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M3MEPEHHUE COCTABJIAIOIIAX KOMILIEKCHOTI'O
COITPOTUBJIEHMSA B3AMMHOMN MHAYKINHU

Pa3paboTaHo MUKPOKOHTPOIIEPHOE YCTPOHCTBO IU(POBOTO N3MEPEHHUS COCTABILIFOIINX KOMIUIEKCHOTO COTPOTHB-
JIeHWS! B3aUMHOW MHIyKIIMM MarHUTHO-CBSI3aHHBIX KaTyIIeK JUIs ciIydasi, Korja u3-3a 3gQekros "eMkoctn" 1 "BHUX-
peBbix TokoB" B DJIC B3anMHOM MHIYKIMH BO3HUKAIOT "miprMech” 1 ""dazosblil nedext". [Ipn 37TOM B KOMIUIEKCHOM
CONPOTHUBIICHUH B3aUMHON MHIYKIMU MOSIBJISETCS aKTHBHAs COCTaBJsIomast. J{is MHBapHAHTHOTO M3MEPEHUs Co-
CTaBIFOIIMX 3TOTO CONPOTHUBIECHUS NCIIONIB30BaH (Pa30BBIIl METO/ B COUETAHUH C BPEMEHHBIM pa3/ieICHUEM KaHasa
nm3mMepenus. U3mepurensHas nens (ML) nmutaercs TOKOM yNpaBiisieMOro reHepaTropa CHHYCOUIAIbHBIX CHTHAJIOB.
WudopmaTtnBHBEIM napaMeTpoM BbixomHoro curaana Wl ssnsercs yron $a3oBoro cIBura MEXmy ABYMs HarpsoKe-
HUSIMHA. OTH HamlpsDKEHHS ITOCTYMAal0T HAa aHAJIOTOBBIE BXOIBI MPOTpaMMHpyeMoro MukpokoHTposepa (MK).
B mponecce usmepenns MK ycTaHaBiaMBaeT 4aCTOTy T€HEPATOpa, YIPABISET NEPEKIOUEHUEM KaHala U3MEpPEHMUs,
n3MmepsieT yroi Gpa3oBOro CABUTa MEXAY BBIXOAHBIME HanpspkeHHsIMH V1] 1 1o 3a7aHHBIM alropuTMaM BBIYUCTISIET
COCTaBJISIFOIME KOMIIJIEKCHOTO COIIPOTUBIICHHS B3aUMHOM MHAYKIUU. M35105keHBI TEOpHs METOJ1a, METOIMKA pacde-

Ta MapaMETpOB IJIEMCHTOB I/H_[, OIICHKAa YYBCTBUTCIIbHOCTHU npe06pa3OBaHI/m, aHaJIn3 HOFpeH.IHOCTeﬁ U3MEpCHUs.

Kn. ca.: B3anMHas MHAYKIHS, KOMIUICKCHOE CONPOTHBIICHHE, N3MEpPEHNE, (ha30BbI METO, yroJ ciBura ¢as,

MOTPEITHOCTD U3MEPEHHS

O0o3HaYeHNA

B tekcte QJICKTPOTECXHUUYCCKUC KOMIIJICKCHBIC BC-
JIMYMHBI 0003HAYAIOTCS JIATUHCKUMU 6yKBaMI/I C TOY-

KOU CBEpXY, KaK, Halpumep, £.

BBEJEHUE

ConpotuBnenne B3auMHoU nHAykunn (BU) sBns-
eTcs OIHUM U3 HauboJjiee BaXKHBIX MapaMeTPOB 3JICK-
TPUYECKUX IIeTICH, KOTOPBIH HEOOXOMMO OIPEeIsTh
JUIsL CHCTEM KaTyIIEK, NMPUMEHSIEMBIX B Pa3IU4HBIX
o0macTsX, BKJIIOYAs TPaHC(HOPMATOPBI, ISJIEKTpHYE-
CKM€ MalllWHBI W alnapaThl, dJeKTPOMAarHUTHBIE yCT-
poilicTBa aBTOMATUKH W H3MEPHUTEIBHOW TEXHUKH,
TEXHOJIOTHH CBS3H, IIPOU3BOJACTBO U Iepefady 3JIeK-
TpodHepruu. [IoMUMO 3TUX TpaAULIMOHHBIX IPUMEHE-
HUM, TMOSABJAIOTCS HOBbIE. VHIYKTHBHO-CBSI3aHHbBIE
KaTYUIKH SIBJSIFOTCS Ba)KHBIMHM y3JIaMH CHUCTEM Oec-
IIPOBOJIHOM Mepeau 3HEPrUH, KOTOPbIE YK€ HAIIIU
MpUMEHEHNe B OBITOBOM 3JIEKTPOHHKE, MPOMBIILICH-
HOM TPOM3BOJCTBE M MEIUIMHCKUX HMIUIaHTaTaXx,
aKTUBHO M3YYalOTCSl BO3MOXXHOCTH WX IMPUMEHEHUS
JUIsL 3apsiiKM 3JekTpoMoOmneil. [pyroii  pa3BuBaio-
meiics OTPacibio MPOMBIIUICHHOCTH SBISIETCS pOOOTO-
TEXHUKA. 37€Ch HY>KHBI CHCTEMBl TOYHOTO W3MEPEHUS
nepeMenIcHN MeXaHU3MOB, CIOCOOHBIX pPadoTaTh
B YCJIOBUSIX 3arps3HEHHBIX cpea. TakuM TpeOoBaHUSIM
HaWIy4IIuM 00pa3oM YZOBJIETBOPSIIOT CHCTEMBI, I0-
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CTpOEHHbIE Ha 0a3e JaTyvKa B3aMMHOW WHIYKTHBHO-
cru. lupokoe npumenenne BU oOycnasnuBaer Tpe-
0oBaHME MOCTOSHHOTO COBEPIICHCTBOBAHUS METOJIOB
U CPEICTB U3MEPEHHUS €€ apaMeTPOB.

METOJbI NCCJIIEJOBAHUA

B WHIYKTHBHO CBSI3aHHBIX KAaTyNIKaX COMPOTHB-
nenne BU 00byHO ompenenseTcs pa3MepoM U reo-
METpHEe OOMOTOK, OTHOCHUTENBHBIM TMOJOKEHUEM
MEXIY MEePBUYHOH W BTOPUYHOW OOMOTKAMH M BHUT-
KaMd oOMoTOK. Ha wacroTax, mpeBBIILIAIOIINX
f =100 I'u, ycunusarorcst apdextsl "emMxocT" U "BU-

XpeBbIX TOKOB" [1-3]. MeXBUTKOBBIE EMKOCTH, OTE-
pU Ha BHUXPEBBIC TOKA B TIPOBOJAHHKAX OOMOTOK,
YTEUKH U AUDIEKTPUUCCKUE MOTEPHU B U3OJSLUU MPU-
BOJSIT K CHUTYaIliH, KOTJa yToJd CABUTA (Da3sl MEXIY

21C Ez, WHAYIUPYeMOH BO BTOPUYHON OOMOTKe,
¥ TOKOM [, B IepBHYHOM OGMOTKE OTJIMYAETCS
or 90°. Hapymaercs Takke IpocTas MPOMOPIHUO-
HasbHOCTH DJIC E2 4acTOTE W 3HAYEHUIO T'€OMETPH-
4eCKOH (HM3KOUaCTOTHOM) HHAYKTUBHOCTH M, . Bme-
CTO MeaNbHOro ypaBHenus E, = joM I, nosensercs
3aBHCHMOCTD

E,=[c+jo(M,+AM) ]I, =(c+ joM)I,, (1)
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rae 0 U AM — KOppeKTHpPYIOIUe YJIeHbI, Ha3blBae-
MbI€ COOTBETCTBEHHO 'HpuMechi0" U '"4acTOTHOH
Koppekuueit" M, Ha dactore f. B KOMIJIEKCHOM CO-
npotusienun BU Z,, =0+ joM ysenuuuBaercs
s pexTuBHAS B3aWMHas WHJIYKTUBHOCTD
M=M,+AM, a MaJbli yroin 0=

=arctg(o/wM )~ o/oM orobpaxaer (pasosslii 1e-

¢ext BU.

