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Biansinue yacToThl HA nmapamMeTpbl
CHHXpOHHOﬁ BHCKTpH‘leCKOﬁ MalllHHbI

PaccMaTpuBaroTCs TOK 1 MOMEHT CONPOTHUBIIEHUS BPALICHUIO MHAYKTUBHOY CUHXPOHHOM AJIEKTPUUYECKOI MalIUHbI
NpY UHAYKTUBHON Harpyske. I CUHXPOHHOH MallMHbBI ¢ MHAYKTUBHOW Harpy3koi cnpaBeananBa Teopema l:
aMIUIUTYAa TOKa NPU MHAYKTUBHOU HArpy3ke CUHXPOHHOM JJIEKTPUYECKON MAallUHbI HE 3aBUCUT OT 4acTOTbI
BpaiieHus.. TeopeMy MOXXHO J0Ka3aTb C IOMOLIbIO BTOpOro 3akoHa Kupxroda u 3akoHa 3J1eKTpOMarHUTHON
MHAYKUUM TNPUMEHWTENBHO K Bpamamoowmeil mammHe. Taxke chnpaBeqinBa Teopema 2: aMIUIUTYAa MOMEHTA
COMNPOTHUBJIEHUS BPAILEHUIO IJIl CHHXPOHHOMN 3JIEKTPUYECKON MALIMHbI ¢ WHIYKTUBHON Harpy3koil He 3aBUCUT
OT 4acToThl BpauleHus. Teopema NOKa3bIBAETCS MOCPENCTBOM aHAIM3A 3aKOHA AMIiepa IPUMEHUTEIIHO K BpallaoIeit
MalIMHE. Y CTaHOBIIEHO, YTO NPU aKTUBHOM HAarpy3ke aMIUIUTYIbl TOKA U1 MOMEHTA CONPOTHUBIIEHUS BPALLEHHIO
JIMHEWHO 3aBHUCAT OT YacCTOTHI BpAlEHUA MAalIWHbI, BMECTE C TEM IIPU EMKOCTHOW Harpy3ke 3TU IapameTpbl
KBaJpaTUYHO 3aBUCAT OT YACTOThI BPALLEHUSA. Y CTAHOBJIEHA CBA3b MOLIHOCTH C YaCTOTON NMPU Pa3IMYHBIX BUIAX
HArpy3Ky MalllyHbI: Ul THIYKTUBHON HArpy3KH PeaKkTHBHAs JJIEKTPUYECKas MOLIHOCTb JIMHENHO 3aBUCUT OT YacCTOTBI;
JUISL PE3UCTUBHOM HAarpy3Ku 3aBUCUMOCTb — KBAaJpaTU4YHas; B TO K€ BPEMs IJIs1 EMKOCTHOW HAarpy3Ku MOILIHOCTb
KyOMYHO 3aBHCHT OT YacTOThI. [JIJI1 CHHXPOHHOW €MKOCTHOI MaIlWHbI C eMKOCTHOM Harpy3Koil cripaBeasiBbI
Teopemsl 3 1 4. Teopema 3: aMIIIMTy 12 HAMPSDKEHMST HA EMKOCTHON HArpy3Ke eMKOCTHON CUHXPOHHOM 3E€KTPUYECKOI
MalIMHBI HE 3aBUCUT OT YacTOThI BpalleHus. Teopema 4: aMIUIUTyla MOMEHTa CONPOTUBIICHUS BPAIICHUIO JUIS
€MKOCTHOW CUHXPOHHOH 3JIEKTPUYECKOI MAIIUHBI C EMKOCTHOM HAarpy3KOoi He 3aBUCUT OT 4acTOTbI BPAlLECHUS.
ITosyyeHHbIE pe3ybTaThl PEKOMEHIYETCS MCIIOJIb30BATh MPHU MPOEKTUPOBAHUM DIIEKTPUYECKUX CUCTEM.

KioueBble ciioBa: CHUHXpOHHAasA MalllnHa, UHIAYKTUBHAA Harpy3ka, TOK, MOMCHT, aMIUIATYJa.

