNiTHYHE MOAAHHS PIlIEHb Yy BUINIAIL MEPETHHY
KUT Ha IUIONIMHI KOMIUIEKCHOTO KoedillieHTa BiIOUTTS,
BBeneHe [.®. EHreHoM i sike 3roJIoM CTalo Bi3UTHOIO
KapTKOI0 JTAaHOTO METOAy BHMiproBanb. [lopsg 3
rpadoaHaNiTHYHUM TIOJAaHHSAM MOJEJ ICHYe TakKoX 1
aHANITHYHE TOJAHHS, IO TOJATaE B OIKCI CHCTEMH 3a
JIOTIOMOT010 JIiHiHHOI anreOpu. IIpmbim3Ho Tomi X Ha
mouatky 70-x T.®. EnrenumM omyOnikoBaHa TepIia
poboTa mpo 3aCTOCYBAaHHSI METOAY HAHMEHIIHMX KBaIpaTiB
B 00po0Omi cHrHamiB JAaTYMKIB y OPUOYLICHHI Hpo iX
HaJMIpHY KIUTBKICTh, TOOTO, SKII0O B KJIACUIHOMY
JIBAHAIIATHITOIIOCHUKY YOTHPH JaTYHKa, TO 301IbIICHHS
KIIBKOCTI  JATYMKIB ~ MOJKE€  MIABHMINMTH  TOYHICTH

KBaJpaTiB  Hapa3i  PO3BHUBAETHCS  MPEACTABHUKAMU
capaToBChbKid KoM miJ KepiBHUITBOM A.A.JIbBOBa
[4, 12, 13], me oTpumaHO psii I[iKABUX HAYKOBHX 1
NPUKJIAJIHUX PE3yJIbTaTiB B BHMIPIOBAHHI IapamMeTpiB
JICNEKTPUKIB, IHTEPHETI pededl Ta iH. B TMPHUKIATHOMY
IUTaHi, a TakoX KamiOpyBaHHA 1 pO3MIATAHHA B
METpPOJIOTIYHOMY ~ CEHCI ~ MaTeMaTW4HoI  Mojemi i
ITOPUTMY 3 TOYKH 30py D-ONTHMalbHOTO IJIaHYBaHHS
eKCIIEpUMEHTY, 3aCHOBAaHOTO Ha METOJi HaWMEHIINX
KBaJIpaTiB 3 ps/IOM IIIKaBUX BHUCHOBKIB B TEOPETHYHOMY
mwiani. Ham inrepec mo gamoi temm [5, 7, 11]
MOSICHIOETBCSL ICTOPUYHUMH TIEPEIyMOBAMH Y BHIJISI
ICHYBaHHS ~ XapKiBCbKOI ~ INKOJIM  MIKPOXBHIJIOBUX
BuMmiproBasp Ha 6a3i XHYPE, i B 3a3HaueHnX myOmiKamisx
[5, 7, 11] moka3anmii mepexii Bij METOAYy HaMMEHIIHMX
kBaapariB 1o ¢inetpy Kammana [6] 1 mponemypi
Po06inca-MoHpo, a TakoXX IPOBEAEHO IOPIBHAHHS
TOYHOCTI HpH 00pobui nanumu Meronamu. IIpoBenene
MOJICTIIOBaHHS 1 HOro pe3ysibTaTH NPU3BEIH  JIO
HacTyIHOro etarmy — peanizamii. [Ipuuomy BUOpaHO uts
peanizanii oOJagHaHHS HE HAWIPOCTINIE 3 TOYKH 30py
uncensaux Metoais — [IJTIC [10].