AKTHBHOE CONIPOTHBJICHHWE ¢ 3aBUCHT OT YacCTOTHI
M HEKOTOPBIX Apyrux ¢akropo. Hanboiee noapoOHO
teopusi 3¢pdexroB "emkocTH" W "BHXPEBBIX TOKOB'
nznoxkeHa B [1], TeopeTndeckas olieHKa JaeT npuoIm-
3UTENBHO KBAJIPATUYHYIO 3aBUCHMOCTb 0 OT YacTOTHI
/- Tlokazano [1], uTo B ciydae, eciu NepBHYHAs Ka-
TyIIKa JOJDKHA TPOIycKaTh OOJNBIIOW TOK, OTKIIOHE-

HHUE OT KBaJIpaTypsl BEKTOPOB FE, W I, MOXET CTaTh

3HAYUTENBHBIM: PACCMOTPEH MPUMEpP, B KOTOPOM Ja-
K€ TIPH CpPaBHHUTENBHO HHU3KOH uactoTe f =60 I

nedexrt daspl cocraBusier 75 muH. [Ipu npumenenun
(heppOMAarHUTHBIX CepACYHUKOB Ne(eKT (a3l yBEIH-
YuBaeTCs U MOXKeT gocturatb 10° [4].

B psane cnyuaes karymka BU ucnonesyercs s
BBICOKOTOYHOTO YCTaHOBJICHHS cIBHra (a3bl MEXIy
TOKOM M HampsbkeHueM Ha 90°, kak, Hampumep,
B TPSMOYTOJBHO-KOOPJIWHATHBIX ITOTEHIIHOMETpaX,
B CTaHJapTax BBICOKOYACTOTHOW MOIIHOCTH Hepe-
MEHHOTO TOKa U 1ip. B [2] mocTpoena s3xBHUBaneHTHAS
CXeMa 3aMElICHHs KATyIIEeK ¢ WHAYKTUBHOM CBA3BIO
C Y4eTOM BCE€X Mapa3uUTHBIX €MKOCTeH M TIOJTYy4eHBI
MaTeMaTU4YeCcKue 3aBUCUMOCTH ¢ U AM OT 3TuX eM-
koctell. IIpu pa3paboTke cTaHAAPTOB BBICOKOYACTOT-
HOM MOIIIHOCTA HEOOXOJMMO OYCHb TOYHO 3HATH (ha-
30BYI0 MOTPENIHOCTh HIYHTOB MEPEMEHHOrO TOKa [5,
6]. TlorpemHOCTh (ha30BOTO yria CHUIBHOTOYHBIX
IIYHTOB KanuOpyeTcs MO IIYHTy C M3BECTHBIM (has3o-
BbIM yriioM. CONpOTHUBIIEHUS] CUJILHOTOYHBIX IIYHTOB
00bIYHO HaxonaTcs Ha ypoBHe MOM, a peakTHBHOE
CONPOTUBJIEHHE IIYHTOB, KOTOPOE T'€HEPUPYETCS K-
BHBAJICHTHOM MHIYKTMBHOCTHIO, SBISETCS JIOMHHH-
pyroniel yacTtei0 Ha BBICOKOM yactore. M3mepenus
nedekra ¢aspl B3aUMHOM WHIYKTHBHOCTH Ha YacToO-
tax ot 20 k['1r 7o 200 x['11 mpou3BemeHs! B [2].

JUis MHBapHaHTHOTO W3MEPEHHS COCTAaBISIONIMX
KOMIUTIEKCHBIX COMPOTHBIICHUI HIMPOKO MPHUMEHSIOT-
€51 MOCTBI IIEPEMEHHOT0 TOKa B PEKHME YPaBHOBEILIH-
Banus [7, 8]. ns ypaBHOBEemIMBaHMSI MOCTa JBE €rO
COCTaBJIAIOLINE JOJDKHBI OBITh PEryJIMPYeMbIMHU U Ipa-
JIYWUpPOBaHHBIMU, OOBIYHO MPHUMEHSIOTCS TEpEeMEHHBIC
00pasmoBbIe COMPOTUBIICHUS WX eMKOocTH [3, 9].
C npumenennem mocta UMPT-2 Obutn u3MepeHs! yr-
JIOBBIE TOTPENIHOCTHA KaTymIeK B3aMMHON HWHIYKTHB-
Hoctn tumoB KV-1 mw KVI-5 (M = 0.01 Tm
u M = 0.001 T'H) B nuamaszone uactor ot 400
10 2500 I' [3].
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MocTbl TMEpPEeMEHHOr0 TOKa pPabOoTaroT OOBIYHO
Ha Hm3KKUX Yactotax — 1m0 1000 T'm; mpu pabote
Ha TOBBIMICHHBIX YaCTOTAaX IOTPEIIHOCTh W3MEPEHUS
pe3ko BozpactaeT [10]. MocToBble MeTOABI HM3MeEpe-
HHUS UMEIOT OOIIMII HEIOCTATOK: B HUX HE 00ECIIedu-
BACTCs BBIXOJHOW CHUTHAJl C €AMHCTBEHHBIM HHQOP-
MAaTHUBHBIM IMapaMETPOM JJId NEpeaavyn Ha paCCTOAHUC
WIN CONPSDKEHHS CO CPEACTBaMHU BBIYUCIMTEIBHOM
TEXHUKH C LIEbI0 aBTOMATH3allMH Tpoliecca u3mepe-
HUS ¥ 00pabOTKU pe3yIbTaTOB U3MEPEHHH.

CYIIHOCTB PAZBBUBAEMOI'O METOJIA
N3MEPEHUA

Kak nokazaHo B HacTOsAIIEM HCCIENOBAaHUM, YKa-
3aHHBIM HEJOCTATOK MOCTOBBIX METOJOB MOXHO YyCT-
paHUTh, €CITU UCIONB30BaTh (Ha30BBIN METOA U3MeEpe-

HUS COCTABISAIOUX 7 v [11]. CymnocTs MeTozna mo-

SICHSIETCS C TIOMOIIBIO puc. 1.

B wmsmepurensroit nenu (ML) ¢ mepBuvHO# 00-
motkoi BU mnociemoBaTensHO COSMHEHBI J1Ba 00pa3-
LOBBIX PE3UCTOPA: ONOPHBIM PE3UCTOP R U IOMOJIHU-
TEIbHBIA pe3ucTop R,. B UL uzMepsieMble napaMerpsl
o 1 M mpeoOpa3yroTcss B yroi (a3oBOTO CIBHTA ¢
MEXIy BBIXOAHBIMU HANpPKEHUAMHU U U U,, KOTO-
pble MOCTYMalOT Ha aHaJOrOBBIE BXOJBl MHKPOKOH-
tpomuepa (MK), npu sTom BrOopmuHas obmoTrka BU
paboTaeTr B pexXUMe XOJIOCTOTO X0/1a.

