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BUMIPIOBAHHSI AKTUBHOI HOTYKHOCTI PEAKTUBHOI'O

En

HABAHTAKEHHA B IIUPOKOMY AIAITA3OHI YHACTOT

Problem of developing a metrological instrument for measuring active power in
the frequency range from 0.01 to 10 MHz is considered in the article. Construct-
ing of such an instrument must meet a high requirement of channels phase charac-
teristics at a low power factor at measuring active power against the background of
large reactive one.

In today's electric power converters, the main losses that determine the effi-
ciency factor are shifted from semiconductor keys to reactive elements. In order to
optimally design such reactive elements, it is necessary to be able to analyze the
components of the loss [1]. Such an instrument will measure the loss power (active
power) in a variety of reactive elements, for example, chokes used in pulsed ener-
gy converters [2].

In currently available power analyzers and wattmeter, there are significant er-
rors in the frequency range above 1 MHz, which makes it difficult to meet the
above objectives [3].

An example of the harmonic signal components effect and errors analysis
caused by the measurement channels phase shifts in the wattmeter is described in
the article.

At high frequencies, the wattmeter channels become very sensitive to phase er-
rors. It is necessary to minimize links that cause phase shifts. In this connection, it
is important to construct correctly wattmeter input links and to make such a trans-
formation, which will provide operations with signal rms modules without taking
into account phase shifts. In order to solve this problem, it is advisable to use a
broadband wattmeter of transient power with the correction of the error from its
own consumption, described in [6]-[8], to minimize losses and optimize the sys-
tem.

The wattmeter of this design gives the exact value of the measured power on
the load, regardless the actual consumption of the input device. The value of the
input device elements can be optimized by the criterion of maximum broadband,
since the error from its own consumption is taken into account. In the scheme one
low-level shunt is used. It reduces wattmeter cost and also reduces voltage conver-
sion channel additive errors.

The wattmeter basic error is the error of the low-ohm shunt. To extend the fre-
guency range, it is advisable to use coaxial or tri-axial shunts. It is expedient to use
thermocouples measuring device to determine precisely the active component in a
wide frequency range.
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Ru B crarteke paccmarpuBaroTcs TpoOJIeMBbl pa3pabOTKH METPOJOTHYECKOTO WH-
CTPYMEHTA JUIsl U3MEPEHUs1 aKTUBHON MOLIHOCTU B Auana3oHe yactoT ot 0,01 mo
10 MI'u. [Ipu NMOCTPOCHHUH TAKOTO WHCTPYMEHTAa OCOOCHHOCTBIO SIBIISICTCS JKECT-
Koe TpeboBaHHe K (Da30BBIM XapaKTEpHUCKaM KaHAJIOB MPH M3MEPEHHH aKTHBHOM
MOIITHOCTH Ha (hoHE OOJBIION PEaKTHBHOM, TO €CTh MPHU MajoM KO3 (UIIMECHTE
MoutHocTH. OOBEKTaMU UCCIICAOBAHH SBISAIOTCS JIEMEHTHI, pabOTaroIue Ha BbI-
COKHMX YaCTOTaxX JIO CIWHHI] Merarepil 1 UMEIONINe CUIIBHO MUCKaKEHHBIE (OPMBI
curHasioB. OnucaH npuMep BIMSHUS TAPMOHHUYECKUX COCTABJISIONINX CHUTHAJIOB B
BarT™MeTpe. [IpuBeneH aHaU3 MOTPENIHOCTEH BaTTMETpa MPOXOJIHOW MOIIHOCTH,
BbI3BaHHBIHN ()a30BBIMHU CABHTaMH KaHAJIOB M3MepeHus. [IpeanoxkeHo ncnomiap3oBa-
HUE BAaTTMETPa MPOXOIHON MOUTHOCTH C KOPPEKIHUEH COOCTBEHHOTO TIOTPEOICHHMSI
JUI U3MEPEHUH B TOTOOHBIX CIyJasX.