Mertoro podotu € peamizamis  Ha [IJIIC
0araTo30HIOBOTO METOJYy BHMIPIOBAaHHSI IapaMeTpiB
CUTHAJIIB 1 TPaKTiB 3 MiJBUIEHHSAM TOYHOCTI 32 PaxyHOK
onTtuManeHOi  00poOkm  iHdopmamii, oTpuMmaHoi 3
JIATYHKIB.
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MaremMaTH4YHA Mo/IeJIb 6araTo30H10BOI0
MiKpOXBHJIbOBOT0 MYJIbTHUMETPA 3 HAAMIPHOIO
KiabKicTIO JaTYHKiB, 00po0Kol0 pinbTpom Kanmana i
OTPUMAHI aJNTOPUTMH

®diznyHa MoJIeNh I 0araTo30HIO0BOIO METOIY — IIe
JIOBUTbHE KUIBKICTh JAaTYMKIB, BCTAHOBJICHHX Ha PIiBHIH
BiICTaHI Y3M0BX MIKPOXBWJIBOBOTO Tpakty. CHUTHAIH
JaTYMKIB Pi3HI yepe3 Te 10 MPONOpLilHI pi3HIK (a3oBii
BiZICTAaHb BiJl HaBaHTaKEHHS, IO BH3HAYAETHCS iX
pO3TallyBaHHSAM B3J0BX TpakTy. MaTemMarndyHa MOJEib
0araTo30HJOBOI'0 METOJy — CHCTE€Ma JIIHIHHUX DPIBHSHb.
Cucrema JiHIHHUX PIBHSHB IIOB’S3y€ CUTHAJIHM JATYHKIB
P, P,, P, 3 meBinomoro mamatouoi mortyxHicTio P, i

KOMIUICKCHUM KOC(II[iEHTOM BIiIOWTTS HaBaHTaXCHHS
re.

3B'A30K MDK HUMH 3AIHCHIOETbCS 4Yepe3 MPOMIKHI
3MiHHi by, by, b, .

MaremaTtiyHa ~ MOJENb  JBAHAALATUIOIIOCHOTO
MIPUCTPOIO SBIIE COOOI0 CUCTEMY JIIHIMHUX anreOpaiaHux
PIBHSHB. Jist BUPIIICHHS CHCTEMU piBHSHB
BHKOPUCTOBYETRCS arapar JIiHIHHOI anreopu.

Mogens [T BHMIpIOBAJIBHOI CeKII 3 TpboMma
JAaTIUKAMHU

R =P,,(1+I?+ 2 cos(¢—6))

P, = P @+ T2 +2Ccos(g)) 1)
Py = P,y (1+T% + 2T cos(g + )
ne ' — monyne xoediuieHra BinoutTs, @ — daza

Koedimienta BinOuTTsA, 6
cycigHiMu nardukamy, P,

— (asoBa BiAcCTaHb MiX
— Tajaroya MOTYXHICTb.

Po3zramryBaHHS TPROX JATYMKIB B BUMIPIOBANBHIHN CEKIii
MOKa3aHo Ha puc. 2.

5

* HaBaHTaX

reHeparop |

| 9

Mapatoya xBuns |
jo
BinouTa xsunsa Ire

Puc. 2. Po3ranryBaHHs TPHOX JaTUYHKIB B BUMIPIOBAJIbHIN CeKmii

[Ticnst TPUTOHOMETPUYHOTO MEPETBOPEHHSI CHCTEMaA
JHIAHUX piBHAHB (1) B MaTpu4HOi (hOopMI Mae BUIIISL

R] [1 cos® sing ]|P,,@1+T?)
Pl=|1 1 0 Pl cos¢ (2)
P 1 cos@ -sinéd|| P,,I'sing

Beenmemo mpomixkHi 3MiHHI Ha OCHOBI BHpasy (2) i
NI03HAYMMO il

bO Pna() (1+ l—~2)
b=|b |=|P,,Icos(p)
b, P..oL sin(p)

n

@)

Martpuist CHCTeMH piBHSHBb A

1 cos@ sin@
A=|1 1 0
1 cos@ -sind

(4)

Martpuiist CUTHAIB JaTYHKIB
R
5)

Maremarnyna MOJEIb MiKpOXBHJIOBOTO
pebnexkTomerpa 3 TpbOMa JaTYMKAMU B MaTPpUIHOMY
BUTIISI1