B mepBom (@) m BTOpoM (6) TOJNOXKEHUSAX Tiepe-
KJII0YaTelsl HMEeM COOTBETCTBEHHO

Uy =1(R +0+ joM),
U, =1(R +R,+0+ joM),

a OMOPHOE HaIpPSHKCHUE U v :iR,, rae I — uzmepu-
TeTsHBIA TOK. CliejoBaTeNbHO, OyIeM HMETh
tgop, = a)M/(O' +R, +R2),
peoOpa3oBaHUEM KOTOPBIX MOJTyIaeM
R

M = = , (3)
o(ctgp, —ctgp,)

(R +R,)ctgp, — R ctgp,
ctgp, —ctge,

BumHo, uTo obecrieumBaeTcs HE3aBHCHMOE APYT
OT Npyra (MHBapuaHTHOE) ompenencHue M u o, mpu
3TOM HEOOXOJWMO W3MEPHUTh TOIBKO YIOJl ¢ B JIBYX
MOJIOKEHUSIX TEpPEeKIItouaTessi, a pe3yJbTaT u3Mepe-
HUS HE 3aBHCHUT OT CTaOWIBLHOCTH W3MEPUTEIHLHOTO
TOKa.

“4)
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Ug

Uy

B skcnepumeHnTaabHOM 00pasile M3MEpPHUTENs Hc-
MOJIb30BaHBl MUKpocxema TreHepatopa AD9833 [12]
u MK tuna PIC32MX695F512H [13]. AnanoroBbie
BxoJ6I MK CHa0eHbl KOMITapaTopamMu, TAe Yroid ¢
mpeoOpa3yeTcs BO BpEMEHHON HHTEpPBal 7, KOTOPHIH
n3mepsiercs B MK metonom nuckpernoro cuera. [Ipu
kaxaoMm m3Mmepernn MK ycranaBnmuBaeT TpeOyemyro
4acTOTy  TEeHepaTopa, YNPaBISIET IOJ0KEHUEM
MEPEKIII0YaTeNIsl, U3MEPSICT YIJIbL ¢ U (), BHIYUCIISCT
3HadeHns M u ¢ o anroputMmam (3) u (4) U BEIBOTUT
pe3ysibTaThl U3MEpeHUs Ha nudpoBoe TadIo.

BBIBOP TUAITA3OHA HIKAJIBI
N AHAJIM3 YYBCTBUTEJIBHOCTH

AHanm3 TOKa3bIBaeT, YTO H3-3a OCOOEHHOCTEH
TAHTCHCHBIX W KOTAaHTE€HCHBIX (YHKUWH YyBCTBU-
TEJIbHOCTh IIpeoOpa3oBaHus A@ =@, —¢, Makcu-
MajbHa B cepeaune mkanbl 0°< ¢ <90° yrna u na-
JTAeT TI0 KpasiM 3TOTO IHana3oHa, IMO3TOMY IIKaja yr-
na ¢ BeIOpaHa B nuamazone 15°< ¢ <75°, gro peann-
3yeTCsl BHIOOPOM COTMPOTUBJICHUNH R U R, C y4eTom
Jnana3oHoB usmepenus M u o. Ilpu 3ToM, TOCKOJIBKY
@, > ¢,, TO BEpXHUH Ipeel WKl yCTaHABINBAETCS
3HAYEHUEM CONPOTHUBJIEHUS R, a HWXKHUW — 3Haue-
HUEM CONPOTHUBIIECHUS R;.

BemmonHuM pacyeT 3THX CONMPOTHUBIECHUHN JUIS CIIy-
yas 9acToThl m3MeputensHoro Toka [ =1000 I

Puc. 1. Ynopomennas (yHKIIMOHATbHAS
cXeMa U3MEpHUTEII.

1 — reHeparop CHHYCOMIAJIbHOTO Ha-
MIPSOKCHUSI ¢ MPOTPaMMUPYEMOH dacTo-
TOW, 2 — MHKPOKOHTpOJUIEp, 3 — dJIeK-
TPOHHBIN TIepeKirouarens, 4 — mudpo-
BOE TabIIo

U quana3zoHoB u3Mepenus 6 = 1-10 Om, oM = 100-
1000 Om. HMckmrounB U3 ABYX BbIpaxkeHHUH (2) cymmy
(o0 +R), noryuaem

R2 = a)(Mmin : Ctg(pZmin _Mmax ) Ctg (Dlmax )

C yueroMm 3HaueHuit ctgl5°=3.732 u ctg75°=
=0.268 nmnomyyaeM s WKanel M 3HaYeHHE
R,~1050Mm, a Ttakke o+R =1000/3.732~

~2680M, o+R +R,=100/0268~373 Om. Ilpu
3TUX 3HAUCHUSX HAXOIUM TAKOKe yIIIbl @) . U @,

oM . 100
t .= min _ _ "~ o 0373’ o~ 20450;
gq)lmm o+ Rl 268 (Dlmm
M 1
tgp,  =— M 1000, e —69.550.

o+R +R, 373

[To pe3ynpraTram pacueTa 4yBCTBHUTEIBHOCTH Tpe-
00pa3zoBaHusl Ha pUC. 2 IOCTPOEHA KPUBasi 3aBUCHMO-
ctu Ag = f(@).

st BEIOOpA KBl o CIIEAYET y9eCTh, U4TO C YBe-
JMYCHUEM ¢ YTOJl ¢ YMEHBIIAETCs, KaKk BUIHO 3 (2).
[TosTOoMy TI€7€CO00pa3HO HM3MEPUTH BMECTO o 100-
poTHOCTH BTOpHuHOH 00MoTkn BU Q =wM /o, mo-
CKOJIBKY, uMed 3HaueHust oM u O, MK Beruncaut
3HAYEHUS 0.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3



N3MEPEHUE COCTABJIAIOINX KOMIUIEKCHOI'O COITPOTHUBJIEHNMA 63

Ap° A\
10

]
/

b

g

o

) 6 7 8 x10 (00

10 20

100 x10 wM, Om

Puc. 2. I'paduk 3aBECUMOCTH TyBCTBUTENBHOCTH NPEOOPa3oBaHusi A = f ((0) BJIOJIb IIKAJIBI YTJIA ¢

U3 (3) u (4) cnenyer, uro
R
2 . (%)
(Rl +R, )Ctg ¢ =R ctgo,

a Juana3oH u3MepeHus: (J, onpenensieMblil auanaso-
HamMu u3MepeHus oM u o, Oymer O = 100-1000.
[MpeacraBum hopmydsl (2) B BUE:

-9
1+R /o’

_ 0
14(R +R,)/o’

0=

tg o, (6)

tgop, (7

Jns mkanel O 1enecooOpa3HoO COXPaHUTh 3Haue-
HHUe conpoTuBiaeHus R, =105 Om, KOTOpBIM yCTaHaB-
JMBAETCSl YYBCTBUTEIBHOCTH MpeoOpazoBaHus. s
OTMETKH (@, . IIKaJbl U3 (6) onpenensem

1+ Rl/o- = Qmax /tg q)lmax (8)

u nojcranisieM B Gopmyity (7), IpeJCTaBICHHYIO JJIst
HAYaIbHOW OTMETKH IIKAJIbI:

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3

Qmin
)
Qmax /tg (plmax + R2 /O-
OTKYyZla HaXOAUM OTHOLICHUC

RZ /G = Qmin /tgq)Zmin - Qmax/tgq)lmax ~ 105

CnenoBatensHo, o =R, / 105=1.0 ngnsa Bcel mika-

tg (pz min

1bl, ¢ yderoM dero u3 (8) Haxomum R, =267 Om. Ta-
KUM oOpaszom, it M u O noiydyaeM eJUHYI0 LKAy
yria ¢.