BBeagenue

[IpencraBasieT MHTEpEC MOBENEHUE CUHXPOHHBIX JIEKTPUUECKUX MALIUH MPU Pa3IMuiHOM XapakTepe
Harpy3ku. JIisi UHIYKTUBHON CUHXPOHHOM 3JIEKTPUUYECKOM MALLMHBI 3aCITyKMBAET BHUMAHUSI 3aBUCUMOCTb aMILIUTY/Ibl
TOKa U MOMEHTA CONPOTHUBIICHUS BPALLIEHHUIO OT HArpy3KH, Ul EMKOCTHOW CUHXPOHHOM 3JIEKTPUUYECKON MalLUHbI —
3TO 3aBUCMMOCTb aMIUIUTY bl HANPSKEHUSI © MOMEHTA CONPOTUBJICHUS BPALLEHHUIO.

Ananus cocmosnus gonpoca. IloTokocenaeHre 0OMOTKHM BpalllaloLleil 2IeKTpUYeCKOi MalllHbl paBHO

y =¥, coswt

3J1C 0OMOTKHM OTpeeNseTcs BhIpaKeHueM

e= _dv_ oV, sinot.
dt
Ammnutyna 2/1C
E,=o¥,

3aBHUCUT OT YaCTOTBhI, B CBA3HU C YEM MOXKET BOZHUKHYTb MHTYUTHUBHOC IPEATIONIOKEHNUE, UYTO aMIUUIUTYIbl TOKa
1 MOMEHTA CONMPOTHUBJICHUA BPAICHUIO IJIA HHJ.'[yKTHBHOﬁ CI/IHXpOHHOﬁ BHCKTpH‘leCKOﬁ MalllnHbI (aMHJ’[I/ITyI[BI
HampsHKEHUSA U MOMEHTa COINPOTUBJIICHUA BPAICHUIO OJIA €MKOCTHOM MaH.II/IHLI) TAaKXXE 3aBUCAT OT 4YaCTOTHI.
B 1eHCTBUTENIBHOCTH 3TO HE SIBJISETCS 3aKOHOMEPHOCTHIO. CyIECTBEHHYIO POJb MPU 3TOM UTpaeT XapakTep
Harpy3KH 3JICKTPUUECKOM MaIIIHHBI.

Llenb uccneioBaHus — MOKa3aTh, MPU KAKOM XapakTepe Harpy3KH MapameTpbl CHHXPOHHOM AJIEKTPHYECKOM
MAIIIUHbI HE 3aBUCAT OT YaCTOTHI.

3anaun paboThl — MOJYYUTh TOKa3aTeNIbHbIE HA YPOBHE TEOPEM Pe3yJIbTaThl.

AKTyalibHOCTh PaboThl 00YCIOBIEHA IIMPOKUM PACTIPOCTPAHEHUEM CHHXPOHHBIX dJIEKTPHUECKUX MAlIUH,
HCTIOJIE3YEMBIX, B YaCTHOCTH, B KauecTBe reHepatopos [1-3].

MeToanl HccJIe0BaAHUS
B HacTosmieit paboTe MpUMEHSFOTCS METOABI MaTEMATHIECKOTO MOJEITMPOBAHNSI.

Pe3yabTaThl U 00cyxkaeHue
Tok u MomeHm conpomugneHs 8pauyeHuIo UHOYKMUGHOU CUHXPOHHOT DJIeKMPUYECKOU MAUlUHbL
npu UHOYKMUGHOU Hacpy3Ke
ITycts Harpy3koif (a3bl WHIYKTUBHONH CHWHXPOHHOMN 3JIEKTPUYECKOW MAaIlWHbBI SBJSETCS KaTyllKa
MHIYKTUBHOCTH [4]. CymMMapHas MHIyKTUBHOCTb KaTyIIKM U OOMOTKM MalKHbI 0003HayaeTcst L. Yucno BUTKOB
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0OMOTKHM — #. JIlMHa akTUBHOH yacTh BUTKa — /. MHIyKUns MarHUTHOro mosisi B paboyeM 3azope — B. Yron
noBopoTa poropa — ¢. Yacrora Bpaiuenns — o = do/dr. Tok — i. Yncno nomocos — aga. Juametp poropa — D,.

AKTHBHBIE JJIEKTPUYECKHE U MEXAHWYECKHE IOTEPU HE YUUTHIBAOTCS.

Jl1si CHHXpOHHOW MalllMHBI C MHAYKTUBHOMN Harpy3koil cnpaBeyiuBa cieIyrolas Teopema.

Teopema 1. AMmnutyna TOKa B MHAYKTUBHON Harpy3ke MHAyKTUBHON CHUHXPOHHOH 3JIE€KTPUUYECKOMN
MAalIVHBI HE 3aBUCUT OT YaCTOThI BPAILECHUS.

