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A.C. ELECTRIC DRIVE
WITH PULSE-WIDTH MODULATION CONTROL

BELYAEV V.P.
Belarusian National Technical University

MpennoxeH opurMHanbHbIA CNOCO6 LLIMPOTHO-UMMYNBbCHOW MOAYNALMW Hanps-
XEHUs1 nepemMeHHoro Toka. Cnocob ymny4liaeT rapMOHUYECKUA COCTaB Hampshke-
Hus. MNprBeaeHbl pesynbTaTthl anpobauun cnocoba LLUM-ynpaBneHusi aCMHXpOH-
HbIM 3NEKTPONPMBOAOM Ha paspaboTaHHon mogenu B cpeae MathCad.

KntouyeBble cnoBa: anekTponpueofg, LUMPOTHO-MMMYMbCHAs MOZynauus, ne-
PEMEHHbIN TOK.

Mn. 7. bubnwuorp.: 4 Ha3B.

The paper proposes an original method for pulse-width modulation (PWM) of
A.C. voltage. The method makes it possible to improve harmonic composi-
tion of the voltage. The paper presents results of approbation of the method
for PWM-control of an asynchronous electric drive using the developed model in
the environment of MathCad.

Keywords: electric drive, pulse-width modulation, a.c. current.
Fig. 7. Ref.: 4 titles.

B CUJIy TE€XHUKO-3KOHOMHYCCKHUX IMPUYUH COBPEMCHHBLIC 3JICKTPOIPUBOIALI
B OOJIBIIIMHCTBE CBOEM CO3/AIOTCSl HAa 0a3e aCHHXPOHHOTO KOPOTKO3aMKHYTOTO
3JIEKTPOIBUTATENIS, KOTOPBIA MPOIIE MO KOHCTPYKIIUH, JICIIEBIC, UMEET MCHbB-
IMH1E KalMTAJIbHBIC W 3KCITyaTallMOHHBIC 3aTpaThl. Ycnexu TeXHOJOTHU nojuy-
MPOBOJJHUKOBOW CHJIOBOW TEXHHKH IMO3BOJMIM CO3/IaTh MOJYJbHBIC MOIYIPO-
BOJIHUKOBBIC TPEOOpPa3oBaTENId HA 3HAYUTEILHBIC MOIIHOCTH, PEATHU3YIONIUE
pa3HO00pa3HbIe TEOPETUYECKHE Pa3pabOTKU PEryJMpyeMOro 3JIeKTPOIPHBOIA
nepeMeHHOro Toka. OCHOBHBIM CIIOCOOOM MOJTyYSHHS KAYeCTBEHHBIX ITyCKOBBIX,
PETYJIHUPOBOYHBIX U TOPMO3HBIX CBOWCTB PETyJIUPYEMOTO DJICKTPONPHUBOAA TTe-
PEMEHHOT'0 TOKA, COIIOCTaBUMbIX C aHAJIOTMYHBIMHA CBOMCTBaMH peryjiupyemoro
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3JIEKTPONPHUBOA TOCTOSHHOTO TOKA, SABJISIETCS] YACTOTHBIN CIIOCOO yIpaBIICHUS,
MO3BOJIAIOLINI MOMYyYUTh BBICOKOKAYECTBEHHOE PpEryJIHpPOBaHME, pa3IHuHbIE
(yHKIIMOHANbHBIE CBOMCTBA ACHHXPOHHOTO 3JeKkTpornpuBojga. OJHaKo 3TO
COIIPOBOXKJIAETCSI TOCTATOYHO CIOXHBIMU CHCTEMaMH YIIPABJICHUS C HCIIOJIB30-
BaHHWEM HHTEJIEKTyaJbHBIX TOJYIPOBOJHUKOBBIX IpeodpazoBateneil. I[lapa-
METPUYECKHI CcHoco0 YHpaBiIeHHUs ACHHXPOHHBIM 3JIEKTPOIPHUBOIOM HMEET
OIIpe/ICTICHHbIE OIPAaHUYEHUS 0 JUANa30Hy MOIYy4YEeHHUs PETyJIUPOBOYHBIX Xa-
PaKTEpPUCTUK, PaCIIMPEHHE KOTOPOrO NPUBOAUT K YBEIMYCHHUIO TabapUTHOM
MOIIHOCTH JJIEKTPOJBUTATENS W, KaK MPaBHJIO, K HEAOMCIOIB30BAHHUIO STOW
MoIHocTd. Ho B Bompocax opraHu3alMM IpOLECCOB MyCKa OH ABIAETCS alb-
TEPHATUBHBIM YacCTOTHOMY YIIPaBJIEHUIO, YTO MOATBEPKIAETCS MPOMBIIIIEH-
HBEIM BBIITYCKOM YCTPOMCTB INIaBHOTO Irycka [1]. B mocTpoernn perymmpyemoro
3JIEKTPONPHUBOA MIEPEMEHHOTO TOKa UMEETCS OCOOEHHOCTb, COCTOALIAS B TOM,
YTO €ro ymnpaBJIeHHE BBIMOJHSETCS MO OJHOMY KaHally MO OOMOTKaM craTopa
JBUTATENs, & TaKXKe CYIIECTBYET CIOKHOCTb B HM3MEPEHHM psAfa KOOpAUHAT
3JIEKTPONPHUBOJIA.