UCCJIEJOBAHME MO PEITHOCTEM
N3MEPEHUA

[MpousBeneHa TeopeTHUecKkas OIIEHKA IOTDEIIHO-
creit onpenenenuss M u QO no ¢dopmynam (3) u (5).
HecTaOuinbHOCTH YaCTOTHI (» HE BBI3BIBAET MOTPEIITHO-
cti B (3), TOCKONBKY MpPHU BBIYWCICHWUU yria ¢

no ¢opmyie qoz(T/T )-360° MK u3mepsier Takxke
nepuon T =1/ f wsmepurensroro Toka. [lostomy ot-
HOCHTENbHas MOTPENIHOCTh onpenenenus M Oyner
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y (M) = AM _ AR, N A(ctge, ) —A(ctgp, )
M R, ctgp, —ctgg,

=72 (M)+7,(M), @)

e 0003Ha4YEHBI YaCTHBIE IOrpCIIHOCTH.

Vr (M):ARz/Rz :V(Rz), (10)
(M) A(ctge, ) —A(ctge, ) _
’ ctgp, —ctgg,
_ctgg y(ctgp)—ctgp, v (ctgp,) gy
ctgp, —ctgo,

AHaNOTHYHBIM 00Pa30M MOJydaeM W3 BBIPAKEHUS

(5):
7(Q)=7:(9)+7,(0),

_A(0) _
Vr (Q) 0
R, (Ctg("z _Ctg¢1)[7(R1)_7(R2 )]
= » (12)
(Rl +R2)Ctgg01 — R ctgp,
_A(9)
_ R -cgg, -y(ctgp,) (R + R )etefi-y (ctgg) 13)

(R] +R2)Ctg(p1 _Rl Ctg§02

AHanu3 mokasbiBaeT, 4To (Ha30BBII MeTox W3-
MepeHus: napametrpoB BU  upe3mepHO KpUTHYEH
K CTaOWJIBHOCTH COIPOTHUBIICHUH PpE3UCTOPOB K,
U R,, mostoMy BbIOpaHbl Hauboyee BBHICOKOTOYHBIE

MeTaiiodoneroBeie  pesuctopel Ttuma C5-61 [14].
C yuetom 3HaueHmil pomycka =£0.005% ot Ho-

MHUHQIBHOTO  CONPOTHUBIICHUS R, n TKC

- -1
a,=+10-10°°C™" abconoTHOE M3MEHEHHE COIPO-

TUBJICHUSI PE3UCTOPa B HOPMAIBHBIX YCIOBHIX DJKC-
ryatanuu (pu remmeparype 20 £ 5 °C) Oyner

ARy =0.00005R, + AR, =+1.5-10*R,,
e AR =a,-At-R,=10-10°-10R, =+10*R, —
TEMIICPATYPHOEC N3MCHCHUC COINPOTUBIICHUA PE3UCTO-
pa. CJ'ICZ[OB&TCJ'H:HO, YyaCTHasd OTHOCHUTCIIbHasA IIO-

IPEIIHOCTh M3MEpEHUss M OT HW3MEHEHUs] CONPOTUB-
neHus pesucropa R, c¢ yuerom (10) Oyner

o (M)=y(R)=ARy /R, =1.5-10™".

MO2KHO CYUTaTh, YTO MOIPELUIHOCTH PEZUCTOPOB R,
U R, SBJISIOTCS HEKOPPEJIUPOBAHHBIMU CIIy4alHBIMU
BEIMYMHAMM C HOPMAaJbHBIMM 3aKOHAMH pac-
HpEeACNICHUs, MO3TOMY JUIsl CPENHEKBAJAPATUYECKUX

OTKJIOHEHWH & [j/(R)] UX CONPOTHMBIEHHH MOKHO
MIPUHSATH C T0BEPUTENbHOM BepoaTHOCTHIO 0.95 [15]

G[V(Rl )} = a[y(R2 ):l = GEV(R)} =0.5AR; =
=0.75-10",

C Y4€TOM 4€ro 1mnoJrydyacm

0[7(R1)_7(R2):|Z\lzaz[y(R) =

=141c[y(R)]|=1.41.0.75-10" ~1.06-10",

[oncrasmsst B (12)

[7(R)-7(R)]=2-0[r(R)-7(R)]=2.1-10"

Y 3HAYEHUS CONPOTUBICHUN R U R,, monydaeM

y ( )22.1-1074-(ctgg02—ctgg01)
R 1.4-ctgp, —ctgo,

B Tabn. 1 mpencraBieHsl pe3ylbTaThl pacueTa
Yr (Q) o (popmyne (14), roe npuHATO 0003HAUECHUE

A=ctgp, —ctgo,.

. (14)

Tabu. 1. PacueTHble 3HAYEHHS MOTPEIIHOCTH ¥, (Q) npu R =267 Om, R, =105 Om

OyHKIMS

Q

100 200 300 400

500 600 700 800 900 1000

ctg o, 2.680 | 1.340 | 0.893 | 0.670
ctg o, 3.730 | 1.865 | 1.243 | 0.933

A 1.050 | 0.525 | 0.350 | 0.263
7:(0), % 1.00 1.002 | 1.021 | 1.105

0.536 | 0.446 | 0.383 | 0.335 | 0.298 | 0.268
0.746 | 0.621 | 0.533 | 0.466 | 0.415 | 0.373

0.210 | 0.175 | 0.150 | 0.131 | 0.117 | 0.105
1.002 | 1.081 | 0984 | 0917 | 1.112 | 1.002
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Pacuetnl MOKa3bIBAIOT, YTO YaCTHad NOTPEIIHOCTH
omnpezaeneHus O OT W3MEHEHHs CONPOTHUBICHUI pe3u-
cTopoB R; u R, ¢ oBepuTeNIbHON BeposTHOCTHIO 0.95

HE IIPEBBIIIAET 3HAYCHUS ¥, (Q) =1.2%. [dna ymeHs-

LIEHUS 3TOM MOrPEIHOCTH MOYXHO MEPE]l MOHTaXOM
PE3UCTOPOB ONPEAEIUTh TOUYHBIE 3HAYEHUS UX COIPO-
THUBJICHUM.

HacrHble morpemHocTa 7, (M ) o ¢opmyne (11)

"y, (Q) no ¢opmyie (13) 3aBHCAT OT TOUHOCTH U3-
MepeHus (ha3oBbIX YTIIOB ¢ U ;. OTHOCUTENBHAS TI0-
IPEIIHOCTD U3MEpeHus (Ha30BOr0O CABHUIa ¢ UMEET ABE
COCTABJISIOIINE: IIOIPEIIHOCTD 7/(7) npeoOpa3oBaHus
yIJia ¢ BO BPEMEHHOM HHTEpBAJ] T U TOTPEIIHOCTb
Y ((p) =A@/@ w3MepeHus LIUTETLHOCTH UMITYIBCHO-

ro curnana — ¥, (¢)=y(7)+y(¢). Morpeumnocts

}/(T) 3aBHCUT OT HaHpH)KCHI/Iﬁ CMCIICHHUA HYJIA

BXOJHBIX KoMItapatopoB MK; mpakTudecku ee MOXKHO
YCTPaHUTbh, UCTIOJB3YsI CIOCO0 OUITOJIIPHOTO HU3MeEpe-
HUS, TIPA KOTOPOM 7 OTPEACIIACTCS 0 YETHIPEM MO-
MEHTaM TMepexoJia uepe3 HyJIEBbIC 3HAYCHUS CHHY-
COMIBl B O00OWMX HAmNpaBJICHUAX (B TEUCHHE OIHOTO
Meproia BXOJHOTO HAMNPSKEHUS TONYyYaroTcs JBa
BpeMeHHBIX uHTepBana 7) [16]. CremoBarenbHO, OT-
HOCHTENbHAS OTPENTHOCTh OMpeaeeHus ctge Oyaer