Jokazamenvcmeo. Tlpy yka3aHHBIX IOMYIICHHUSX CHpPaBEIIABO PaBEHCTBO (BTOpoil 3akoH Kupxroda
Y 3aKOH JIEKTPOMAarHUTHON MHAYKIUY MPUMEHUTEIBHO K BpalIAIOIIel MalllnHe)

D. do . di
Bln—/—sinp=L—. 1
2 dt M dt M

HHTCI‘pHpOBaHI/Ie 3TOIr'0 BbIpAXXEHUA NA€T

i=——="

D
i 2 cosQ+1,=—1, cosp+1,.

HauvanbHblit TOK /y MOKHO CUUTATh PaBHBIM HYJIIO.
AMIUIUTY 1A TOKa

_BnD,
m L 2

OT YacTOThI BpalleHNs ® He 3aBUCUT. Teopema ioKkas3aHa.

Teopema 2. AMIIUTY1a MOMEHTA COTIPOTHUBIIEHUS BPALLEHHUIO 111 MHAYKTUBHOWM CUHXPOHHOM 3JIEKTpUYECKO
MAaIIUHKBI C I/IHI[}’KTI/IBHOﬁ H&l”py3KOI71 HE 3aBUCUT OT 4YaCTOTHI BpALICHUA.

Jokazamenvcmeo. Tlpy yka3aHHBIX TOIMYIIEHUSIX MOMEHT CONMPOTHUBJICHHS BPALICHUIO B COOTBETCTBHUH
¢ 3aK0HOM AMTIiepa (TIPIMEHUTEHHO K Bpallalolieil MaliiHe) paBeH

2 2
_(Biny. %sin 2¢.

D Bin D D
= Blni—Lsin@ = —Bln———Lcos@—=sinp =
H 2 M L 2 ¢ 2 ¢

AM]'IJ'[I/ITy]_'[a MOMCECHTA COIIPOTHUBJICHUA BPpAIICHUIO
y, - (Bln? DY
L 8

OT 4acTOThI BpallEHHs » HE 3aBUCUT. Teopema JoKa3aHa.
Ha pucyHke npencraBieHa cxemMa CHHXPOHHOM 3JIEKTPUUECKOM MaIIMHBI C HHAYKTUBHON HAarpy3Koii.

i
| >

Puc. Cxema CHHXPOHHOI 3J€KTPUUECKOM MAIIMHBI C MHAYKTUBHOW HAarpy3Koii
Fig. The circuit of the synchronous electric machine with inductive load
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ITpaBoMepeH BOMpPOC — Kak 0OCTOWT JIEJIO MPH JAPYroM XapakTepe Harpy3Kd CUHXPOHHOM 3JIEKTPUUYECKOA
MaIlyHEI?

Tox u MomMeHm conpomueieHus 8palyeHuI0 NPu aKkmuUHOM U eMKOCIMHOM XapaKmepe Hazpy3Ki
[Tpn akTuBHOI Harpy3ke aHanor ypaBHeHus (1) nMeeT Bua

D
Bln—”ﬂsin(p =Ri.
2 dt

AmmnuTya Toka
, _BnD,
R 2

OT YacTOThI BpalIeHHs ® 3aBUCUT (JINHEHHO).
MOMEHT COTPOTHUBJICHUsI BPALLIEHUIO PaBeH

D . BinD, . D . (BIn)* D> .
= Blni—sin ¢ = Bln——Lwmsin “sin g = —®sin 2.
H 2 ? R 2 ? 2 ¢ R 8 ®

AMHJ'II/ITyZ[a MOMEHTA COMPOTUBJICHUA BPALICHUIO

2 2
a, = BIn? DF
R 8

OT YacTOThl BpallleHHs ( 3aBUCUT (JIMHEHHO).
[Tpn emkocTHO# Harpy3ke [5—7] aHasor ypaBHeHns (1) nMeeT BUI

Bin D,
2

. 1 ¢
osin o =—jidt.
C 0

IuddpepenunpoBanie 3TOr0 BBIPAKEHHS AaeT

D)‘
2

i = BInC == 0" cos wt.

AMIUIUTY A TOKa

D
V(DZ
2

1, = BInC
OT YaCTOTHI BPAIIEHNS () 3aBUCUT (KBaIPaTHUIHO).
MOMEHT COTIPOTHBIICHHUS BPAIICHUIO PaBEH

D D D D?
W= Bini 2’ sin @ = BInBInC 2’ ®’ cosQ 2’ sino = (BIn)’C 8’ ©” sin 2.