Beryn

OCHOBHOIO METOIO POOOTH € PO3pOOKa METPOJIOTIUHOTO IHCTPYMEHTA JIJIs
BUMIPIOBaHHS aKTHMBHOI MOTY)KHOCTI y Jaiama3oHi yactot Bix 0,01 mo 10 MI'm.
[Tix yac moOymOBH TaKOTO 1IHCTPYMEHTY ITPOOJIEMHOIO € )KOPCTKa BUMora 10 (a-
30BHX XapaKTEPUCTUK KaHATIB y pa3i BUMIPIOBaHHS aKTHUBHOI MOTYXXHOCTI Ha
(G oH1 BEJIMKO1 pEaKTUBHOI, TOOTO 32 MAJIOro Koe(ill€HTa MOTYKHOCTI.

VY cTBOprOBaHMX Ha CHOTOJHI MEPETBOPIOBAaYaX EJICKTPUYHOI €HEprii oc-
HOBHI BTpaTH, 110 BU3HAYAIOTh KOC(MIIIIEHT KOPUCHOT 1T, 3SMICTHIIMCS BiJl HaIliB-
MPOBITHUKOBUX KIIIOUIB y 01K pEaKTUBHUX €JIEeMEHTIB. J[JIsi ONTUMAJIbHOTO MPO-
EKTYBaHHSI TaKMX PEAKTHUBHUX €JIEMEHTIB HEOOXIJHO MAaTH MOXJIMBICTH aHai-
3yBaTu CkJajoBl BTpar [1]. Takuil npunan A03BOJUTH BUMIPIOBATH MOTYKHICTb
BTpaT (AaKTUBHY TIOTY>KHICTh) y PI3HOMAHITHUX PEAKTUBHUX CIIEMEHTAX, HAIIPH-
KJIaJ], IPOCEIIAX, sIKI BUKOPUCTOBYIOTHCA Y IMITYJIbCHUX TIEPETBOPIOBaYax e€Hep-
rii [2].

VY mpencraBieHUX Ha ChOTOJIHI aHATI3aTOpax MOTY)KHOCTI Ta BaTMETpPax
BCTAHOBJICHO HASBHICTh 3HAYHUX MOXHOOK Y Jiana3oni yactoT Buiie 1 MI'1, mo
YCKIIJHIOE X MPUIATHICTD JJIs 3a3HA4YEeHUX BHUIIe 1itei [3].

AHAJI3 TApMOHIYHUX CKJIAIOBUX CUTHAJIIB BATMETPAa

3a BM3HAYECHHAM aKTMBHA €ICKTPUYHA NOTYXHICTh P, Ha AeskoMy Ha-

BaHTa)XCHHI € OCEePEIHEHWM BH3HAUYCHHUM IHTETPaJioM JOO0YTKY MUTTEBUX 3Ha-
uenb Hanpyru U (t) i ctpymy 1(t). Hampyra y mpocensx mepeTBoproBadiB Ha-
CHYEHAa BHUIIMMHU rapMOHIKaMH, & CyMapHa aKTHBHA TOTYKHICTh € CYMOIO aKTH-
BHUX TOTYKHOCTEH BiJl KOKHOI TAPMOHIYHOT CKJIaJIOBO1 1 BUBHAYAETHCS Y TOMY
YHCI 1 3CyBaMH (pa3 MK HaAmpyrorw Ta cTpyMoM. Tomy HaBiTh 3a MajHMX 3Ha-
YEHHSX BUIMX FAPMOHIK aKTUBHA MOTYKHICTH BiJl HUX MOX€e OyTH CYTTEBOIO.

KinbkicTh rapMoHIK, $IK1 CJiI BpaXOBYBaTH, MOBUHHA OyTH TaKoro, 100
aKTUBHA MOTYXHICTh HEBPAXOBAaHMX rapMOHIK OyJia MEHILOIO BiJl 3asBJICHOI IO~
XUOKH 13 I€IKUM 00YMOBJIEHUM 3aI1acoM.
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Hanpuxman, skmo Hampyra mae ¢gopMy MeaHApy, a CTPyM—CHUMETPUYHY
MUJIKOMOAIOHY opMy, TO iX rapMOHIYHHI cKitaj Oyae Takum [4]:

» sin((2k —L)ot + ¢,
- g Es ) »

T k=1

Ta

JOREDNE: )kzlsm((z(z:)f;fw).