3aBHCETh TOJBKO OT TOUYHOCTH M3MEpeHHs (Pa3oBoro
CIBHTa ¢ ¥ MOXXET OBITh BRIYHCIICHA IO BEIPAXKECHHIO

A(ctgp) 1 O(ctgo)
tgg) = = : AQ =
y(c ggo) ctg ctgo op 4
9o A 201(0)
ctgp-sin“p @ sin2¢
WIH
27r(p-;/((p) 0.035(p-7/(§0)
tgp)=— =- =B ,
}/(c g(p) 180 -sin2¢ sin2¢ p }/((p)
0.035¢
rne f=—— , @ YroJl ¢ BBIpaXXEH B pajHaHax.
sin2¢
CrnenoBaTenbHO,

y(cteo)=B-7(e), r(ctgg,)=p5,-7(9).

[orpemrnoctu y(ctgq)l) u ;/(ctg(pz) SIBJIAIOTCSA

CﬂyqaﬁHBIMH N HE3aBUCHUMBIMH, ITO3TOMY C IOBCpHU-
TCIbHOM BCPOATHOCTBIO 0.95 moxxHO MNpUHATH, 4YTO

4 (Ctg 2 ) = 20-7(ctg(/;|) 4 (Ctg ®, ) = 20—y(ctg¢z)’ ClIea0Ba-
TETHHO, C y4eToM BeIpaxkeHus (11) momygaem:

v, (M)=

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3

_ \/ﬂl2 '72 (¢1)'Ctg2 () +ﬁ22 '72 ((pz)'Ctg2 ?,
ctgp, —ctgg, '

T.K. yriiel @1 ¥ ¢, U3MEPSAIOTCA OJHUMH U TEMHU Ke
anmapaTHBIMU CPEJCTBAMH TIPAKTHYECKH OJHOBpE-

MEHHO, TO MOXHO IIPpUHATH, 4YTO y(gol)z

~ ;/((p2 ) = ;/(go) , CJIEIOBaTENILHO,

Cy(@) B ctgi e + Bl octg e,

Y, (M)=

o(M) ctgp, —ctgo,
C yyeroM BelpakeHHs [ TOTydYaeM:

7,(M)=

2 2

_ 0.0175.;/((0) ‘ ?, s , s
ctgp, —ctgg, sin’ o, sin® o, ' (15)
IIpousBens aHamoruyHble AEHCTBUS C BBIPAKEHU-

em (13), momyqaem:

0.0175-7 (o)
(1+R2/R1)Ctg¢1 —ctgo,

2 2
x\/[#j +(1+R2/R])2-{ # J .
sin” ¢, sin” @,

JL1s1 BBIYMCIIEHMS] IOTPEIIHOCTEN 1O BBIPAKEHUSAM

7,(0)=

(16)

(15) u (16) HEOOXOAMMO HANTH 3HAYCHHE }/((0). Hs-
Mepenue (azoBoro cusura ¢ BeimosHsiercs B MK no
bopmye (pz(r/T )-360° IyTEM 3amlOoJHEHUSl Bpe-
MEHHBIX MHTEPBAJIOB 7 U 1 MMIyJbcaMH 0Opa3LoBOH
gacTtotel f, =80 MI'11 TakTOBOTO reHeparopa. Iloka-
3aHue TaliMep-cueTynKa OyaeT

o= 3600 = 3600,
Nf, N

rae 7 U N — KOMHYECTBA UMITYJIbCOB, MOCTYITUBIIHX
Ha TaliMep-CUeTUHK 3a BpeMs T U I COOTBETCTBEHHO.

AOCONIOTHAS TIOTPENTHOCTh U3MEPEHHS yIiia ¢ 0y-
JleT

A =22 An+ 02 AN - AN 360,
on ON N N
a OTHOCHUTEJIbHAs MMOIPEIIHOCTD:
_Ap An AN
4 ((P) B on N
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Tadoa. 2. Pacuernble 3HaUYCHHS
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TOTPEUIHOCTH  y, (M) mpn R =267 Om, R, =1050m, f=1.0xl,

f, =80 MI'n
oM, Om

OyHKIMS
100 200 300 400 500 600 700 800 900 1000
A 1.050 | 0.525 | 0.350 | 0.263 | 0.210 | 0.175 | 0.150 | 0.131 | 0.117 | 0.105
o, tpan. | 20.455 | 36.723 | 48.214 | 56.168 | 61.800 | 65.923 | 69.043 | 71.473 | 73.412 | 75.000
g tpan. | 15.000 | 28.191 | 38.799 | 46.990 | 53.267 | 58.123 | 61.940 | 64.995 | 67.481 | 69.538
B 4.878 | 2.857 | 2.293 | 2.090 | 2.004 | 1.970 | 1.958 | 1.959 | 1.962 | 1.969
7(9)-10° | 31.250(17.238 | 12.848 [ 10.827 | 9.698 | 8.992 | 8.515 | 8.174 | 7.919 | 7.721
7,(M)-10°% | 2.547 | 1.642 | 1.473 | 1.506 | 1.620 | 1.772 | 1.945 | 2.136 | 2.324 | 2.534

ITorpemHocts 7/((0) OlpesieNseTCs CIly4aHOH 10~

Ip€IIHOCTBIO JUCKPCTHOCTHU, T.C. BO3BMOKXHOCTBIO ITO-
TCpHU B HHUCJIAX n U N 1o OIHOMY CUCTHOMY HUMIIYJIBCY.

Hauxynmmii cimydail umeer Mecto, korma Am=1,
AN =-1:
o)kl BB g (L 1),
n N nT, NI, r T
_f (1+ 360 J
Jo @
I[Ipy  wuMeromUXCcAd  3HAYEHUAX f=1.0 k[,
fo =80 MI'y nonyuaem
y((p)=i1.25-105-(1+360 J (17)
@

B Tabn. 2 npexncrasneHsl pe3ysbTaThl pacyera mo-
IPELIHOCTH ¥, (M ) , BBIYHMCIICHHBIE 10 (opMyIaMm

(15) u (17), rae npuHATH 0003HAYCHUS

A=ctgp, —ctgp,

2 2
B ) \/( . (pZ] \J +( i (p22 ] ,
sin” @, sin” @,

a B Qopmyne (17) moncraBieHbl 3HAYECHUS @ = (Q,,

HIOCKOJIBKY BCETrZia @, < (,, a HAC MHTEPECyeT Mpeel
JIOITyCKAaeMOW TMOTPENTHOCTH m3MepeHus. M3 tabn. 2

BUJIHO, 4TO IOIPELIHOCTE ¥, (M ) MHUHHMMAaJIbHA
B CpemHEH dYacTW WIKambl yria ¢, mpu @ =45°
Yo (M)z1.46-1073%, U YBEIWYUBAETCA IO Kpasm

mKajibl. MakCUMaJIbHOE 3HaY€HHUE ITOW MOTPEIIHOCTH
pasHo 2.547-107%.

