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MOTYKHOCTI ¥ PA31 3BHAYHOI PEAKTUBHOI CKJIAJIOBOI

En

The broadband wattmeter of transient power with its own consumption error
correction for measuring the active power against the background of large reactive
components in the frequency range up to units MHz is described in the article.
This instrument can measure the power loss (active power) in a variety of reactive
elements, for example, the inductances used in pulsed energy converters. Such
wattmeter can be used to optimize the development of wireless power transmission
systems based on open resonance circuits. The structure of such systems, as was
found during the study, has a spherical directional pattern and does not depend on
the emitter and receiver location, described in the article. The article specifies the
features of active power measurements at searching for the most efficient design of
wireless power transmission systems on the basis of open resonant circuits, where
the measurement is complicated by the fact that relatively small active power
needs to be measured against the background of large reactive components, when
the operating frequencies are shifted from the resonance, and phase shift between
current and voltage accrue.

At high frequencies measuring, the channels of the wattmeter become very sen-
sitive to phase errors. It is necessary to minimize links that cause phase shifts. In
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Ru

this connection, it is important to construct correctly the wattmeter input units and

to make such a transformation, which will provide operations with signal modules.

The proposed scheme allows this to be achieved, and required gain is carried out

without taking into account the signals phase shift.

In the basic scheme of the wattmeter, the input device is executed from the
main shunt and parallel to the auxiliary distributed shunt connected to it, which is
connected to the main resistance of the voltage divider, in which the value of all
resistances of the input device is determined by conditions of invariance to the
squares of the voltage and load current, and the partially distributed auxiliary shunt
is calculated with additional weighting factors to provide the conditions for invari-
ance of the square of voltage and current and eliminate the error from its own re-
vives.

The value of the calculated power measurement error on the model for this
wattmeter is 0,1%. The basic error of the wattmeter is the error of the low-ohm
shunt. It is expedient to use coaxial or triaxial shunts to extend the frequency
range. The designs of such shunts and examples of shunts with the best technical
characteristics for today are given in the article.

The advantages of such wattmeter are:

- gives the exact value of the measured power on the load, regardless of the actual
consumption of the input device;

- the values of the input device elements can be optimized by the criterion of max-
imum broadband, since the error from its own consumption is taken into ac-
count;

- one low-level shunt, which reduces the cost of the wattmeter; is used in the
scheme

- additive errors of the voltage conversion channel are minimized.

B crathe paccmaTpuBaeTcs MIMPOKOMOJIOCHBIN BaTTMETP MPOXOJHOW MOIIHO-
CTH C KOPPEKIHEH MOrPEIIHOCTH OT COOCTBEHHOT'O MOTPEOJICHHS I U3MEPEHUS
aKTUBHOM MOIIIHOCTH Ha (pOoHE OOJIBIIMX PEaKTUBHBIX COCTABJISIOIIMX B JHANa30He
gactoT oT 0,01 mo 10 MI'm. OO6bexTaMu ucCIeAOBaHUIN SBISIOTCS JIEKTpOMAr-
HUTHbBIE 3JI€MEHTHl (Apoccenu / TpaHchopmaTopsl), paboTarole Ha BBICOKHX
qaCcToTax A0 C€AWHHUIL MErarepu U UMCIOT CHUJIIBHO HCKaXXCHUH q)OpMI)I CHUT'HAJIOB.
Onucanbl 0COOEHHOCTH M3MEPEHUI aKTMBHOM MOIIHOCTH HpPU IMOUCKE MaKCH-
MaibHO 3((HEKTUBHON KOHCTPYKIMHU CHUCTEM OECIpPOBOAHOM Mepenadu 3JIeKTpo-
SHEpPrUy Ha OCHOBE PA30MKHYTBHIX PE30HAHCHBIX KOHTYpoB. PaccMoTpeHbl 06pas-
116l COBPEMEHHBIX ITYHTOB, KOTOPHIE CO3/Jal0T OCHOBHYIO MOIPEIIHOCTh BaTTMETPa
TaKoro BUJa.