OnHUM H3 BO3MOKHBIX CIOCOOOB PETYIMPOBaHMsI KOOPAUHAT aCHHXPOHHOTO
JBUraTesIs ABISETCS M3MEHEHNE HalpsDKeHUs Ha 0OMoTKax ctaropa. st peanu-
3alUK TaKOTo croco0a peryaupoBaHusl MEXIY MUTAIOMIEH CEeTbI0O 1 OOMOTKAMH
cTaTopa BKIIIOYAETCS PETYJATOp HampsykeHHs. B kauecTBe HEro MOTyT BBICTY-
[aTh 3JEKTPOMAarHUTHBIA IIpeoOpa3oBaTelb, 3IEKTPOCTATUUECKUH ammapaTr —
aBTOTpaHcopmaTop, Ga3operysTop, HMHAYKLHOHHBIA PpEryssTop, MOIyHpo-
BOJIHHUKOBEIH MPeoOpa3oBaTeib: TPaH3UCTOPHBIN, THPUCTOPHBINA, CHMUCTOPHBIH.

Mexannueckasi xapaktepuctuka M = f(0) acMHHXpOHHOTO ABUTATENsI HA OC-
HOBE TEOpUH OOOOIIEHHON MAaIIMHBI OMHCHIBAETCS CIIEAYIOIIUM BBIPAKEHU-
€M, U3 KOTOPOTrO BHUIHA 3aBHCHMOCTb MOMEHTA JIBUTATENSl OT HANPSKEHUS IH-
TaHus [2]:

|Us |2 3;,8,,0

2

3
2 Rl a1214'(’35 81% +8° +23—12a21(°58],

rue |LTS|— MOJYJb BeKTOpa (pasHOro HampspKEHUs, MUTAIOUIET0 OOMOTKH CTaTo-

pa; Ry — akTHBHOE cOnpoTHBIICHHE OOMOTKH (Da3bl CTATOPA; (s — YaCTOTA Bpa-
IIEHHsT MAarHUTHOTO TIOJII cTaropa; O = s — My — IapaMerp abCOIIOTHOrO
CKOJIBKEHHS; Oy — YacTOTa BPAIIEHUS POTOPa; O, — KPUTHUECKOE 3HAUYCHHE Ma-
pameTpa abCOFOTHOTO CKOJBXKEHHS; d11, d12, do1 — KOADPUIMEHTHI, COCTaBIIEH-
HBIC U3 MapaMETpOB JKBUBAJIEHTHON CXEMBI QJICKTPOABUTATEIIA IIEPEMEHHOTO
TOKA.

AHalM3 KayecTBa MEXaHMYECKMX XapaKTEPHCTUK MNPH MapaMeTPUYECKOM
PEryJIMpOBaHUM I10 PETYJIMPOBOYHBIM, IIYCKOBBIM U NIEPETPY30UHBIM CBOMCTBaM
MO3BOJISICT CJIEATh CJACAYIONINE BBIBOIbIL:

e C YMCHBIICHHEM HAMPSKCHUS YMEHBINAIOTCSA 3HAYEHHs ITyCKOBOTO M
MaKCHMaJIbHOI'O 3HAUEHUI MOMEHTA JIBUTATEIS;

o peanu3yeTcst HeOOJBIION JUAaa30H PEryIHPOBAHIS CKOPOCTH;

¢ YMEHBILIAETCS MOJYJIb KECTKOCTH CTATHYECKUX XapaKTEPUCTHK, YTO CIIO-
COOCTBYET YXyIIIEHHIO TOYHOCTH PETYIUPOBAHUSL.

[TapameTpryeckoe peryJMpoBaHHE CKOPOCTH HAMOOJice TPHEMIEMO JUIS
MEXaHHU3MOB C BCHTHISITOPHOH MEXAHWUYECKOH XapaKTepuCTHKOH M, = f(w?).
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B nmonapnsromeM OONBIIMHCTBE CiTydaeB M3MEHEHHE HANPSDKEHUS HAa 0OMOTKaX
CTaTopa aCHHXPOHHOTO JIBUTATeNsl BBIMOIHACTCS MOTYNPOBOTHUKOBBIMHU PETY-
JSATOpaMH HampsDKEHHS, KOTOPBIE pPealn3yroT (as3oBbId crocod yHpaBiIeHUs
U(t) = Unaxsina (mapamerpudeckoe yrpasicHue, puc. 1a).

a 0
uA uA
U U
max-{ - ma == Wmnynsc
WMy ise HaIpsHKEHHs
HATPSDKEHHST U = Uppsinot
I UI/IMHAUTKII
|
! > '
0 2n ot 0
| e ™ >t
U = UpaxSinot
ud B Ua g
Umax S — ot Umax T A
/ H Ummyise
| HaHpﬂ)KeHI/-IH Nmmynsc
/ : U= Upgsinot HaIpsHKEHHS
: T=T,=T, U = UmaSinot
| pili i Jlig \
| I L I [
» I e
_QI - Q\ : 2n ot 0 i | 2n ot
Ty#2Ts#Ts I :
| |
I I
I I
| |

U

Puc. 1. Dntopsl GopMUPOBaHHS PETYINPYEMOT0 HAMPSHKEHUS

OCOOGEHHOCTh TaKOTO MPUMEHEHHS COCTOUT B TOM, YTO B pe3yJbTaTe mpeod-
pa3oBaHMs BXOJHOTO B PETYIISITOP HANPSIKEHUS Ha OOMOTKHM CTaTopa MOJaeTcs
BBIXOJJHOC HECHHYCOUJANbHOE HAMNpsKEHUE, KAYeCTBEHHBIA TapMOHUYECKUI
COCTaB KOTOPOTO YXYIIIAECTCA C yBEJIMUYECHUEM yIJia yrpaBieHus O. M3BecTHO,
YTO B 3TOM CIIy4ae BBICIINE TAPMOHUYECKHUE COCTABJISIONTHUE:

« BO-TICPBBIX, OCYIIECTBILIIOT JOMOJTHATEIHHBIA HaTPEB IBUTATEIIS;

e BO-BTOPBIX, TAPMOHHYECKHE COCTABJISAIONINE TOKa ¢ HOMepamu 3k + 1
n3k—-1(x=0,1,2,3,...) co3na0T B BO3IYITHOM 3a30p€ JIBUTATEIS] COOTBET-
CTBEHHO TPSIMO M OOPaTHO BpAIIAFOIIUECS TOJS M 3JIEKTPOMarHUTHbIE MOMEH-
ThI, B Pe3yJIbTAaTE Yero 00pa3yroTcsl KojeOaHusi pe3yIbTUPYIONIEr0 MOMEHTa Ha
BaJly IBUTATENSI M, KaK CJICJICTBUE, €T0 CKOPOCTH;

* B-TPETHhHX, TAPMOHUYECKHUE COCTABISIONINE TOKA C HOMEpaMu 3K 00pa3yroT
MTyJICUPYIONTUE TIOJIS, HE YYACTBYIONIUE B CO3JAHHUM ITyCKOBOI'O MOMEHTA JBU-
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rarens, a, cJIeJOBaTeNbHO, elle 0OJbllle YMEHBIIAIOT 3HaYCHUE ITyCKOBOTO MO-
MEHTa, 0CJIa0JIsAs JMHAMUKY mycKa [3].

Ho ¢opmupoBanue perynupyemMoro HanupsbKeHUsl Ha 0OMOTKax cTaTopa Mo-
eT OBITh BBINIOJHEHO HE CTOJb MPOCTHIM cIocOO0OM. Bo3MOXHEI cienytoriye
MpUeMbl ero (OPMHUPOBAHMUS, 2 UMEHHO:

e M3 OJIHOTO MMITYJIbCa, CAMMETPHUYHO PACIIOJIOKEHHOTO OTHOCHTEIBHO IIEH-
Tpa nomxycunycouas! (puc. 10);

e 13 HECKOJBKHX MMITYJIbCOB OJMHAKOBOW IIMPUHBI, TPOU3BOJIBHO PACIONIO-
JKEHHBIX Ha moinynepuoe (puc. 18);

e U3 HECKOJBKUX MMIIYJbCOB PAa3HOW LIMPHHBI, IPOU3BOJILHO PACIOI0KEH-
HBIX Ha monynepuoae (puc. 1r);

e U3 HECKOJBLKUX UMITYJIBCOB OJIMHAKOBOM IIUPHHBI, PACTIOIIOKEHHBIX Ha 10~
JynepHoJie onpeaeIeHHbIM 00pa3oM (puc. 2).

A -] 9 - Uns(t)
u u Ug Uc Uccm(t)

N\ 3

_\\
/
N
S
g
S

T1:0,5TM Tu Tn

tO t1 tz t3 t4

Puc. 2. Dmopsr popmupoBanus HHINMM-nanpsokeHus: Uy, Ug, Uc — ccTeMa TpexpasHoTo
HaNpsDKEHHs TUTAOIIEH CeTH; @, b, C, € — TOYKH eCTECTBEHHOTO IIePeCceueHH s
HOJTYTIEPHO/IOB HATIPSDKEHHI; Uy, 4(t) — mmmysise IVM-HanpsbxeHus dasbl A, MOAArIIHHACS
Ha 00MOTKY ctartopa aBurarest; U ., (t) — HanpsbkeHre MUTaromiel ceTu; oL — Yol peryIMpoBaHHus;
T} — paccTosiHUE 0 LIEHTpa NEePBOTro IMyJbca; T, — pacCTOSHUE MEXY IyJIbCaMu;
tor — OTpe30K BpemeHH, Ha kotopoM opmupyercs LIIIM-Hanpsoxenue

B 3amauy kaxmoro M3 3TUX BapHaHTOB BXOJWT YMEHBIIEGHHE BBICIIMX rap-
MOHHYECKHX COCTaBIISAIONINX B IIUTAIONIEM OOMOTKY IBUTATENS HAMIPSKEHUH.

OMIopbl HANPSHKCHUST TPU JAaHHOM IIMPOTHO-UMIYJIBCHOM (HOPMHPOBAHUH
MpUBEACHBI Ha pHC. 2.

PaccmoTpum nocnenHuit BapuaHT ¥ OHY U3 €r0 MHTEpIIpETaluii, 8 UMEHHO
(hopMHUpOBaHNE HANPSDKEHHUSI HA KOKIOM IOJIYNEPHOAE M3 MMITYJIbCOB, LIEHTPHI
KOTOPBIX OTCTOSIT IPYr OT Apyra Ha paccrosHue /M, rme m = 3, 6, 9, 12, ... —
LIeJI0€ YMCJI0 UMIYJILCOB B Mosynepuose. LlenTp nepBoro umiysbca pacrosiara-
eTcs B TOUKE 7/2M OT Havaja IMOJIyIIepHo/ia, ONI0KEHHE PPOHTOB KasKAOTO MM-
MyJibca U3MEHSETCS B TY M APYTYIO CTOPOHY OT LieHTpa uMmimyibca (puc. 2) [4].
Kpome TOro, KoJM4ecTBO MMIYJIbCOB Ha KaXIOM IIOJIylepHone Tpexdas-
HOHM CHCTeMbl HANpsDKEHHs BhIOMpaeTcst U3 cooTHotreHus N = 2mk £ 1, rae k =
=1,2,3,4, ..., an— HoMep BEIOPAaHHON rapMOHUKH, KOTOPAsk JIOJKHA TPUCYT-
CTBOBATh B POMOYJTMPOBAHHOM HAIPSKEHUU.