Amnanornunslii pacuer mo Qopmynam (16) u (17)
TIIOTPEIIHOCTH ¥, (Q) nokasan, 4TO OHA TAKXKE MUHH-

MaJlbHa B CEPEANHE LIKAIBL, IIC ¥, (Q) ~0.57% npu
@ =45,
Yo (Q) =1.16% B nauane mxkansl npu Q =100. Bun-

U TPUHHUMACT MAKCHUMAJIbHOC 3HAYCHHC

HO, ut0 ¥, (Q) cymectBenno Gonbue y, (M).

7e(M) w oy, (M),
Yr (Q) "7y, (Q) Cy4yallHbl U HE3aBUCHUMBI, IO3TOMY

YacTHbie MOrpeuIHOCTHU

npeaessl JOMYCKAaeMbIX IOJIHBIX OCHOBHBIX OTHOCH-
TEJNBHBIX TOTperHocTel onpenenenust M u Q ¢ nose-
puTenbHOi BeposiTHOCThIO 0.95 OyayT

P (M) =7 )T +[7, ()] =
=10 -+1.5 +0.255> ~0.016%,

(0)=\[7:(Q)T +[7,(Q)] =

=107 -v1.22 +1.16* ~1.67%

COOTBETCTBEHHO, C Y4ETOM COOTHOIIEHUs O = OM /Q
MOJTy4aeM

7(0)=\[r ()] +[1(0)T =
=+/0.016> +1.67% ~1.68%.

BBIBO/IbI

B da3zoBom MeTozne HE HCHONB3YIOTCS aHATIOTOBBIE
curHansl. Bo MHOrOM Oaronapsi 3ToMy METOA MO3BO-
JISIET CPaBHUTEIBHO IIPOCTO aBTOMATU3UPOBATH IIPOLIECC
W3MEpPEHHs, pPealn30BaTh MHBAapHAaHTHOE LHU(POBOE
U3MEPEHUE AKTUBHOM U PEAKTUBHOM COCTABIIIOIIUX
KOMIIJIEKCHOTO  conpoTuBiaeHuss BU  marnutHO-
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CBSI3aHHBIX KaTYIIEK U 00ECICYUTh JIOCTATOYHYIO ISt
MPAaKTUKU TOYHOCTb. Pe3ynbTarbl MCCIIEIOBAHUS T0-
Ka3bIBaIOT, YTO B Pa3pabOTaHHOM MHUKPOKOHTPOJLIEp-
HOM YCTpOMCTBE MOTPEITHOCTH OIPEACIICHUS aKTUB-
HOTO CONPOTHUBIIEHUS ¢ U UHIAYKTUBHOCTH M KOM-
TUIEKCHOTO compoTuBieHuss BU moxHO obecnieunTh

He Oonee y(0)=1.68% u y(M)=0.016% ¢ JoBe-

putensHON BeposiTHOCTBIO 0.95. Ilpm 3ToM MOXKHO
YMEHBIIUTh IOTPEIIHOCTH HM3MEPEHUSl CYXEHHUEM
0 KpasM IIKaJbl yria ¢.
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MEASUREMENT OF THE COMPONENTS OF THE COMPLEX
RESISTANCE OF MUTUAL INDUCTION

B. M. Mamikonyan, S. A. Ghazaryan

National polytechnic university of Armenia, Gyumri Branch, Gyumri city, Republic of Armenia

A microcontroller device for digital measurement of the components of the complex resistance of mutual in-
duction of magnetically coupled coils has been developed for the case, when due to the effects of "capacitance"
and "eddy currents", an "impurity" and a "phase defect" arise in the EMF of mutual induction. An active com-
ponent appears in the complex resistance of mutual induction. For invariant measurement of the components of
this resistance, a phase method was used in combination with a timing separation of the measurement channel.
The measuring circuit (MC) is powered by the current of a controlled generator for sinusoidal signals. An in-
formative parameter of the MC output signal is the angle of the phase shift between two voltages. These voltag-
es are supplied to the analog inputs of the programmable microcontroller (MCU). During the measurement, the
MCU sets the generator frequency, controls the switching of the measurement channel, measures the phase shift
angle between the MC output voltages, and calculates the components of the complex mutual induction resis-
tance according to the given algorithms. The theory of the method, the technique for calculating the parameters
of the MC elements, the evaluation of the sensitivity of the conversion, and the analysis of measurement errors
are presented.

Keywords: mutual induction, complex resistance, measurement, phase method, phase shift angle, measurement error

Designations RESEARCH TECHNIQUES

In the text, electrical complex quantities are de-

. X In inductivel 1 ils, the MI resistance 1
noted by Latin letters with a dot above, as, for exam- ductively coupled coils, the csistance 15

usually determined by the size and geometry of the
ple, E. windings, the relative position between the primary
and secondary windings, and the turns of the wind-

INTRODUCTION ings. At frequencies exceeding f =100 Hz, the effects

of "capacitance" and "eddy currents" are enhanced [1—
Mutual induction (MI) resistance is one of the most ~ 3]. Turn-to-turn capacitances, eddy current losses in
important parameters of electrical circuits that must be ~ winding conductors, leaks, and dielectric losses in in-
determined for coil systems used in various fields, in-  sulation lead to the fact that the phase shift angle be-
cluding transformers, electrical machines and appara-  tween EMF E, induced in the secondary winding, and
tus, electromagnetic devices of automation and mea-
suring technology, communication technology, and i . . .
the production and transmission of electricity. In addi- ~90°. The simple proportionality of the EMF E, to fre-
tion to these traditional applications, new ones are quency and the value of the geometric (low-
emerging. Inductively coupled coils are important frequency) inductance M, is also violated. Instead of
nodes in wireless power transmission systems, which
have already found applications in consumer electron-
ics, industrial manufacturing, and medical implants
and are actively studied for their application for charg- : . ; . :
ing electric VZhicles. Another zgc))wing industry %s E, = [U +jo(M, + AM)]I‘ =(o+joM)l, (1)
robotics. Here, we need systems for accurately mea-
suring the movements of mechanisms capable of op-
erating in contaminated environments. These require-
ments are best met by systems based on mutual
inductance sensor. The widespread use of MI makes it )
necessary to constantly improve the methods and M =M,+AM increases, and a small angle &=

means of measuring its parameters. =arctg(o/wM )~o/wM represents the phase defect
of the ML

the current /, in the primary winding is different from

the ideal equation E, = joM I, the dependency ap-
pears

where ¢ and AM are correction terms, called "impuri-
ty" and "frequency correction" M, at frequency f, re-
spectively. In the complex resistance of the MI
Z, =0+ joM the effective mutual inductance

68
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Active o resistance depends on frequency and
some other factors. The theory of the effects of "capa-
citance" and "eddy currents" is described in most de-
tail in [1]. The theoretical estimate gives an approx-
imately quadratic dependence of the ¢ on the frequen-
cy f. It is shown [1] that if the primary coil must pass
a large current, the deviation from the quadrature of
the vectors £, and [/, can become significant: an ex-

ample is considered in which, even at a relatively low
f=60Hz frequency, the phase defect is 75 min.

When ferromagnetic cores are used, the phase defect
increases and can reach 10° [4].

In some cases, the MI coil is used to establish
a high-precision phase shift between the current and
the voltage by 90 °, such as in rectangular-coordinate
potentiometers, in the standards of high-frequency al-
ternating current power, etc. In [2], an equivalent cir-
cuit for replacing coils with inductive coupling is built
taking into account all parasitic capacitances, and ma-
thematical dependencies ¢ and AM on these capacit-
ances are obtained. When developing high-frequency
power standards, it is necessary to know the phase er-
ror of AC shunts [5, 6] very accurately. The phase an-
gle error of high current shunts is calibrated against
a shunt with a known phase angle. The high-current
shunt resistances are typically at MQ level, and the
reactance of the shunts, which is generated by the
equivalent inductance, is the dominant part at high
frequency. The measurements of the phase defect of
the mutual inductance at frequencies from 20 to
200 kHz are performed in [2].