[P]=[Al{b]- (6)

| . €HHSA
0 | e‘Je

I

| re-i®

BoHna Mae pilieHHs1 B MAaTpUYHOMY BUTJISIIT

[o]=[A]*-[P]. Q)

ne 1 — 3Hak iHBepcil.
PimieHHss ans TPOMDKHMX 3MIHHUX SIK  (QYHKIIH
CHTHAJIB JJaATYMKIB 3 BUpa3y (7) Ma€e BUTIIAI

—P, +2P, cosd - P

by =P  (1+T?)= 8
0 nad( ) 2(COS€—1) ( )
P -2P, +P.
=P, cosgp=——2—3 9
bl nao ¢ 2(C059—1) ( )
P-P

b,=P, Tsing=-—_—2. 10

2 nao ¢ 25in@ ( )

3 mpoMiDKHHX 3MIHHAX HEBioMa TiepenaHa

MOTYKHICTb ~ PO3PAaxOBYEThCS  BIANOBIAHO 0 1i
BH3HAUYCHHS

Pnpox = ng _b12 _b22 . (11)

Jnsa ¢dikcoBaHoi wacToTH 1 a3oBOro BiACTaHI MiX
cycianimu gataukamu 7/ 2

Pypor = v/ (B —b5)(0p —b) b2, (12)

TOII

= PP —(2P,—R-R,)?, (13)

Pnpox
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a00 s

Pypox = (B ~b) (0 —by) b2, (14)

TOIi

2
R-P
B = (PR -R-R)-(BB]. 9

Y  curHamax  peaJbHHMX  JIaTYUKIB  Yepe3
panionepemKkoay TPUCYTHI BumajgkoBi moxuOku. Lle
O3Hauae, 10 HaBeAeHa BHUIIE MOJENb HOTpedye

BIOCKOHAJIEHHs, 1100 3alMINaTHCS TOYHOIO. TOYHICTH
MOXe OyTH TIOJNINIICHAa NUISXOM YCepemHEHHS 1
KOMIIEHCAIil BUITAJKOBUX IIOXHOOK. YMoBOIO
3aCTOCYBaHHS TaKOTO MIiJAXOMy € HaJAMIpHA KUIBKICTh
naryukiB. CHUTHATM HAAJIMIIKOBOTO YHCIA JIATYUKIB
00po0sIOTECS anroputMoM ¢inbTparii Kanmana, sxwuit
nobpe Bimomuii B Teopii ympasiinHs [6]. Lle mokpokose
YTOYHEHHsI  OI[HKM  NUIIXOM  OOpOOKM  CHTHAIB
JOJATKOBUX JAaTYMKIB. BaKIMBUM MOMEHTOM € Te, II0
JMATYUKA B MIKPOXBHILOBOMY JIBaHAAIATHIIOIIOCHOMY
pedIiekTOMETpi  HPOCTOPOBO  JUCKPETHI  Y3IOBK
XBWJICBITHOTO TPaKTy, B TOH Yac SIK B KJIACHYHIN MoJemi
¢inprpanii KanMaHna i curHany AUCKPETHI B Yaci.
PiBHstHHSA dimpTparmii

b(k +1) = b(k) + K (k) [P(k)— A()b(K)],  (16)

ne K(k) — koedimieHT mocuieHHs, KM 3abe3rneuye

301KHICTB TIpOLETypH

e T ] -1 T a
K(k)_(M + AKK)T R(K) A(k)) AK)T R(K) = an
= D(k)A(k)' R(K)™,

ne D(k) — amocrepuopHa qucnepcisi, 1uis EPIIOr0 KPOKY

iTeparlii BoHa JOPiBHIOE
D(K) = (D(k ~)t+ AK)RK) T A(k))fl . (18)

b(k+1) — mpomixua 3minHa wa K+1 xpomi, b(k) —
IIPOMIXXHA 3MiHHA Ha MONEPEAHBOMY Kpoli, MaTpuus R
BU3HAYa€ IOXUOKY IOTOYHOTO BHUMIPIOBAHHS CHUTHANIB
JaT4uKiB, MaTpullsil BHU3HAYAE CTAaHIAPTHY JeBiallito
MPOMDKHUX 3MIHHAX Ha JaHOMy ertami, 1T — 3HaK
TPAHCIIOHYBaHHS MaTPHL,