Ecau B HanpsbxeHun nomyckarores 5, 7, 11, 13 u 1. 4. rapMOHUK, TO YUCIO
MyJIbCOB Ha mosrynepuoae m =3, ecnu 11, 13, 23, 25, To m = 6. CnenoBaTensHo,
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paccMaTpuBaeMbIii CIIOCOO MIMPOTHO-MMITYJIBCHOW MOZIYJISALUU TIEPEMEHHOTO
HaIpsKeHUs] OCYIIECTBIISIET MOIABICHUE OMNPEEIEHHBIX TAPMOHUK, YeM YIIyd-
[1aeT rapMOHMYECKUI COCTaB MUTAIOIIETO HAIIPSXKEHUS M TEM CaMbIM 3HEpreTH-
YeCcKHe MOKa3aTeNd, a TakKe MO3BONIAET CHOPMHUPOBATH CHMMETPHUHYIO TpeX-
¢azHyto cucteMy Kak 1iisi Gpa3HbIX, TaK U U JIMHEHHBIX HanpshkeHui. pyrue
crocoObl HE IIO3BOJIAIOT TMOJNYYNUTh CHMMETPHUYHYIO Tpex(]asHylo cuctemy
HaNpsDKEHUH. YTOJ peryJupoBaHus OL MOXKET M3MEHSThCS MO JTI000MY 3aKOHY:
JTUHEHHOMY, IPOTIOPIIMOHAIEHOMY, IPSIMOYTOJIBHOMY, CHHYCOUJAIbHOMY | T. TI.
[TockonpKky TrapMOHHMYECKMI COCTaB NHUTAIOILIETO ACHHXPOHHBIN JBUTaTENb
HanpsDKEHUs orpefenser (GopMy MEXaHHYECKHX XapaKTepPHCTHK, a, ClIeJ0Ba-
TEJBbHO, €70 PErYIMPOBOYHBIE CBOMCTBA U DHEPIETUUECKUE TOKA3ATENN, OLICHIM
npeasiaraeMblii cnocod MeToAaMu MaTeMaTH4ecKOro aHaliu3a. AHalIU3upyemast
¢yHKUMS (puc. 2) HOCUT HECHHYCOWAAJBbHBIA XapakTep, SBISACTCS HEYETHOM,
MepHOINYecKoil (¢ mepromoM 27) M Ompee/ieHa Ha 3TOM HHTEepBale CIeIyo-
UM CIOCOOOM:
n
0; mtgz A-a ; UZ A+o A-a ;
f (ot) = i=1 i=1

n
sinot; mtgz A—o; A+a ,
i=1

T
roe A= 2— N, N=mM, N — 4KCII0 HEYETHHIX YJIEHOB HATYPAIBHOI'O Psifia YUCEL.
m

B cuiy cBoeili HeueTHOCTH paccMaTrprBaeMasi pyHKIHS IPU pa3IoKeHUH B
psan @ypre Oyzmer uMeTb KOAQUIMEHTH dg U an, paBHbIE Hy 0. Koadpurmen-
ThI THIA D, QYHKIMH, OTpaxaronell HanpsHKEHUE MUTAHUS JABUTaTelsl, BhIpaxkKa-
I0TCS TaK:

k Ao k : _ A+a . Ata
U= J. Sinmtsinnmtdtzzl sin n—1 COt| _sin n+1 03'[| ,
e 2 n-1 ‘A—a n+1 |A—a

rae K — HoMep rapMOHHKH, 3HAYEHHE KOTOPOM UCCIIeayeTCsl.

I'apmonunyeckuii ananu3 paccmarpusaemoro IIMM-HanpsokeHuss mpy m =
= 3, 6, 9 ObUT BBHITIOJIHCH YHCIICHHBIM METOJIOM B makeTe mporpamm MathCad.
Pe3ynpTaTel 3TOr0 rapMOHMYECKOTrO aHaJIN3a, T B KadyecTBe MpUMeEpa MpHBE-
JICHbl U3MEHEHUS 3HAUYCHUI MEePBON M JAECATH NMEPBBIX BHICIINX FAPMOHMUYECKUX
COCTABJISIOIIMX IPU PA3NIMUYHOM KOJUYECTBE UMITYJIbCOB HA IOIYIEPUONE BbI-
XOJHOTO HaNpsDKeHHS, @ IMEHHO ITpu M = 3, 6 1 9, peicTaBiIeHs! Ha puc. 3.