AC bridges in balancing mode are widely used for
the invariant measurement of the components of com-
plex resistances [7, 8]. To balance the bridge, two of
its components must be adjustable and graduated,
usually variable reference resistances or capacitances
are used [3, 9]. Using the UMPT-2 bridge, the angular
errors of the coils of mutual inductance of types KV-1
and KVI-5 were measured (M = 0.01 Gn and M =
=0.001 Gn) in the frequency range from 400 up to
2500 Hz [3].

AC bridges work normally at low frequencies —
up to 1000 Hz; during operation at increased frequen-
cies, measurement error increases sharply [10]. Bridge
measurement methods have a common drawback:
they do not provide an output signal with a single in-
formative parameter for transmission over distance or
interfacing with computer equipment in order to au-
tomate the measurement process and process mea-
surement results.

ESSENCE OF THE MEASUREMENT METHOD
UNDER DEVELOPMENT

As shown in the present study, this drawback of
bridge techniques can be eliminated using a phase me-

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3

thod for measuring constituents [11]. The essence of
the method is explained in Fig. 1.

Fig. 1. Simplified functional diagram of the meter.

1 — sinusoidal voltage generator with programmable
frequency, 2 — microcontroller, 3 — electronic
switch, 4 — digital display

Two reference resistors, R1 and an additional resis-
tor R2, are connected in series in the measuring circuit
(MC) with the MI primary winding. In the MC, the
measured parameters ¢ and M are converted into the
phase shift angle ¢ between the output voltages u;
and u,, which are supplied to the analog inputs of the

microcontroller (MCU), while the secondary winding
of the MI operates in idle mode.

In the first (a) and second (0) positions of the
switch, we have, respectively

US1 =i(R1+G+ja)M),
Us, =1(R +R, +0+ joM),

and the reference voltage U v ziRl, where [ is the
measuring current. Therefore, we have

tg o, =a)M/(a+Rl),

()
tgp, =oM/(c+R +R,),
after transformation of which we obtain
R
M= : , (3)
o(ctgp, —ctge, )
_ (Rl +R2)Ctg¢1 — R, ctgo, 4)

ctgp, —ctg o,

It can be seen that a mutually independent (inva-
riant) determination of M and ¢ is provided, while it is
necessary to measure only the angle ¢ in two positions
of the switch, and the measurement result does not
depend on the stability of the measuring current.

The experimental sample of the meter uses the
AD9833 generator microcircuit [12] and an MCU of
PIC32MX695F512H type [13]. The MCU analog in-
puts are equipped with comparators, where the ¢ an-
gle is converted into the 7 time interval, which is
measured by the discrete counting method in the
MCU. At each measurement, the MCU sets the re-
quired generator w frequency, controls the switch po-
sition, measures @; and ¢, angles, calculates M and ¢
values according to algorithms (3) and (4) and outputs
measurement results to a digital display.
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SCALE RANGE SELECTION
AND SENSITIVITY ANALYSIS

The analysis shows that due to the features of tan-
gent and cotangent functions, the sensitivity of the
conversion Ag =@, —¢@, is maximum in the middle of
the angle scale 0°< ¢ <90° and drops along the edges
of this range, so the ¢ angle scale is selected in the
range 15° <@ <75° which means the selection of the
corresponding resistances R; and R, taking into ac-
count the measurement ranges M and o. Since
®, > ¢,, the upper limit of the scale is set by the resis-
tance value R;, and the lower limit is set by the resis-
tance value R,.

We calculate these resistances for the case of mea-
suring current frequency f =1000Hz and measure-
ment ranges g = 1-10 Q, oM = 100-1000 Q. Elimi-
nating the sum (o + R,) from two expressions (2), we
obtain

RZ = (Mmin : Ctg (DZmin - Mmax ' Ctg ng max )

Taking into account the values ctg15°=3.732 and
ctg75°=0.268, we get for the scale M the value of

R,~105Q, as well as o+R =1000/3.732~

~268Q, o+R +R,=100/0268~373Q. With
these values, we determine angles ¢, .. and ¢, . :
oM . 100
tg Qi = —— - =——=~0.373, .~ 20.45%
gqolmm o+ Rl 268 (Dlmm
oM 1000
t = mx = ~2.681, @, . =69.55°.
B0 T LR R, 373 ”

Based on the results of the conversion sensitivity
calculation, a dependence curve was built Ap = f ((p)
in Fig. 2.

Fig. 2. Plot of transformation sensitivity Ap = f ((p)
along the angle ¢ scale

To select the o scale, note that as the o increases,
the ¢ angle decreases, as seen in (2). Therefore, it is
advisable to measure the Q-factor of the MI secondary
winding Q=wM /o, instead of o, since, having the
values wM and Q, the MCU will calculate the o val-
ues.

It follows from (3) and (4) that

R
: , Q)
(Rl +R, )Ctg(/)1 — R, ctgo,

and the measurement range Q determined by the mea-
surement ranges wM and ¢ is Q = 100-1000. We
present the formulae (2) as:

__ 90
1+R /o’

Y
1+(R +R,) /o

0=

tg o, (6)

tgp, = ™)

For the Q scale, it is advisable to maintain the re-
sistance value R, =105, which sets the conversion

sensitivity. For the scale mark ¢, . from (6) we de-
termine

1 + Rl /G = Qmax /tg q)lmax (8)

and substitute into formula (7) presented for the initial
scale mark:

Qmin
Qmax /tg (Dlmax + RZ /O-

then we find the relation

R2 /O- = Qmin /tg (pzmin - Qmax /tg (p]max ~ 105

Therefore, o =R,/105=1.0 for the whole scale,
taking this into account we determine (8) R, =267 Q.
Thus, for M and O, we get a single ¢ angle scale.

tg (02 min

STUDY OF MEASUREMENT ERRORS

A theoretical estimate of the errors in determining
M and Q by formulas (3) and (5) was performed. The
instability of the w frequency does not cause an error
in (3) since when calculating the angle ¢ according to

the formula ¢ =(7/T)-360° MCU also measures the
period T =1/f of the measuring current. Therefore,
the relative error of determination M will be
y (M) = AM _ AR, A(ctgp,)—A(ctge, )
M R, ctgo, —ctgg,
=7 (M) 7, (M), ©

where partial errors are indicated:

7R(M):AR2/R2:?/(Rz)a (10)
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y (M) _ A(ctgqpl)—A(ctg(pz) _
’ ctgp, —ctg g,
_ctgg, -y (clgp)—clgp, -7 (ctep,) (g,
ctg g, —ctg g,
Similarly, we get from the expression (5):
7(0)=7:(9)+7,(9),
A
Vr (Q) = RéQ) =
_ R, (Ctg(p2 _Ctg¢1)[7(R1)_}/(R2 )] (12)
(Rl +R2)Ctg¢l _Rl Ctg(Pz ,
A, (0
(0=
_ R -ctgp, y(ctgp,) = (R +R, )ctef-y(ctgp) 13)

(R] +R2)Ctg(p1 _Rl Ctg§02

Analysis shows that the phase method of mea-
surement of VI parameters is excessively critical to
the resistance stability of resistors R, and R,, there-

fore the most high-precision metal-fiber resistors of
the S5-61 type are selected [14]. Taking into account
the tolerance values +0.005% from the rated resis-

tance R, and TCS o, =%10-10°°C" absolute

change in resistor resistance under normal operating
conditions (at 20 £ 5° C) will be