AMHHI/ITyZ[a MOMEHTA CONMPOTHUBJICHUA BPpALLIECHUIO
D2
M, = (Bin)C =0’

OT 9aCTOTHI BPAIICHNS () 3aBUCUT (KBaIPaTUIHO).

C653b MOWHOCMU C YACMOMOUL NPU PA3TUYHBIX GUOAX HASPY3KU
Jyist MHIYKTUBHOM HaTpy3KHM PeaKTUBHAS JICKTPUUECKasi MOIIHOCTh paBHA

Bln)* D?
0=I'X, =I'oL= (Bin)_ L”) < @
rae [ — geiicTByroliee 3HaU€HUE TOKA.
Mexannueckasi MOIIHOCTS [8] paBHa
Bln)* D?
0, = o= P2 ©
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Kak Mb1 BugnM, (2) u (3) coBmagaroT.
MOUIHOCTb JTMHEWHO 3aBUCUT OT YaCTOTBI.
JJid pe3uCTUBHOM HAarpy3KHu aKTHBHAsI 3JIEKTPUUYECKAsk MOILHOCTb paBHa

Biny D}

P=I'R= 2 3 €))
MexaHnueckas MOIIHOCTb paBHa
Bin)* D!
P, =Mu)=%?”w2. &)
Pazymeercs, (4) u (5) coBmamaror.
MOIIHOCTb KBaAPaTUYHO 3aBUCUT OT YaCTOTBI.
JInist eMKOCTHO# HAarpy3Ky peakTHBHAS dJICKTpUIeCcKass MOITHOCTh paBHA
1 D?
o=rx.=r " (Bln)zC?ruf. (6)
MexaHunueckast MOIIHOCTb paBHa
D2
O.=Mo= (Bln)zC?ruf. (7

OdeBuaHO, uTo (6) 1 (7) COBMAaroT.
MOoIIHOCTh KyOUYHO 3aBUCHT OT YaCTOTHI.

Hanpsoicenue u momenm eMKoCmHOU CUHXPOHHOU 91eKMPUYECKOU MAUWUHb NPU eMKOCIHOU Hazpy3Ke
JlyaJlbHbIM aHAJIOTOM MHIYKTUBHON CHHXPOHHOI JIEKTPUYECKON MAllVHBI SBISAETCS €MKOCTHAS CUHXPOHHAS
JJIEKTPUYECKAs MallIHa.
B cooTBeTCTBHM C 3aKOHOM MarHUTORJIEKTPUUECKONW MHIYKIMK (TyabHbIN aHAJIOT 3aKOHA 3JIeKTPOMarHUTHOM
WHIYKLIWH) TOK paBeH

i=Dbv, ®

rae D — snekTpudeckas MHAYKOMsS (QJIEKTpUUECKoe cMellleHne) B pabodyeM 3a3ope, b — MIMpUHA 3JIEKTPOJa,
Vv — IUHEHas CKOPOCTb.
Bripaxenne (8) M0KHO TIpeoOpa3oBaTh CIEIYIOMNM 00pa3oM:

94 _ pp
dt dt
dg = Dbdx ,

q X
[ dg = Db ax,
0 0
g = Dbx .
C Y4€TOM NOCIEAHETO YpaBHEHUS CHJIa, z[eﬁCTBonmaﬂ Ha DJIEKTpOJ, paBHa

F =qE = ¢~ = Dbu. ©)
X

OT0 IyallbHbIN aHAJIOT 3aK0Ha AMIepa Ul 3JeKTPUYECKOro (MarHUTOUIEKTPHIECKOT0) B3aUMOJICHCTBHSL.
3necs £ — HanpsKeHHOCTh 2JIEKTPUUECKOTO MOJIs, ¢ — HAMpsKeHUe. DIEKTPUUECKUil TOK paBeH
du
dt

i=C (10)
3ameuanue. ®opmyinsl (8) 1 (9) MOTYT ObITh MOMYYEHbI U3 UX JIEKTPOMATrHUTHBIX aHAJIOTOB IMMyTeM MPOCTOM
QyalbHO-UHBEPCHOM 3aMeHbl BeJIMUUH e > i, B—> D, [ —>b, i—>u[9; 10].