OTH 3aBHCHUMOCTH MOKa3bIBAOT, YTO AMILIUTYABI HANPSKEHUM BBICIIUX rap-
MOHUYECKUX COCTABIIIOIIMX HEM3MEHHBI JJIS MOPALKOBOTO HOMEPA UX IOCIe-
JIOBATEIIbHOCTU BHE 3aBUCUMOCTH OT 4YMCIA IyJIbCOB HampsikeHus. [3BecTHO,
YTO MOJHOE CONPOTHUBIICHUE JIEKTPUUECKUX U MATHUTHBIX KOHTYPOB JIBUTaTENs
JUT Ka)KJI0W TapMOHHMKH BO3PACTaeT B COOTBETCTBHH C €€ HOMEPOM. DTO IpH-
BOAUT K MajbIM 3HAaUYEHHSM TOKAa B OOMOTKax IBUraTess, a CIIELOBAaTEIbHO,
U K MaJbIM 3JE€KTPOMarHUTHBIM MOMEHTaM, KOTOpBIE CO3IAIOTCS BBICHIMMH
rapMoHHYecKuMH coctapisionmu [HINM-HanpsokeHns. A yMEeHbIIIEHHE TOKOB
CHMXXAeT yPOBEHb I'PEIOINUX IIOTEPh B aKTUBHOM COCTABIIAIOIIEH OOIINX IOTEPh
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ABUTATCIIAA, UYTO IMO3BOJIACT BBIIIOJHUTH OINPCACIICHHOC PACIIMPCEHUC AUAlla3OHa
peryjiupoBaHusd CKOPOCTHU ABUTATCIIA, CO34ACT YCIIOBUS 3HepFOC6CpC)KeHPIH B

YCTAaHOBUBIINXCA U MEPEXOAHBIX PEKHUMaAX.
A
1,0

0,8
0,6
0,4

0,2

0 0.2 04 06 08 o=m/(2m)

Puc. 3. 3aBUCUMOCTH aMIUTUTY/] TAPMOHHK HAIPSDKEHHUS OT YIjla YIPABICHUS (L
A = Uj/U,,\ — OTHOCHTEIbHAS aMILTUTY I i-i TAPMOHUKH; M — YKCIIO MMYJIbCOB HAIPSDKEHUSI
Ha €ro MoJIynepuoe; 1 — aMIUTUTy 1a IEPBOil TAPMOHHUKH TIPH JTFOOBIX M;
mpu M = 3: 2 — 5-1 rapmonuka; 3 — 7-s1; 4 — 11-1; 5 — 13-51; 6 — 17-51; 7 — 19-51; 8 — 23-51; 9 — 25-11;

10 — 29-1, 11 — 31-s1 rapMOHHKA;

mpu M = 6: 2 — 11-a rapmonnka; 3 — 13-s1; 4 — 25-51; 5 — 23-51; 6 — 35-51; 7 — 37-51; 8 — 49-51; 9 — 47-51;
10 — 59-51; 11 — 61-s1 rapMOHHUKa;

mpu M = 9: 2 — 19-s rapmonuka; 3 — 17-s1; 4 — 35-51; 5 — 37-51; 6 — 55-51; 7 — 53-51; 8 — 71-51; 9 — 73-11;
10 — 91-5; 11 — 89-51 rapmMoHHUKa

Amnpobanuro paccmorpennoro HHIMM-ynpaBnenust orpabaTbiBaan OpraHmn3a-
mueil mporecca Mmycka 3JeKTPONpPHUBOAa MPOM3BOJICTBEHHOTO MexaHu3Ma (Tie-
YyaTHas MallMHa Mapku «J{OMUHAHT»), IPUBEIEHHBII MOMEHT HHEPIIMHA KOTOPO-
ro B YeThIpe pa3a MPEBBIIIACT MOMEHT MHEPIUHU MPUBOJHOTO JIBUTATEINS MOII-
HOoCThIO 2,2 KBT. UccnenoBanue mycka MPOBOIMIM B BBIYHCIUTEIHLHOU Cpejie
MathCad mtpu GopMHUpOBaHHH BBLIXOTHOTO HAIPSIKEHUS PETYIATOpA M3 TpPEX
MTyJIbCOB HAa KaXIOM ero noiynepuoae. [llupuHy 3THX MyIbCOB, a 3HAYHT, YOI
yrpasinenus [HIM-nanpskeHus, U3MEHAIU MO NPSIMOJIMHEHHOMY 3aKOHY Kak
HauboJiee MPOCTOMY B TEXHHUYECKOW peanu3aiuu. MccnemoBanu motepu MoIl-
HOCTH, XapaKTep U3MEHEHUS AJIEKTPOMArHUTHOIO MOMEHTa 3JICKTPOJBUIaTes,
€ro CKOPOCTH IpH MYCKE NMEYaTHOW MAlIWHbI, UMEIOUIEN MPU 3TOM CTaTUYECKUI
MOMEHT COTIPOTHBIIEHHSI XOJIOCTOTO XOAa MamluHbI. VccnemoBanus mpoBOINIH
Ha MaTeMaTHYeCKOH MOJENH, ONMHCHIBAIOMIEH MOBEASHHE ACHHXPOHHOTO AIIEK-
TPOIIPUBO/Ia, COCTABICHHOW HA OCHOBAHWW TEOPWUHU O0OOOIIEHHON MAIlIMHBI Kak
HauboJiee pa3pabOTaHHOW U PAIMOHAILHOM JUISl OMUCAHHS PA3THYHBIX PEKUMOB
pabOTHI IIEKTPONPUBOAOB IIEPEMEHHOTO TOKa [2].