1 cosd sind 1 cos@ sin@
1 1 1 1 1 1
Ak)=|1 cos@ —sing |=|1 cosd -sing |,

1 coskéd —sinkd 1 cos(i—-1)@ —sin(i—-1)&

ne | ximpkicTh gatuunkis, i=1,2...8. Kpok k=1 Bignosimae
i=3 matumkam, k=2 Bignosinae i=4 maT4MKiB U Ta iH.
Iepma  irepamist Ui  NPOMDKHMX — 3MIHHHX
obuncmoetsees 3 BUpasiB (8)—(10). Lli cami Bupasu
Cy’)XaTh s OOYHCICHHS MaTpuii M JiaroHaJbHUX
€JICMCHTIB. HiaronanbHi €JIEeMEHTH M €
CepelHbOKBaIpaTHUHUMHU  BinxmieHHAMH (8)—(10), 3a

YMOBH, 110 CHTHaIM JaTYMKIB MAalOTh OIHAKOBE
CTaHJApTHE BiIXWICHHS 1 HEKOPEIbOBaHi

[ 2c0s?0+1 0 |

2(cosd —1)2
3
M = g2 0 S 0 |, (19
2(coso-1)
1
0 0 —
| 2sin 6 |

Jie o — CTaHIapTHE BiIXUICHHS.

PiBastHES  dinprpanii Kamvana (17) moxe Oytu
HaJaHO CTPYKTYPHOIO cxemoro (puc. 3), Gi3suuHui 3MicT
SIKOT TMOJIATa€ B TOMY, IO BUMIPIOBaHI CUTHAIH JaTYHKa
HaJIXOITh Ha BXIiJN, NMPOMDKHI 3MiHHI (opMyIOTBCS Ha
Buxoni. [IpomixkHi 3MiHHI, SKi OTpHMMaHi 3 BHXOXY
30epiraloTbcsi B IpHUCTpoi 30epiraHHs i, B TOH ke dac,
nomHoxxkeHi Ha A (k), craroTh OOYHCIEHHM CHIHAJIOM
JaTYhKa, SKAH TONAa€ThCs Ha Japyrmid  Bxim. Lleit
po3paxoBaHHUA CHUTHAI i BUMIpSHUI CUTHAI
BIIHIMAIOTBCSA. Pe3ynbTyroua pi3HUIT MHOXKHTBCS Ha
koe¢imienT mocwieHHs K (k). JIoOyTok momaeThcs 0
BUMipsiHOTO curHaiy. Ile yrouHeHa omiHKa. Y TOH ke Jac
BiH 30epiraeTbcs sl HACTYIMHOTO KPOKY 1 € BHXIITHUM
curHasoMm. [Ipouec iTepaTuBHUN.

x(K) y(k+1)

—Q—

Puc. 3. Ctpykrypa itepauiitnoro anropurmy ¢insrpa Kanmana

Pe3yabTaTn Moe110BaHHA 0araTo30HI10BOI0O
MiKpOXBHJILOBOI'0 MYJIbTHMETPA 3 HAAMIPHOIO
KIIbKICTIO 1aT4YuKiB, 00po0Kkoro pinbTpom Kanmana
Ta iX 00roBOpeHHs

Po3riisiHeMO  3acTOCYBaHHS OINMCAHOI MPOLEAYpH

OOpOOKHM CHTHANIB JaTYMAKIB  JBAHAJISATHIIONOCHOTO
pednexromerpa 3a JIOIIOMOTI' OO0 pOrpamMoBaHol
BeHTIIbHOI  Marpuni  (FPGA). 3aBmamHs  1p0OTO

nizpo3ainy — BukopucroByBatu FPGA npu mozentoBaHHi
Ta BaliJallii 3ampOrOHOBAHOTO AITOPHUTMY IS CUTHATY
JIaTYUKiB 3 00poOKoro 3a momomororo ¢inprpa Kammana.
ByB oOpanumii TmOBemiHKOBWI MiIXix B INporpamMyBaHHI
IUJTIC, ToMy 10 CTPYKTYPHHI mijxXin rpomizakuii [7-8].