ARy =0.00005R, + AR, =£1.5-10"R,,,

where AR =a,-At-R, =10-10°-10R, =+107'R,
— temperature change of resistor resistance. There-
fore, the partial relative measurement error M from

the resistance change of the resistor R, considering
(10) will be

72(M)=y(R)=ARy /R, =1.5-10"

It can be considered that the errors of resistors R;
and R, are uncorrelated random variables with normal
distribution laws, therefore for RMS deviations of

their resistances a[y(R):l can be taken with confi-
dence probability 0.95 [15]

G[y(Rl )] = G[y(Rz )] = 0-[7(R)] =0.5AR; =
=0.75-107",

taking into account what we get
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6[7(R1)_7(R2):|:\[202 |:7/(R) =

=14lc[y(R)]=1.41.0.75-10" ~1.06-10™,

Substituting in (12)

[}/(Rl)_V(Rz)]22'0'[7(R1)—}/(R2)]z2.1-10’4

and resistance values R; and R,, we obtain

2.1-107* -(ctg, —ct
7 (0)= (ctge, —ctgp,)

. (14)
1.4-ctgp, —ctgo,

Tab. 1 shows the calculation results y, (Q) ac-

cording to formula (14), where the designation is tak-
en A=ctgp, —ctge,.

Tab. 1. Design error values y,(Q) at R =267,
R, =105Q

Calculations show that the partial error of deter-
mining Q from the change in resistors R, and R, with
a confidence probability of 0.95 does not exceed the

value y,(Q)=12%.. To reduce this error, you can

determine the exact values of their resistances before
installing the resistors.

Partial errors y, (M ) as per formula (11) and

Yo (Q) as per formula (13) depend on accuracy of
measurement of phase angles of ¢, and ¢,. The rela-
tive error of ¢ phase shift measurement has two com-
ponents: error y(r) of ¢ angle conversion to time in-

terval 7 and error 7/((/)) =A@/@ of pulse signal dura-
tion measurement — ¥, ((o) = j/(T) +y (q)) The error

y(7) depends on the zero displacement voltages of

the MK input comparators; practically it can be elimi-
nated using a bipolar measurement method, in which
the 7 is determined from four moments of transition
through zero values of the sinusoid in both directions
(during one period of input voltage two time intervals
of 7 are obtained) [16]. Therefore, the relative error
ctgp of determination will depend only on the accu-

racy of the phase shift measurement ¢ and can be cal-
culated from the expression

(ctep) - A(ctgo) _ 1 O(ctgo) Ao
ctgp  ctgp  Jp
¢ Ap_ 20-7(p)

- ctgp-sin®p @ sin2¢
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or
2np-y(9)  0.035¢-y7(p)
tep)=— = =f3.
y(c g¢) 180-sin2¢ sin2¢ p 7(@),
where f = —0'035(0, and the ¢ angle is expressed in

sin2¢
radians. Therefore,

y(cteg) =B -v(e). 7(ctgp,)=5,7(p,).

The errors }/(ctg (p]) and }/(ctg (pz) are random
and independent, so with a confidence probability of
0.95 it can be assumed y(ctg(ol)z 20'y(

ctgg;)?

}/(ctg (pz) = 20'7(01%), that therefore, taking into ac-
count the expression (11), we get:

\/[312 '7/2 (¢1)'Ctg2 o+ ﬂzz '72 ((pz)'Ctgz ?,
ctgp, —ctgg, ‘

Since the angles of ¢, and ¢, are measured by the
same hardware almost simultaneously, it can be as-

sumed that ¥ (¢, )=y (@,)=7(¢), therefore,

7,(M)=

_v(oB -ctg’ o + B -ctg’ o,
ctgp, —ctg,

Taking into account the expression f , we get:

7, (M)=

2 2
_ 0.0175- }/((0) . o L[ '
ctgp, —ctg g sin” g, sin” ,
By performing similar actions with the expression
(13), we obtain:

7,(M)

(15)

0.0175-7 (o)
(1+R2/R1)Ctg¢1 —ctgo,

2 2
|| 2| +(1+R,/R) -| 22— .
sin” @, sin” ¢,

To calculate errors from expressions (15) and (16),
you need to find a value }/((0). The measurement of

7,(0)=

(16)

@ phase shift is performed in MC by formula
Q= (r/ T ) -360° by filling time intervals 7 and T with
pulses of the reference frequency f, =80 MHz of the
clock generator. The timer count will be

o= 3600 = 3600,
Nf, N

where n and N are the number of pulses received by
the timer-counter during r and 7, respectively.
The absolute error of angle measurement will ¢ be

Ap=22An+ 22 AN - (M—LZANJ%OO,
on~ oN N N

and relative error:
AN

Ap An
y(p)= o N
Error y(¢) is determined by random error of dis-

creteness, i.e. possibility of loss in numbers n and N
by one counting pulse. The worst case occurs when
An=1, AN=-1:

1 1 7, T 1 1
=t —=—0 4 0 T4 |=
7(#) N al, NI, O(T Tj
:L[H%o j
Jo ¢
At the available values of f=1.0kHz,

/o, =80 MHz we obtain

7(¢)=i1.25-10-5-[1+3600j. 17)

4

Tab. 2 shows the error y, (M) calculation results
calculated according to formulas (15) and (17), where
designations are taken

A=ctge, —ctgg,

2 2
B= || 2| 4| 2|,
sin” @, sin” @,

and in formula (17) the values ¢ =¢, are substituted
because ¢, <¢@,, we are always interested in the limit
of the permissible measurement error. Table 2 shows
that the error ¥, (M ) is minimal in the middle part of
V,(M)~146-10"% at
@ =45° and increases along the edges of the scale.

the scale of the angle ¢.

The maximum value of this error is 2.547-107% .

Tab. 2. Design error valuesy (M) at R =267,
R, =105Q, f=1.0kHz, f, =80 MHz
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A similar calculation according to formulas (16)
and (17) of error y, (Q) showed that it is also minim-

al in the middle of the scale, where 7, (Q) ~0.57% at
¢ =45°, and takes the maximum value 7, (Q) =1.16%
at the beginning of the scale at O =100. It can be seen
that (Q) significantly more y, (M )

Partial errors y, (M) and ¥, (M) s Yk (Q) and

Yo (Q) are random and independent, so the limits of

the allowed total basic relative errors of determining
M and Q with a confidence probability of 0.95 will be

y ()= \[72 ()] +[, ()] =

=107 -/1.5* +0.255% = 0.016%,

7(0)=\[7:(0)] +[1,(0)] =

=107 -v1.22 +1.16*> ~1.67%

accordingly, taking into account the ratio o =wM/Q
we obtain

r(o)=\[r()] +[r(0)] =
=0.016% +1.67* ~1.68%.

CONCLUSIONS

The phase method does not use analog signals.
Largely due to this, the method makes it relatively
easy to automate the measurement process, implement
an invariant digital measurement of the active and
reactive components of the complex resistance of the
VI magnetically coupled coils and provide sufficient
accuracy for practice. The results of the study show
that in the developed microcontroller device, errors in
determining the active resistance of the ¢ and induc-
tance M of the complex resistance of the VI can be pro-

vided no more than ¥ (o) =1.68% and y(M)=0.016%

with a confidence probability of 0.95. It is possible to
reduce measurement errors by narrowing along the
edges of the ¢ angle scale.
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