Jlyis TporaHus TEYaTHOW MAIlMHBI HEOOXOAMMO, YTOOBI MPU BKIIOYCHUU
MIPUBOJHOTO 3JIEKTPOABHUTATENSI OH CO3JaJl HA CBOEM Baly MEXaHHYECKHI MO-
MEHT, PaBHBII MOMEHTY CTAaTHYECKOTO COTPOTHBJICHUS MAIIWHBI HA XOJOCTOM
XO0lly. 3HaUCHUE HaNpsKEHUS, COOTBETCTBYIOILEE 3TOMY COCTOSIHUIO, BBIYUCIIS-
€TCSl IO BEIPAYKEHUIO

2 2 2 2 2
|_ | 2Mx.st|: a11+®s 8]( +ms +2a12321®s:|
U, | = y
38,85, 00

rae M, x — MOMEHT XOJIOCTOT'O XOJa MAaIlIUHEL.
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OTO 3HaYEHHE HANPKEHUS MOXKHO Cpa3y MoJaBaThb Ha OOMOTKM CTaTopa
JBHUTaTeNs, a MOXKHO C MOMOIIBIO PEryJsITOpa HANpsDKEHUS YBEIHMYMBATH 10
YKa3aHHOTO 3Ha4deHMs. IIpu 3TOM MOMEHT, pa3BUBaeMbIil JBUTATEIEM, TOCTHUTa-
€T MOMEHTa XOJIOCTOTO XOJa MEXaHW3Ma 3a JOJHM CEKyHIbl, YTO ONpEeACisIeT
BpeMs 3ama3aeiBaHus mycka (i,,;). 3aTeM HauMHaeTCs TPOTaHHe Bajia U yBelInde-
HHUE €T0 CKOPOCTH, ONPEAEIEMOE WHTEHCHUBHOCTHIO BO3PACTaHUS HANPSHKEHUS
KaK YIPaBJIOIIETro BO3ACHCTBHA (HApacTaHUs MEPBOM rapMOHMYECKOH cocTaB-
mromert U; = f(a)). XapakrepucTudeckas TOYKa, IOKa3bIBAIOLIAs Pa3BUTHUE
CKOPOCTH B IIJIOCKOCTH MEXaHMUYECKOW XapaKTepUCTUKU, B Hayale pas3roHa
HAXOJMTCA B 30HE CKOJBXKEHUH 1 > S > S, UTO OLEHUBAETCA KaK (GKECTKUID»
MYCK, CONPOBOKAAIOUIMHCSA 3HAYUTEIBHBIMH MOTEPSIMH MOLIHOCTH, a IOCIe
JIOCTUIKEHUS S, XapaKTEPUCTUUECKas TOUYKA HEPEXOAUT B 30HY CKOJIbKEHUH
0 <'S < Sy, UTO OLIEHUBACTCS KAK «MATKHI» IyCK, COIMPOBOMKIAIOMIMICSA MOTe-
PSIMM MOIITHOCTH, COIIOCTaBHMBIMU C HOMUHAJIBHBIMH NOTEPAMHU. B KoHI1e pas-
rOHa XapaKTePUCTHUYECKasi TOUKA CTPEMHTCS K TOUKE paBHOBeCHA My, = M,,.
WHTEeHCHBHOCTL BO3pacTaHUs YIPABIIAIOLIETO BO3/IEHCTBUS MOXKET OIPEAEIATHCS
TpeOOBaHUAMH CO CTOPOHBI TEXHOJIOTMUECKON MAlMHBI, YTO B OCHOBHOM BbLIMBA-
eTcsl B TOJydYeHHE 3a BpeMs IIyCKa YCKOPEHHS, HE MPEBBILIAIOIETO JOIYCTUMOE
JUis Hee 3HadeHue. Ecnu nMeeTcs 3a7adya MUHUMH3AIMK BpeMeHH ITycka (ObICcTpo-
JEeHCTBHUE), TO MHTEHCUBHOCTh BO3PACTAaHMS YIPABIIIOIIEr0 BO3ACHCTBYSA onpee-
JsIeTC MaKCUMAJIbHO JIOIyCTUMBIM YCKOpPEHHEM Bajia npurateis. IlpuBenem He-
KOTOpBIE Pe3yNbTaThl UCCIEOBAaHMS MPOLIECCOB ITyCKa MPH OINPEeSIeHHBIX Mapa-
MeTpax »JeKkTponpuBoaa (Myy, Jsyp) W BPEMEHH YINPaABISAEMOIo IMycKa tyu,n.
3aBUCHMOCTH YIPABIISIOLIETO BO3ACHCTBHS (M3MEHEHNE aMIUTUTY bl IPUKIIaAbIBa-
€MOro K 0OMOTKaM cTaropa HampspKeHus1) Us, SIIEKTPOMAarHUTHOTO MOMEHTA, pas-
BHMBAEMOTO JBHTATENeM M,,, YaCTOTHI BpAIleHHs pOTOpa O B (DYHKIIUH BPEMEHH
MIpYBE/IEHBI (B OTHOCUTENBHBIX eaUHNIaX) Ha puc. 4. [Ipn 3ToM MOMEHT XoocTO-
ro X0/la MeXaHu3Ma IoJjarancsi paBHbIM My = 0,2M,,,, a CyMMapHBIi [IpUBEICH-
HbI MOMEHT UHEPLIUU IEKTPOIIPUBOIA COCTABIII Jypp = 4.

IIponeccsl oTpakaror Tpu dsrana. IlepBblif XapakTepusyeT 3amas3iblBaHHUE
IBIDKEHHS poTopa aurarens (l.,), BTOpOH MOKa3bIBaE€T Pa3BUTHE JIEKTpOMar-
HUTHOTO MOMEHTa JBUTATENs, OMpEAesieMOe YBEIHMYMBAIOUIMMCS 3HAYCHHEM
MPHUKJIAJBIBAEMOTO K JIBUTATENI0 HANPSIKEHHS, ¥ CBSI3aHHOE C 3TUM H3MEHEHHE
ckopocTH potopa (tynpn), TPETHI AEMOHCTPHPYET paboTy IBUraTeNs HPH HOMH-
HaJIbHOM 3HAYeHHUU HANpPsKEHUs MUTAaHUS JBUTATENs (HEeyNpaBisieMblil polecc
pasrona).