Beryn

[IpoBenene AOCIHIIKEHHS MOKJIMKAHE CTBOPUTU HEAOPOTHH Ta HaIIWHUM

METPOJIOTIYHUN THCTPYMEHT [Jisi BUMIPIOBAHHS aKTUBHOI MOTYKHOCTI Ha (POHI
BEJIMKUX PEAKTUBHUX CKJIAJA0BUX Yy aiana3oHi yactoT Big 0,01 mo 10 MI'u. ITpu-
Jall TO3BOJHUTH BUMIPIOBATH IMOTYXKHICTh BTPAT (aKTUBHY MOTYXHICTh) [1] y
PI3HOMAHITHUX PEAKTUBHUX €JIEMEHTax, HaNpHUKIaJ, IHIYKTUBHOCTAX, SKi
BUKOPUCTOBYIOTHCS Y IMIYJIbCHUX IepeTBOproBayax eHeprii. [Ipobiema 30151b-
menHs KK/ iHBepTopiB 3BOIUTHCS 10 3aBIaHHS — 3HU3UTH BTPATH, Y JPOCEITb-
HUX €JIeMEHTaX, TOMY III0 Ha CbOTOJIHI OCHOBHI BTPATH 3MICTHJIMCS BiJl HArliB-
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IPOBITHUKOBUX KJIIOYIB y OiK peakTHBHHX elieMeHTIB [2]. Bukopucranus naHo-
ro BaTMeTpy OyJie aKTyaJIbHUM JJI 3MEHIICHHS TaKUX BTpaT Mij] 4ac po3poOKH i
KOHTpPOJII Ha BUPOOHUIITBI 1HAYKTUBHOCTEH Ta 1HBEPTOPiB. 3MEHIIICHHS TJI00a-
JBHUX BTpaT €HEPrii B yCiX MPUCTPOSX, IKI BUKOPUCTOBYIOTh MEPETBOPIOBAYL, Y
MaiOyTHHOMY, Ma€ Ha METI MOCHPUATH 30€peKEHHIO HABKOJIMIIHBOIO CEpe/o-
Buma. lle 3aBgaHHs akTyajgbHE JUIsl PO3BHHYTOT'O BUPOOHUIITBA, IO BUMArae
MOCTIMHOT onTHMI3aIlii, IKe Ha JaHWK MOMEHT B YKpaiHi 3HaXOAUTHCS Ha eTalll
dbopmyBaHHS.

Takwuit BaTMETp MOKE 3HAHUTH 3aCTOCYBaHHS y pa3l ONTHMI3AIlli po3poOKH
cucteM 0e3apOTOBOI Iepe1adi eIeKTPOCHEPrii Ha OCHOBI PO3IMKHYTHX PE30HAH-
CHUX KOHTypiB. XoOdYa TaKi CHCTEMH CSTAlOTh KOPIHHIM IIe po3po0OoK
H. Tecnu [3], BoHU MeHIII€ MIIXOATh AJi1 TOOYTOBOTO BKHUTKY, HIXK MPEICTAB-
JICH1 Ha PUHKY 1HIYKTUBHI 3apsi/iHi MPUCTPOI, Yepe3 MPUCYTHICTh BUCOKUX PiB-
HIB HaMpyT, IpOTe, Yy MPOIIeCi iX JOCTIHKECHHSI BUHUKAE BEJIUKHUI CIIEKTp Mo014-
HUX €(EeKTIB 1 MOXJIMBUX BUKOPUCTaHb, SIKI BAPTO JIOCHIIKYBATH Ta MOKJIMBO
BOHU JIONIOMOXYTh Y JOCHI/DKEHHI W PO3yMiHHI MEBHUX (i3UYHUX €(EeKTIB Ta
MPOIIECiB, SIKI JOCI MaJI0 BUBYEHHI. BUMIiproBaHHA 1 MpaBUJIBHUIN aHaji3 BTpAT
JT03BOJISIE PULTBUIIIUTH PO3POOKY €JIEMEHTIB MOAI0HOT CUCTEMH.

Cuctema 0€31pOTOBOI Tepeaadl eIeKTPOCHEPrii Ha OCHOBI PO3IMKHYTHX
PE30HAHCHUX KOHTYPIB, 110 BUKOPUCTOBYBAJacCh y JOCIIIPKEHHI, CXEMaTUYHO
300pakeHo Ha puc. 1.