IIpu mpoexTyBaHHI HHUGPOBUX HPUCTPOIB MOMEITH
kinnesoro asromata (FSM) 1mmpoko mommpeHa.
Posristnemo MosximBicTs 3actocyBaHH FSM 3 dinsrpom
Kanmana. Byino 3ampomnoHoBaHO depryBaTH B (inbTpi
Kanmana CTaHU "TlpunymeHHs", "OnoBiieHus",
"Mpunymennsnl", "O6uoBnennsl", "Tlpumymennsa2" i tak
nani. YepryBaHHS BigOyBaeThCs MO TMEPEIHBOMY (POHTY
curnaiy Clock. bByB Bukopuctannit VHDL mns peanizamii
kinnesBoro aBromata (FSM). Kog VHDL cknanaerscs 3
tprox mpoueciB: STATE MEMORY, NEXT STATE
LOGIC u OUTPUT LOGIC [11].
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Puc. 5. Pe3ysbTaTé MOZIETIOBAHHSA IS IPOMDKHOT 3MiHHOT Dy Ha Apyromy kpoui iTepawii (40TMpH AaTYnKa)

Buximaumu JaHUMH JUTS MOJETIOBAHHS € MAaTpHIli
cucremu  A(k), martpums Bximaux curHamis  P(K),

marpuii M, R(k) obuwmcneni 3a3nanerigs mis k kpokis,

TOOTO JJIS TPHOX, YOTUPHOX, I'SATH 1 T.J. AaTYHKIB. Buxin
- e MaTpuil npomixkaux 3Minaux b(K) .

Jnst MonentoBanHsi OyB BukopucTanuii Modelsim-
SE-64 10.5. Puc. 4 u 5 pgeMoHCTpye pe3yibTaTH
MozemoBanHs. Ha puc. 4 mokazaHo 3HadeHHs 3MiHHOI Do
Ha TIEpPIIOMY KpOIi iTepaTUBHOTO IpoIecy, Ha pHUC. 5
MOKAa3aHO 3HAYEHHs 3MiHHOI D, Ha apyromy kpoui

iTrepatuBHOro mpouecy. 3miHHa b, mo ¢pouTty curnamy

Clock orpuMmye HacTymHEe 3Ha4YeHHS, SKE HAOJIMKyeTbCS
JI0 ICTHHHOTO 3HAYEHHS.

B nmammit wac IIJIIC nyxe WOMyJspHi, OCKUTBKH
MalTh HH3KYy mepeBar [3]. Ane sk mokasama crpoba
peauizarii anroput™MiB  MyisTuMerpa Ha [IJIIC
3ycTpidaeThcsi 6araTo TPYAHOIIIB MpU CIpodi peaizamii
METO/IiB 00UYHCITIOBAIBHOT MaTEeMaTUKH, SIKI BKIOYAIOTh B
cebe iTepamiiHul METOA PO3pPaxyHKYy CHCTEMH JIiHIHHUX
anreOpaigvanx piBHAH Ha VHDL. Hanpuknan, peansHuit
THUII IaHUX HE HAJICXKUTh JI0 CHHTE30BAaHOTO HaOOpy MOBHU
VHDL, mo o3Hauyae, mo apudMeTH4yHi omeparii He
BHU3HAYCHI JUIS TAKWX JIaHWUX, 3MiHHI IIbOTO THITy HE
npu3HayaroTecs. L[ npobiema Oyna 4acTKOBO BHpilleHa
LIJISIXOM NEPETBOPEHHS THIIB JaHUX. 3HaHHS MPEAMETHOT
o0acTi J103BOJIMIIO HAM TEPEeWTH BiJ 3MIHHMX THmy real
J0 IUIOYHMCEeNBbHUX 3MiHHHX. /[l Takoro mepexony
CTOBIICI[b MATPHIl CHTHANIB IAaTYMKIB BUPAXKAETHCSI B