B Hauasne pasroHa portopa HaOJIOAIOTCS BBICOKOYACTOTHBIE KOJICOAHMS
3JIEKTPOMAarHUTHOTO MOMEHTa JBUTAaTeNs, OOYCIOBICHHBIC BIMSHUEM BBICIINX
TApMOHHYECKUX COCTABIIAIONINX HECHHYCOUAAIHHOTO MMUTAIONIETO HATIPSIKEHIS.
OnHako 5TH KonebaHHs U3-3a HHEPLUHOHHOCTH 3IeKTponpuBoja (Jsy,) Hecylle-
CTBEHHO MCKa)XalOT XapakTep U3MEHEHHs] CKOPOCTH JBUTATENs. Y CKOpEHHE po-
TOpa TOCTETIEHHO yBEIMYUBAETCS M JOCTHTAeT yCTaHOBUBIIETOCS 3HAYEHUS I10-
CcJie TOT0, KaK HCYE3HYT KOJIOaHHUs 3JIEKTPOMarHUTHOTO MOMEHTa. AHAIM3 H3-
MEHEHHSI 3JIEKTPOMarHuTHOIO MOMEHTA ITOKa3bIBA€T, YTO OH JJOCTUTAET CBOETO
MaKCHMAaJIbHOTO 3HAYEHHUSI B MOMEHT BpEeMEeHH {; B 30HE KPHUTHYECKOTO CKOJb-
KEHHs Sy, KOIJa JABUTaTelb IEPEXOJUT OT (GKECTKOIO» pEeKUMa pPabOThI
K «MATKOMY». HecMOTps Ha yBennuuBaromieecs HanpsHKeHUe MMTaHus ABUraTe-
75, 3HA4YCHUE D3JEKTPOMArHUTHOTO MOMEHTa YMEHBIIAETCS B COOTBETCTBUH
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¢ (hopMoOIi ero MexaHHYEeCKOH XapakTepucTUKU. CKOPOCTh MPOIOIKAET BO3pac-
TaThb M JOCTHTaeT TOTO 3HAYEHHsI, KOTOPOE JOCTATOYHO OJNM3KO COOTBETCTBYET
YCTaHOBUBIIEMYCS PEXKHUMY paOOTHI ABUTATENS C My x, TPUYEM K STOMY BpEMEHH
3HAYECHHE NIEKTPOMAarHUTHOTO MOMEHTA CTAHOBUTCS PABHBIM M, .

Mo u

1,0

o = f(t) —

0,8

0,6

0,4

0,2

1,8 2,4 3,0 3,6 42 t.c
tynp.n .

T

t'mrr [—————
— -

Puc. 4. 3asucumoctu U™ = f(t), M" = (t), ®" = f(t) mpu mycke asurarens:
U” = Ug/Us max — OTHOCHTEITBHOE 3HAUCHHE AMILIHTY/IBI HAIPSKCHHS TATAHMS;
M” = M, /M, — OTHOCHTENBHOE 3HAUCHHE 3JIEKTPOMAarHUTHOTO MOMEHTA;
® = m/®y — OTHOCHTEIBHOE 3HAYCHHE CKOPOCTH POTOPa

C 3TOro MOMeEHTa BpPEMCHU YBCIIMYCHHUE HAIPSIKCHUA IMATAHUA HE OKa3bI-
BAET CYIIECTBEHHOrO BJIMSAHMA HA M3MEHEHHE DIEKTPOMATHUTHOIO MOMEHTA
u ckopoct apuratens. IIpu pasHOM BpeMeHH YNpPapjIAeMOro Iycka (pasjind-
HOW WHTEHCUBHOCTH YBCIMYCHUS HAIPAKCHUA HI/ITaHI/IH) 9Ta 30HA COCTaBJIACT
10-40 % typ, .. Uem Ooiblle BpeMs yIpaBIIsieMOro Iycka, TeM 0OJIbILE 30Ha.

OGOCHOBaHHBIM SIBJIIETCS CPAaBHEHUE IMOTEPh MOLIHOCTU B JBHMIaTese HpU
nyckax. Ha puc. 5 mokasaH XapakTep U3MEHEHHs IOTEpb MOLIHOCTU IPH ITyCKe
HeHOCpeI[CTBeHHOfI HOILa‘ICﬁ HapsyKCHUA NUTaHUA Ha ABUTATECIIb, IIPU 3TOM OTHO-

CUTEJILHBIE TOTEPU MOLIHOCTH 3a BpeMst mycka t, = 0,28 ¢ cocrasumm Ap” = 6,92.

*

Ap

14,0 /\

A A ANRYS
100[] NN . AL
6.0 S Ve Ve AN
2,0 .

0 0,04 0,08 0,12 0,16 0,20 0,24 0,28 t,:

Puc. 5. XapaxkTtep U3MEHEHHs CyMMapHbIX [TOT€Pb MOIIHOCTH B JABUraTesne
3a BpeMsI IPSIMOTO ITycKa

XapaKTep HU3MCHCHUSA NIOTCPb MOUIHOCTHU IIPU ITYCKE M3MCHAIOIINMCA CUHY-
COMIAJIbHBIM HAIIPSXKECHUEM INHUTAHUA IIOKas3aH Ha puc. 6. HpI/I 3TOM OTHOCH-

TeNbHbIC MOTEPH MOIHOCTH 3a Bpems mycka t, = 3,28 ¢ cocraBumu Ap’ = 1,138.