BianoBigHa akTUBHA MOTY>KHICTh B HABAaHTA)KE€HHI B 3araJlbHOMY BUTJISII
Oy/le HaCTYITHOIO:

(2)

COS @
P = kUIZ 2k+1k) 3)

Amnani3 ¢popmyn (1) — (3) nmokasye, 110 TAPMOHIUHI CKJIAJ0B1 MOTY>KHOCTI
3aTyXalTh MIBU/IIE, HIXK TAPMOHIYHI CKJIAJIOBI HAMPYTH 1 CTPYMY, 1 Ma€ MICIIe
3HA4YEHHS KOCHHYCY 3CYBY (a3 coS¢p, MK OJHOYAaCTOTHMMHU rapMoHikamu. ['i-

NOTETUYHUM € BHIAQJIOK, KOJU KyT 3CyBY a3 mepioi rapMOHIKH OIMDKUUi
10 £90° HiX BUIIUX rapMOHIK. To/1 BUIIl TAPMOHIKM MAaTUMYTh OUIBIITY TTUTO-

My Bary HiX nepua. Lle 3ayexuTh BiJl XapakTepy JIaHKH, MOTYXKHICTh Yy SIKIA
BUMIPIOETHCS.

SIKIIO 1151 JIaHKa € anepioJWYHOI0 MEPIIOro MOPSIKY, HAMPHUKIIad, MOCIi-
JIOBHE BKJIIOYEHHS 1HJAYKTHUBHOCTI 1 aKTUBHOTO OTOpY, a00 MmapajeibHe BKITIO-
YEHHSI EMHOCTI 1 aKTUBHOTO OTOPY, TO 3 POCTOM HOMEpPY TapMOHIKH KYT 3CYBY
a3 KoxkHOT HACTYMHOI TapMOHikH Oye Ommkuum g0 90° 1, BIAMOBIIHO, KOCH-

HYC 3CyBY (ha3 OJIMKUUM JI0 HYJIS 1 MUTOMA Bara MOTY>KHOCTI BHUIIMX TapMOHIK
CKJIaJIOBUX OyJi€ MEHIIIOIO.

k1110 HaBaHTaXKEHHS OyJ1€ JIAHKOIO IPYTroro 1 BUIIUX MOPSIIKIB a00 pe30-
HAHCHOIO JITAHKOIO, TO TUTOMA Bara BHUINKMX TApMOHIYHUX CKIIAJO0BUX depe3 (a-
30B1 3CYBU MOXKE MEPEBUILYBATH MUTOMY Bary Hepiioi rapMOHIYHOI CKJIaJ0BOi
MOTY>KHOCTI, TOA1 YaCTOTHUM Jiala30H BaTMETpa IMOBUHEH 3HAYHO MEPEBHUIIY-
BaTH YaCTOTY MEPIIOT TAPMOHIKH.

Jlig KpallHROTO BUMAJKY, KOJIM Ha BCIX 4acTOTaX BIACYTHI (a30Bi 3CyBH

((pk :O),

P, = kUIZ

Takum uynHOM 3 (popMynu (4) OUEBHIHO, IO JUIsl TOXMOKM MEHINIOI 3a
0,1 % HeoOXxigHO BpaxOBYBAaTH OAMHAIIATY TAPMOHIKY, BIATOBIIHOIO Ma€e OyTH
1 YaCTOTHA CMyTa MPOMYCKaHHS BaTMETpa.

5 7 9 11

125 323 729 1331

1
=kUI| 1+ ot (4)

(2k +1)
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AHaJIi3 MOXu00K BaTMeTPa NMPOXiAHOI MOTYKHOCTI

[IpoananizyemMo moxuOKy, Ky MPUBHOCUTH (Da30BHii 3CYB KaHANIIB BUMIi-
pIOBaHHS BaTMETPa HA BUCOKHX YacToTaX. [I0TyKHICTh MPU CHHYCHUX HAIPY3i 1
ctpymi P =Ul cos. Bignocna moxubka g00yTKy 3rigHo [5] mopiBHIOE:

FvP = aU + al + gcosw + aual + auacoap + él aCOS(p + aualicosw ' (5)
HexTtyroun y (5) moxuOkamu Ipyroro i TpeTbOro MOPSIAKIB, OTPUMAEMO
gP = &U + &I + icosq)’ (6)

ne &, — noxubka BUMIPIOBaHHA HAIIPYTH, &, — MOXUOKa BUMIPIOBAHHA CTPYMY,
Ecosp — CKIIAZI0BA (hA30BOI IMOXMOKK KaHAIIB.
JAxmo g =@, + A, 1€ — ¢, — KyT 3CyBY (a3 MK HaIpyrorw 1 CTpyMOM

HaBaHTXEHHA Z,, a AQ — KyT 3CyBY (ha3 MK BUMIPIOBAJILHUMU KaHAJIaMH

H>°
HaIIpYTH 1 CTPYMY BaTMETPa, TO BiIHOCHA oxubka COS(, mo 3ymoBiieHa ¢a3o-
BOIO IOXHOKOIO KaHAIIB BaTMeTpa Oye:

_ cos(p, +Ax)—Ccoso,,

sy = cos @, !
abo Eooso = COSAQ@—1go,, SinAp—1.
Bupasusum tge,, yepes cose,, , OTpUMAEMO
i 1
E_’cos(p:COSA(P_l_SInA(P m—l,
. L, A . 1
a6o =-2sin* ——sinAp |—— -1,
acosq) 2 (P C032 (PH

TOM1

E oso =—23in2%— SinAg J1-cos?@, - (7)

CosS @,
®opmyna (7) e Tounow. Skmo COS°@<<1, cos’q, <<1, A@<<90°,
MOXHA OTPUMATH MPUOIHM3HI PopMyJIu:

: - _oginz A0 _sinAe 1_coschH
wose 2 cosg, 2 )

Ao (8)

COSQ,,

1

a0o € cos 0

Hampukiaz, sxmo cose,, =0,1, Ap=1°, 0
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e = MY T 41745-17,4%.
® 180°-0,1 18

I3 popmynu (8) MOkHA BU3HAYUTH BUMOTH 10 ($a30BOi MOXUOKH KaHAIIIB
BaTMETpa y pa3i 3aJ1aHoi BITHOCHOI MOXWOKKM BUMIPIOBaHHS MOTYXHOCTI BiJ (pa-

30BO1 ckiaangoBoi. SAkmo coso, =0,]1, =0,01, To a3oBa moxubOKa KaHaJIB
(PH COoS @

Mae OyTu

A@°® = 180, 0,1.0,01=0,0573°.
T
Buxonsuu 13 popmynu (6) BUIHO, 10 A7 AOCATHEHHS TOXUOKH BUMIPIO-

BaHHs MOTYKHOCTI Ha HABaHTa)KeHHI 13 cos¢,, =0,1 y 3HadeHH1 3%, HEOOX1HO

3a0€3MeUYUTH TOYHICTh BUMIPIOBAHHS HAMIPYTH 1 CTPYMY 13 MOXUOKOIO HE OlJIbIIe
1 % 1 a3oBwmii 3cyB Mk KaHanaMu He Oube 0,057°.

V¥ BaTmeTpax Ha OCHOBI HM(POBOI OOPOOKU CUTHAIIB 32 BUCOKOI YACTOTH
JTUCKpeTH3aIlii 3a0e3Mevy€eThCsl JOCUTh BUCOKA TOYHICTh BUMIPIOBAHHS HANIPYTH
1 ctpymy Ta mana (a3oBa noxubka. Hanpuknan, ZES ZIMMER y BatmeTpax ce-
pii LMG500 [3] 3amaroTh pi3HUIIO 3aTPUMKH KaHATIIB Yy 4aci, TO3BOJISIOUN Ta-
KM YMHOM KOPHCTYBAau€Bl BATMETpPA CAMOMY BH3HAYUTH (Pa30Bl MOXUOKHU Y 3a-
JexxHOCTI Big yactotu. Tak y OararokanaasHoMy BatMeTpi LMG500 HopmoBana
satpumka Al cranosuts 3-107° ¢. Jlng Takoro 3Hauenns At y Ta6bn. 1y 3a-
JISKHOCTI BiJ 4acTOTH, HaBeaeHi (a3oBuii 3cyB Ap =wAt Ta ¢azoBa ckiamgoBa
noxubku LMG500 3a cose,, =0,1.