MUTIBOJIBTAX, & MATPHUISI CHCTEMH, IIO CKJIAIA€ThCS 3
CHHYCIB 1 KOCHHYyCiB (a3oBuUX BinmcTaned, Oyma
MepeTBOpeHa B Takwid crmocid. Mwu BuOpamm ¢a3oBy
BiICTaHb MDK cycimHiMu patuumkamu 90 rpamycis. B
FOMY BHUIIAIKy OYIIM OTPHMAaHI CHHYCH 1 KOCHHYCH SIK
iloyrcenpHi 3HaueHHs. Taka mnporpama Moxe OyTH
3MojiesboBaHa 1 cuHTe30BaHa B VHDL. B nmanuii vac
BUHHUKAIOTh MPOOJIEMH 3 TOYHICTIO TaKWX 1 MOmIOHHX
pospaxyHkiB. [lepmr 3a Bce, Ha DiBHI aJIrOpUTMY ICHYE
npobsiema ioro 30DKHOCTI 70 TouHOro pimenHs. Kpim
TOTO, ITEPaTUBHUI TPOIEC Mae€ YMOBY 3YIHHKH NpHU
JIOCATHEHHI 02)KaHOT TOYHOCTI, aJie IIe TAKOX € JDKEPeIoM
MOMIJIKH. [, HapemTi, MOXJIHUBOCTI OOYHCITIOBAILHOTO
amapaty. Komm mepeMHOXyrOTBCs 16-po3psiaHi dwMCIa,
BUXOAATH 32-po3psimHi uYmcna i Tak jgam. Tomy B
MOJANBIIIOMY HEOOXIZHO OIIHIOBATH HEBHU3HAYCHICTH
pe3yJbTary.

BucHoBku

TounicTe MOxe OyTH TONINIIEHa NMPU yCepeaHEHH]
mpu  o0poOIli CUTHANIB JaTdvMka peduiekToMerpa 3
mrictekMa mopTamu. Halikpama oOIfiHKa MOTY)XHOCTI i
KoedimieHTa BigOOpaXeHHA MOXe OyTH OTpHUMaHa 3a
nmoromoroto  dinprparii Kamvana. HaBemeno mpukian
nepioi 1 apyroi iTepauii s 0OpoOKM Ha OCHOBI TPHOX
CUTHANIB JaTYMKIB, a TMOTIM JOJaBaHHI CHUTHAIY
4eTBEpTOro JaTduka. byio noBeneHo, 0 TOYHICTH Oyze
MOJITMIIEHA, SIKINO AOAATH HACTYNHHU ITSATUH JAaTYHK, 1
Tax gail.
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Byna oGpana peamizallisi 3arporroHOBaHOTO METOIY [IpakTH4Ha 3HAYUMICTH OTPUMAHHUX pPE3yJbTaTIB
Ha [TJTIC 3a momomororo VHDL. YacoBa miarpama (puc. 4, monsirae B po3poOIli METOAWK CHHTE3y Ta BepHpikarrii
5) wmictute Bximmi curHamm, Taki sk Clock, Reset i  ¢imprpa Kanmana st MiKpOXBHIIBOBHX BUMipIOBaHb.
BUXIJHHH CHUTHAN D, IOTOYHMII CTaH i HACTYHNHUH CTaH. Takok 3poOJICHO BHCHOBOK, IO OOYHCIICHHS
3BOPOTHHX MATPHIb MiJl 4aC BUKOPHCTAHHS AITOPUTMY
¢inpTpanii Kanmana cnig yHMKaTH, Tak SK L 3aiiMae
OibIe yacy, HiX 1HIII PO3paxyHKH.