XapakTep U3MEHEHMsI IOTepb MOUTHOCTH pu ntycke [IIMM-HanpsbkeHneM, cro-
co0 M3MEHEeHHsI KOTOPOTO M3JIOKEH B JIaHHOH pabore, moka3an Ha puc. 7. [Ipu
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3TOM OTHOCHTEIIbHBIE TIOTEPH MOIIHOCTH 3a BpeMs mycka t, = 3,28 ¢ cocraBu-
g Ap“=1,337.

Ap”
Ap*
30 5,0
2,0
3,0
1,0
1,0
- L
0 1,0 2,0 30 tc 0 1,0 2,0 30 tc
Puc. 6. XapakTep U3MEHEHHUS CyMMapHbIX Puc. 7. XapakTep U3MEHEHHUs CyMMAapHBIX
IOTEPH MOIIHOCTH B JBUTATEJIE 32 BpEMSI IIOTCPb MOIIHOCTH B IBUTATCIIC 3a BPCMs
MyCKa H3MEHEHUEM CHHYCOHIAIBHOTO nycka npu IIMM-ynpasnenun

HaIpsAKEHUA MATAHUA

OreHnBas XapakTep H3MEHECHHS ITOTEPb MOIITHOCTH, MOYKHO CKa3aTh, UTO TIPH:

e MPSMOM ITyCKE IMPOMCXOAWT HMHTCHCHBHOE BBIICICHHE TPEIOIINX IMOTEPh
MOIIIHOCTH, MTHOBEHHBIE 3HAUYCHUS KOTOPHIX B JACCSITKU pa3 MPEBBIMIAIOT HOMU-
HaJbHBIC TIOTEPH M KOTOPHIE UMEIOT MECTO Ha MPOTSHKCHHUH TIOYTH BCETO BpeMe-
HU Pa3roHa;

e IIyCKE HM3MCHSIOMMMCS CHHYCOWITAIBHBIM HAaNpsDKEHUEM THTaHusA (Ha
MPaKTHKE BCTPEYAETCS PEIKO) W3MEHEHHE IOTeph MOIIHOCTH HE3HAYUTEIhHO
MIPEBBINIacT HOMUHAIBHBIC 3HAYCHUS, H OHH UMEIOT MECTO B 30HE (OKECTKOTO»
ITyCKa;

o nycke HIMM-HanpsbkeHHeM U3MEHEHHsI MTHOBEHHBIX 3HAUEHHUM MOTEph
MOIIIHOCTU CYLIECTBEHHBI, HO MMEIOT MECTO B 30HE (GKECTKOro» IMyCKa. JTO
00BSICHACTCS BIUSHHUEM BBICIINX TaPMOHHYECKHX COCTABIISIONINX TOKA JBHUTA-
tenst. CyMMapHBIE MTOTEPU MOIITHOCTH 32 BPEMSI IMyCKa HE HAMHOTO MPEBBIIIAIOT
3HaUYC€HHE HOMUHAIBHBIX OTEPh, YTO CO3ACT HOPMAIbHOE TEIJIOBOE COCTOSHHE
JIBUTaTEIA.

BbIB O bl

AHanu3 pe3ynbTaToB MPOBEACHHBIX MCCIIEAOBAHUI TO3BOJISIET CAENATh Cle-
JYIOLIME BBIBOJBI 10 UCIOIb30BaHUIO NpeuiokeHHoro HIIMM-ynpasnenust:

e yCTpaHs{eT B MWTAIOUIEM OOMOTKHM CTaTopa ACHHXPOHHOTO JBHTraTels
HanpsDKEHUH BBICIIME TapMOHUYECKUE COCTaBISIOIIME, Hauboyiee HETraTHBHO
BJIMSIIOIIME HA €r0 JIEKTPOMArHUTHBIA MOMEHT U CKOPOCTb;

o JIMHEAPU3HUPYET BBIXOJHYIO XapaKTEPUCTUKY IMOJIYIPOBOIHUKOBOIO pery-
JIATOpa HaNpsKEHUs 1O MEPBOM HIHEPTETUUECKON COCTaBJISAIONIEH HANpsHKEHUS
(puc. 3);

e TIOJIy4YaeT BBIMIPHII BO BIUSHHM IMOTEPh MOIIHOCTH Ha OOLIMH Harpes
ACUHXPOHHOW MAaIllMHBI, YTO HECKOJIBKO PaCIIMpSET AUANA30H PEryJIupOBAHUS
CKOpPOCTH, TIOCKOJIBKY Ha OOIIMH HarpeB JBUTATENs HE BIUSIOT YCTpPaHEHHBIC
BBICIINE FTAPMOHMYECKHE COCTABIISIIOLIME TOKA CTATOPA.
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ON SPECIFIC LOSSES OF TRANSFORMER POWER
GONCHAR A A.
Belarusian National Technical University

BbinonHeH nonck 30HbI ONTUMAarnbHOM 3arpysku TpaHcdopmaTopa no MUHW-
MYMY CYMMapHbIX MOTEPb aKTUBHOW MOLLHOCTM.

KniouyeBble cnoBa: MOLHOCTb TpaHcdopmaTopa, yaenbHble notepu, Koad-
rLMEHT 3arpysku.

Zone searching for optimum transformer loading according to minimum of total
active power losses has been carried out in the paper.

Keywords: transformer power, specific losses, loading factor.
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