BunpomiHoumnia MpUAOMHWIA
pe30HaHCHWA pes3oHaHCHUA
KOHTYpP KOHTpPYP HaBaHTaxeHHs

RF
FeHepaTop YA N C g

Puc. 1. be3snpoBigHa cuctema nepeaayi eHeprii

CucreMa CKJIaJIa€ThCsl 13 TEHEpaTOpa, OJMH TMOJOC SIKOTO MiIKITI0YAEThCS
710 3eMJI1, @ APYTHil 10 OJAHOIOIIOCHOTO BUIIPOMIHIOIOYOTO  PE30HAHCHOTO KO-
HTYpPY (Z1€ B SIKOCTI 1HIYKTUBHOCTI 1 EMHOCT]1 BUCTYNAIOTh 1HAYKTUBHICTH 1 Napa-
3UTHA €MHICTh aHTCHU BUIIPOMIHIOBAaYa BIAMOBIIHO), Ta MPUHOMHOTO OJIHOIIO-
JIIOCHOTO PE30HAHCHOI'O KOHTYPY, 10 SIKOTO Y CBOK YEpry NpHEHAHE HABAHTA-
xeHHs. Taki cuctemu, sk OyJI0 BUSBIICHO ]| Yac JOCHIKEHHS, MaloTh chepu-
YHY JllarpaMy HaIpaBJCHOCTI 1 HE 3aJI€KaTh BiJ B3aEMHOTO PO3TAIlyBaHHS BU-
MPOMiHIOBaYa Ta MpUiiMaya.

JlJig TOLIyKy MakCUMalbHO €(PEeKTUBHOI KOHCTPYKLII HEOOXI1AHO MPOBO-
JUTU TOYHI BUMIPIOBAHHS KOPHMCHOI aKTMBHOI MOTYXHOCTi. LI BUMiprOBaHHS
YCKJIAJAHIOIOTHCS TUM, 1110 BIIHOCHO Mally aKTHBHY MOTY>KHICTh HEOOX1JTHO BU-
MipioBaTH Ha ()OHI BETUKHX PEAKTUBHHUX CKJIQIOBUX, KOJHM poOOYl 4YacTOTU
3MIILYIOTBCS 13 PE30HAHCHOI, 1 BUHUKAE (Pa30BUI 3CYB MK CTPYMOM 1 Hampy-
TrOI0.
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JlocmiKeHHs CUCTEMU TIOYMHAETHCS 13 BUMIPIOBAHHSI aKTUBHOI MOTYK-
HOCT1 HaBaHTAXXEHHS MPUHUMAJILHOTO PE30HAaHCHOTO KOHTYpY. [IpoTe came nute
BUMIPIOBaHHS 111€1 aKTUBHOT MOTY)KHOCTI M TMOIIYK ONTHUMAJbHOI KOHCTPYKIIIT
JUTSL 1i M1JIBUILIEHHS. MOKE MPU3BECTH 1O MOTPAIUISIHHS Yy MACTKY JIOKaJIbHOTO
MaKCUMyMy KOPHCHOI MOTYXHOCTI 3B’s3aHHUX KOHTYpiB [4], 1m0 npejcTaBicHa
Ha puc. 2.

MaxkcruMaibHa BHXiJHA MOTYXHICTH OTpuMy€eThes mipu 1 = 0,5 ta k=1/Q,
poTe, SK BHJHO i3 rpadika Ha puc. 2, 3a OuIbIIOro 3HaYeHHS KQ MoxmuBe
OUTBII ePeKTUBHE PIMICHHSM IS TIepeavi 3a MEHIIIOK BUX1THOIO MOTYKHICTIO.
JIyist mpaBWIILHOTO TIPOCKTYBaHHS CUCTEMH MOTpiOHO Bu3HadaTu came KK/ me-
penayi, OT’K€ — TOYHO BUMIPIOBATH aKTUBHY MOTYKHICTh BUIIPOMIHIOIOUOTO KO-

1 r .
HopmoBaHa
MOTY)XHICTb BTpaT
= KK,
E nepepadvi eHepril
T IR
JlokanbHUN
| makcumym IOPMOBaHa kopucHa
028 ———#~ == S MOTYXKHICTb
| . 7
> | 1
0 1 :
kQ

Puc. 2. KK]J| mepenaui eneprii m y cucCTeMi 3B’S3aHUX PE30HAHCHUX
KoHTYpiB (K — KoedimieHT 3B’ 13Ky; Q — T0OPOTHICTH)

JI1s BUpIILIEHHSI ONMKMCAHUX BUIIE 3a/lady OyJIO 3alpOlOHOBAHO BUKOPHC-
TaHHA IUPOKOCMYTOBOTO BaTMETPY MPOX1JHOI MOTYHOCTI 13 KOPEKLIEI0 TOXHU-
OKM BIJ] BJIACHOTO CIO>KMBAHHS JJIs1 MIHIMI3allli BTpaT Ta ONTUMI3allli KOHCTPY-
KIli CUCTEMH.