byno nokaszaHo 3MiHa BUXimHuX naHux b, Ha 012 Girax,

10 30iraloThes 3 OUiKyBaHHIM.
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MHOI'O30H/I0BU MUKPOBOJIHOBBIN MYJIBTUMETP C OBPABOTKOH
CUI'HAJIOB JATYUKOB ®MJIbBTPOM KAJIMAHA

IIpenMeToM HccreOBaHUS B CTAaThe SBISETCS MPOLECC U3MEPEHHs apaMeTpOB CUTHAJIOB U TPaKTOB CBepXBhICOKMX yacToT (CBY).
Hean pabotsl — peanuzanust Ha [TJIMC MHOro30HZOBOIO METO/a M3MEPEHUs MapaMeTpOB CUTHAJIOB U TPAKTOB C IOBBILIEHUEM
TOYHOCTH 3a CYET ONTHUMAaJIBHOH 00paboTKM MH(pOpMALUM IOJTYyYEeHHOH C NaT4MKOB. B cTaThe pelmaroTcst cieayromye 3agadu:
CO3JJaHHe MOJEIH MHOTO30HJOBOTO MHKPOBOJHOBOTO MYJNBTHMETpAa C HW30BITOYHBIM KOJWYECTBOM MJATUMKOB IPHMECHEHHUS
¢mnpTpanmn  Kanmvana B MeToJie MHOTO30HIOBOTO MHKPOBOJHOBBIX HM3MEPEHHH M €ro pealusanis Ha IPOrpaMMHPYEMbIX
nmormdeckux uHTErpanbHBIX cxemax (IIJIMC). Hcmonp3yloTcst Takue MeETOIbI: TUHEHHas anredpa TpH  ONpeAeTICHUR
MIPOMEKYTOUHBIX IIEPEMEHHBIX M3 OOpaTHON MaTpWIEl  CHCTEMBI YPaBHEHHMI, ONHCHIBAIOIIEH MHOTO30HIOBYIO CHCTEMY IIpU
MOCTPOCHUH AJIITOPUTMA OOpabOTKM CHUTHAJIOB JaTYMKOB NPH KOCBEHHOM H3MEPEHHMH MOIIHOCTH M KOG QHIMEHTa OTpaKeHHs
CHTHAJIOB JIATYMKOB, TEOPHUsS OLICHUBAHUS NPH (HUIBTPALUN IPOMEKYTOUHBIX MEPEMEHHBIX, KaK LEJEeBYI0 (YHKIHIO IPH 3TOM
HCTIOJIB3YIOT CYMMY 3JIEMEHTOB Ha TJIaBHOM JMAroHald MAaTpHIbl AUCTIEPCHH U KOBapHallMii, YeM MEHBIIE 3Ta CyMMa, TEM MEHbIIIe
MOTPELIHOCTh, MO AHAJIOTHMH C METOJOM HAMMEHBIIMX KBajpaToB, rie NpH D-oNTHMagbHOM IUIAaHUPOBAaHHMU JKCIEPUMEHTa
MHHUMHA3UPYIOT MPOU3BEICHUE SIEMEHTOB IJIABHOW AMArOHANM MATPHIBI JUCHEPCHH M KOBApPHANMi{, IIOTOMY 4YTO NPOHM3BENCHHE
JJIEMEHTOB TJABHOM [WaroHAIM BHOCHT OCHOBHOW BKJIQJ B BBIUHCICHHE OMNPENCNHUTENs TpPH MPEHEOPEKUMO MabIX
BHEJJMATOHAIBHBIX JJIEMEHTaX MAaTpHIBl IHCIIEPCHH M KOBapHaIMil, B CBOIO OdYepeqb ONpENENHTEeNb MATPUIBl AUCICPCHH U
KOBAapHalUi BU3YAIM3HPYETCS] DIUIUIICOMIOM pacCesHHs, YeM MEHbIIe KOTOPhIH, TeM TouHee m3MepeHme. [lomydeHsl Takue
pe3yJbTaThl: yCOBEPIICHCTBOBAHA MaTeMaTHUeCKasi MOJIeIb MHOTO30HJOBOTO METO/1a U3MEPEHHs MapaMeTPOB CHTHAIOB M TPAKTOB
CBUY, ocHoBaHHas MpeoOpa30BaHUs CHTHAJIOB JaTYMKOB, PACIIOIIOKEHHBIX BIOJb HAMPABICHHS MEPEAayd MOIIHOCTH B TPakTe, B
NaJIaloIlyl0, OTPAKEHHYI0 U MPOXOJSIILYI0 MOIIHOCTH U KOMIUICKCHBIH KO3()(HUIMEHT OTpaKeHUsI Harpy3KH, KOTOpas OTIMYaeTCs
(buIbTpanyel MPOMEeXYTOUYHBIX NEPEMEHHBIX, YTO MO3BOJIHIIO HOBBICUTh TOYHOCTD, IPEIOKeH KoHeuHbIi aBTomMaT (FSM) ¢ takumu
COCTOSIHMSIMH, KaK IPOTHO3HMpOBaHHWE M OoOHOBIeHHE anroputMa ¢uibTpa Kammana u ero moxenmupoBanue ¢ momomisio ITJIMC.
BbIBOABI: yCOBEpIICHCTBOBAaHHE OOpPaOOTKM CHUTHAJIOB AATYMKOB MHOTO30HIOBOTO MHKPOBOJIHOBOTO MYJIBTHMETPA ITO3BOJIHIO
MTOBBICHTH TOYHOCTH M3MEPEHUII.