Tabauys 1.
®da3oBa cxinanosa noxuoku LMG500
f, k' Ao, pan Ao,” Seoso, Ceosqr 70
0,05 0,94-10° 54,5-10° 0,94:107 0,9:10°
1 1,88:-10° 1,077-10° 1,88-10™ 1,88:107
10 1,88-10™ 1,077-107 1,88:10° 0,188
100 1,88-10° 1,077-10 1,88:10 1,88
1000 1,88-10% 1,077 1,88-10" 18,8
10000 1,88-10™ 10,77 1,88 188

Takum unHOM, hazoBa ckiagoBa moxubOku Barmerpa LMGS500 Ha gactoTi
100 kI'y cranoButh 1,88 %, a Ha gacroti 1 MI'm — 18,8 %, mo mpusBeae 1o
HaJMIpHUX MOXMOOK Ha BUCOKMX FAPMOHIYHUX CKJIQ/IOBUX.

BucuHoBkn

3a BUCOKHX YacTOTaxX KaHalli BaTMETPY CTAIOTh YK€ UYTIMBUMHU A0 (a-
30BHUX MOXUOOK. [ToTp1OHO MIHIMI3yBaTH JTAHKH, SIKI BUKJIMKAIOTh ()a30B1 3CYBH.
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VY 3B’513Ky 13 [IUM BXKJIMBOIO € TIPaBWiIbHA OOYA0Ba BX1JHUX JIAHOK BaTMETPY 1
Take MepeTBOPEHHS, sIKe 3a0e3MeUnTh ornepallii 3 MOAYJIsIMU CUTHAIIIB 0e3 Bpa-
XyBaHHS (a3oBUX 3CYyBiB. {1 BUpIMICHHS IT1€T 3a7a4i JOIIJILHO BUKOPUCTAHHS
IIUPOKOCMYTOBOT'O BaTMETPY MPOX1THOT MOTY>KHOCTI1 3 KOPEKITI€I0 TTOXUOKHU BiJT
BJIACHOI'O CIIOJKHMBaHHs, omucaHoro y [6] — [8], mig MiHiMi3alii BTpaT Ta ONTH-
Mi3allii CHCTEMHU.

BatMerp Takoi KOHCTpyKLii 1la€ TOYHE 3HAUYEHHS BUMIPSHOI MOTY>KHOCTI
Ha HAaBAaHTAKCHHI, HE 3BAXKAIOYM Ha BJIACHE CIIOKWUBAHHS BXIJIHUM TPHUCTPOEM.
3HaueHHS €JIEMEHTIB BXIJHOTO MPHUCTPOIO MOXE OyTH ONTHUMI30BAHO 3a KpUTE-
plEM MaKCHUMAaJIbHOT IIMPOKOCMYTOBOCTI, OCKIJIBKM MOXUOKA Bif BIACHOTO CIIO-
JKUBAaHHSI BpaxoBaHAa. Y CXeMl 3aCTOCOBYETHCS OAWMH HU3bKOOMHHUU INIYHT, IO
3MEHIITY€ BapTICTh BAaTMETPY, TAKOK MIHIMI3YIOThCS aJIMTUBHI MOXUOKH KaHATY
MEePETBOPEHHS HAIPYT.

3HaueHHs 00YUCIIEHOI MOXHOKM BUMIPIOBAHHS MOTY>KHOCTI 332 MOJIEIIIO
111 maHoro BatMmetpa ckiagae 0,1%. OcHOBHOIO IMTOXHMOKOIO BaTMETpa € MoXuo-
Ka HU3BKOOMHOTO IITyHTa, /[ po3IMIMpeHHs 4acTOTHOTO Jiana3oHy JOIUIHHO
BUKOPUCTOBYBATH KOaKCialibHI a00 TpiaKCialbHI IIYHTH, K1 MalOTh HaWKparii
TEeXHIYHI TTOKA3HUKW HA CHOTOJIHIINIHIA JIeHb. Y SKOCTI MPUCTPOS JJI BUMIPIO-
BaHHS JOIJIbBHO BUKOPHCTOBYBATH TEPMOIIEPETBOPIOBAYI, IO JO3BOJISIOTH TOY-
HO BHU3HAYaTH AII0YY CKJIAJIOBY Y ITUPOKOMY YaCTOTHOMY JTiarma3oHi.
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