Onuc BaTMeTpy NPOXiIHOI MOTYKHOCTI

VY pasi BUCOKMX YacTOT KaHAJIM BAaTMETPY CTAIOTh AYKE UYTIUBUMHU [0
¢dazoBux noxubdok. [1oTpiOHO MiHIMI3YBAaTH JIaHKH, SIKI BUKJIMKAIOTh (pa3oBi 3Cy-
BU. Y 3B’SI3KY 13 MM BOKJIMBHUM € MPABWIbHA MOOY/I0BA BXITHUX JIAHOK BaTMET-
py 1 Take MEepeTBOPEHHS, K€ 3a0e3MeUnTh onepallii i3 MOAYJIsIMU CUTHAIIIB 0e3
BpaxyBaHHs (a30BHUX 3CYBiB [5, 6].

[{poro MO>KHA AOCSATTH MPUBOASLYM 10 KBAJApaTy CyMy CUTHAJIIB, MPOMOP-
iHUX cTpyMy i(t) Ta Hanpy3i u(t) y HaBaHTaxeHHi Z.

[u(t) + Zi(t)]? = u?(t) + 2Zu(t)i(t) + Z2%i%(¢), (1)
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3anponoHOBaHa CXEMa Ha PHUC. 3, 103BoJse 1Mo30yTHca KBaapaTis u?(t),
ta Z2i%(t) y (1), a HeoOXi/iHE MiICHIIEHHS 3/IilCHIOEThCs 63 ypaxyBaHHS (a3o-
BUX 3CYBiB CUTHAJIB.

Y NOpUHIMMOBIA CXeMi 3alMpONOHOBAHOTO BaTMETpa 3MIHHOTO CTPyMY
BXIJIHMI TPHUCTPIH BUKOHAHO 13 OCHOBHUM IIYHTOM Z; Ta TMapajeibHO
i’ €MHAHUM JI0 HBOTO JOTIOMDKHHM PO3MOAUICHHM IIYHTOM Z; Ta Zy,
3’€IHAHUM 13 OCHOBHHMM OTIOPOM MOJAUTFHUKA HANpyTu Z3, TOMY 3HAUY€HHS BCIX
OTIOPiB PE3UCTOPIB BXIAHOTO MPHUCTPOIO BU3HAYAIOTHCS 3a JIOMOMOTOI0 YMOB 1H-
BapiaHTHOCTI JI0 KBaIPaTiB HAIIPYTH Ta CTPYMY HaBaHTa)XKCHHS, & YaCTKOBO PO3-
MOJIIJICHA JTOTIOMDKHUI IIIYHT PO3PaxXOBYETHCS 13 JOJATKOBHUMH BaroBUMHU
KoedirieHTamMu 1 3a0e3reueHHss YMOB 1HBapiaHTHOCTI KBajJpaTiB HaIpyry Ta
CTpyMy Ta YCYHEHHS TOXUOKH BiJ BTACHOTO CTIOKUBAHHSI.

Puc. 3. BartmeTp mpoxigHOT MOTY>KHOCTI
1 — BXiJIHUI NPUCTPINA HA OCHOBI €JIEMEHTIB aKTUBHOTO €JIEKT-
PHAYHOTO OMOpY, 2 — KOMYTAToOp, 3 — KBAaJPaTUYHUN JETEKTOP
Ta OJIOK 00UHCTIEHHS

TepmorniepeTBoproBayl JOUIIBHO BUKOPUCTOBYBATU y SKOCTI NMPUCTPOIB
JUIsL BAMIPIOBAaHHS, BOHU JIO3BOJISIFOTh TOYHO BU3HAYaTH A1I0UY CKJIAJOBY Y IIH-
POKOMY YaCTOTHOMY Jliara3oHi.

2 _(1421)°2 2
uba Z4 ubC (Z3Z4+Z3Z1+Z4Z2+Z3Z2) (2)
4Zy ZZ3(Z1+Z4)? ’

p:iu:

VY pasi BUMIpIOBaHHS Majoi aKTUBHOI MOTY>KHOCTI 32 YMOBH Jii BEITUKOI
PEaKTUBHOI CKJIAJ0OBOI BUHMKAE JTOJATKOBA MOXHOKA Bil BIACHOTO CIIOKHUBAHHS
y BXIJTHUX JJaHKaX. PiBHAHHS (2) BUKIIIOYAa€ MOXUOKU BiJl MOTY>KHOCTI BJIACHOTO
cnoxkuBaHHs. [le m03BOJIsIE PO3MIUPUTH YACTOTHUM Jiara3oHi Ta CYTTEBO Tif-
BUIIUTH Yy TIUBICTb.