KnioueBbie cj10Ba: MHOTO30H/IOBBIIT MUKPOBOJIHOBBIH MynbTUMeTp; GuabTp Kanvana; koneunsiit aBromar; I1JIMC,; anroputm
00paboTKH; H30BITOYHOCTS.
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MULTIPROBE MICROWAVE MULTIMETER WITH PROCESSING OF SENSORS
SIGNALS WITH KALMAN FILTER

The subject matter of article is the process of measuring the parameters of microwave signals and tracts. The goal of work is
implementation on FPGA of a multi-robe method for measuring parameters of signals and tracts with an increasing of accuracy due to
optimal processing of information received from sensors. The following tasks have been solved in the article: creation of a model of a
multiprobe microwave multimeter with an redundant number of sensors using Kalman filtering in the method of multiprobe
microwave measurements and its implementation on field-programmable gate array (FPGA). The following methods were used:
linear algebra when defining intermediate variables from the inverse matrix of the system of equations describing a multiprobe system
when creating a sensor signal processing algorithm for indirect measuring the power and reflection coefficient from sensor signals,
estimation theory when filtering intermediate variables, where the sum main diagonal elements of the variance and covariance matrix
is used as an objective function, the smaller this sum, the smaller the error, by analogy with the least squares method, where the D-
optimal experiment design minimizes the product of the elements of the main diagonal of the variance and covariance matrix, because
the product of the elements of the main diagonal introduces the main contribution to the calculation of the determinant for negligible
off-diagonal elements of the variance and covariance matrix, in turn, the determinant of the variance and covariance matrix is
visualized by the scattering ellipsoid, the smaller which is, the more accurate the measurement. The following results were obtained a
mathematical model of a multiprobe method for measuring parameters of signals and microwave tracts, based on the conversion of
signals from sensors located along the direction of power transmission in the tract into incident, reflected and passing power and a
complex reflection coefficient of the termination, which differs by filtering intermediate variables, which made it possible to improve
accuracy; a finite state machine (FSM) was proposed with states such as forecasting and updating the Kalman filter algorithm and its
modeling using FPGA. Conclusions: improvement of signal processing of multiprobe microwave multimeter sensors has improved
the measurement accuracy.
Keywords: multiprobe microwave multimeter; Kalman filter; state machine; FPGA,; processing algorithm; redundancy.
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