3HayeHHsI 00YMCIICHOT MOXUOKM BUMIPIOBAHHS MOTY>KHOCTI 32 MOJEIUIIO
115t manoro Batmetpa ckiagae 0,1%. OCHOBHOIO MTOXHMOKOK BaTMETpa € MoXuo-
Ka HU3bKOOMHOTO ITyHTa Z;. J{71s1 po3IMIMpPEeHHS 4acTOTHOTO JTiana3oHy JOIiIbHO
BUKOPUCTOBYBATH KOAaKClaibHI a00 TpUaKcialbHI IIYHTH, SKI MalOTh HallKparii
TEXHIYHI MOKa3HUKU Ha ChOTOAHINIHIN JIeHb, IPUKIIAJAN HaBeeHl B Ta0. 1.
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Tabnuuys 1.
XapaKTEepUCTUKH IITYHTIB
Hassa MiH. Makc. ToumicTs I[lana39H
4acToTa 4acToTa CTPYMIB

L95-SHXx DC 100 Iy 0,15% I A
A40B DC 100 xI'1x 0,035 % 100 A
GUILDLINE INSTRU- 0
MENTS 7350 Series bC 100xTu— 0,01% 25 A
OHM-Labs CS50 DC 20 k' 0,01 % 50 A

KoHcTpykIlis koakciaapbHOTO IIyHTa TpuBeaeHa Ha puc. 4, a. Tpuakcua-
JBHUM IIYHT, CXeMaTUYHO TTOKa3aHo Ha puc. 4, 6, peani3yethes Ha 6a31 GUARD
TEXHOJIOT11, 0 TO3BOJISIE TOCSITTH BUCOKOTO 3HAUEHHS MPUAYIICHHS CHH(a3HOI
ckianoBoi CMR, y HbOMy KJeMu Uit CTpyMy Ta MOTEHIiaTiB PO3HECEHI (PUH-
runt Kenepina), a HI, LO ta G mix’eqHanHi 6€3MocepeIHbO Yepe3 TpHaKCiab-
HUI po3’€M 10 KaHAITy BUMIPIOBaHHS CTPYMY aHaJi3aTopa MOTYKHOCTI.

< ] ! » |

HI

Lo

3 4 G
a o
Puc. 4. a — KOHCTPYKIliS KOAKCIadbHOTO IIyHTA!
1 — ctpyMoBi BUBOJIM; 2 — MOTEHINaTbH1 BUBOJIY;

3 — MWTHAP 13 MaHTaHIHY; 4 — MiTHUHN WTHD;
0 — TpUAKCIaJbHUM IIYHT

PesuctuBHuil eneMeHT IIyHTa Mae GopMy TpyOH, mo 3abe3mnedye Oibiy
MOBEPXHIO, 10 Pa3oM 3i CHGHlaHBHI/IM MaTeplaJ'IOM 3abesnedye KoedilieHT Ha-
BaHTaXeHHs Menme Hix 1,5-10° [%/A%]. IlyHTn NPHEIHAHH] HALPSIMY [0 BH-
MIPIOBaJILHOTO KaHAJIy MarOTh Jiana3oH 3HadeHb Biax 3 MA 10100 A, 30BHImIHI

IIYHTHA PO3MILLYIOThCA OUIS TECTOBOTO 00’€KTa 1 MalOTh Jiana3oH 3HAYEHb Bij
100 A no 1400 A.

BucuHoBkn

[lepeBaramu BaTMeTpa TaKOi KOHCTPYKIII €:
— JIa€ TOYHE 3HAYEHHS BUMIPSHOI MOTY>KHOCTI Ha HAaBAaHTAXKEHHI, HE 3BaXKato-
YM Ha BJIACHE CIIOKUBAHHS BX1IHUM MPUCTPOEM;
— 3HAYEHHS €JIEMEHTIB BXIJTHOTO MPUCTPOIO MOKE OyTH ONTUMI30BAHO 3a KpH-
TEpiEM MAKCUMAJILHOI IIMPOKOCMYTOBOCTI, OCKIJIbKA TOXMOKA BiJl BJIACHOTO
CIIO’KMBaHHS BPaXOBAaHA,
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— B CXEMi 3aCTOCOBYETHCS OJMH HM3bKOOMHHUH IMYHT, IO 3MEHIIYE BapTiCTh
BaTMETDY;
—  MIHIMI3YIOThCS aJUTUBHI TOXUOKH KaHATy NMEPETBOPECHHS HAIPYT.
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