Teopema 3. AMIINTy1a HATIPSKEHUSI HA €MKOCTHOM Harpy3ke eMKOCTHON CHXPOHHOM 3JIeKTPUUYECKOM
MalIVHBI HE 3aBUCUT OT YaCTOTHI BpaILEHUs.
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Hokazamenvcmeso. J171s1 BpallaTebHON MallMHbl ypaBHEHHE 171 Toka ¢ yueToM (8) u (10) umeeT BUI

Db D, @sin(p = Cﬂ.
dt dt
HHTerpupoBaHue 3TOro BeIpAKEHNS AA€T
D
uz—%b 2’ cosp+U, =-U, cosp+U,. (11)

AMIUIUTY 12 HaNPsKEHUs

U, = Db D, (12)
Cc 2
OT YacTOTHI BpaIlIeHNs ( He 3aBUCUT. Teopema 1okazaHa.
Teopema 4. AMIUITUTYJa MOMEHTA CONPOTHBJIEHUS BPAILEHHUIO JUI eMKOCTHOM CUHXPOHHOM 3JIEKTPUYECKOi
MalIMHBI C EMKOCTHOM Harpy3Koil He 3aBUCUT OT YacTOThI BpallleHusl.
Joxazamenvcmeo. MOMEHT COTIPOTHBIICHUS BpalIeHMIO B cooTBeTCTBUM C (9), (11) 1 (12) nmpuMeHUTETHHO
K Bpallaollei MalliHe paBeH

D D Db D D ’p* D?
= Dbu—Lsinp =-DbU  cos “sinqp = -Db——Lcos “sing=— ~sin 2¢.
u > ] m COS P > ¢ i) ¢ 5 ] C 3 ¢
AMHJ'II/ITyZ[a MOMEHTA COHpOTI/IBJ'IeHI/IH BpaH.leHI/IIO
D*b* D?
"8

OT 9YaCTOTHI BpAlICHUA (0 HE 3aBUCHUT. TeopeMa JOKa3aHa.

BeiBoabl

Taxum o6pa3oM, BONpekr BOSMOKHOMY WHTYUTUBHOMY MPETONIOKEHUIO AJ1sl UHIYKTUBHON CUHXPOHHON
3JIEKTPUYECKON MalllMHbl ¢ UHAYKTUBHOM Harpy3Koi aMIUIMTYIbl TOKA 1 MOMEHTa CONPOTHUBJICHUS BpaLIECHUIO
OT 4acTOThl BpallleHUs He 3aBUCAT. Hapsany ¢ 3TuM, Kak NOKa3aJlu UCCIIEJOBAHMS, aMIUIUTYIbl TOKa U MOMEHTA
CONPOTUBJIEHUS BPALLEHHUIO 3aBUCIT OT YaCTOThI BPALLEHUSA NPU aKTUBHOM M €MKOCTHOM XapaKTepe Harpys3KH.
J1151 eMKOCTHO! CUHXPOHHOM 3JIEKTPUYECKOM MALUIMHBI C EMKOCTHOM HArpy3Koi aMIUIUTYAbl HANPSKEHUS] 1 MOMEHTA
COIPOTHBJICHUS BPAIIEHUIO OT YaCTOTHI BPAIIECHHS HE 3aBUCSHT.

[TosmyueHHbIEe pe3yIbTaThl PEKOMEHIYETCS UCTIOJIb30BaTh MPU MPOEKTUPOBAHUH EKTPUUECKUX CUCTEM.
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I. P. Popov

Influence of frequency on the synchronous electrical
machine parameters

The current and moment of resistance to rotation of the inductive synchronous electric machine under inductive
load have been considered. For a synchronous machine with an inductive load, Theorem 1 is valid: the current
amplitude in the inductive load of an inductive synchronous electric machine is independent of the rotational
speed. The theorem has been proved by equating the second Kirchhoff law and the law of electromagnetic
induction with reference to a rotating machine. Theorem 2 is also valid: the moment of resistance to rotation for
an inductive synchronous electric machine with an inductive load is independent of the rotational speed. The
theorem has been proved by analyzing the Ampere law with respect to a rotating machine. It has been
established, with active load, the current amplitude and the moment of resistance to rotation depend linearly on
the rotational speed. However, with capacitive load, these parameters are quadratically dependent on the
rotational speed. The connection of power with frequency under various types of machine load has been proven:
for inductive load, the reactive electric power is linearly dependent on frequency; for resistive load, the
dependence is quadratic; at the same time, for capacitive load, the power is cubic dependent on frequency. For
a synchronous capacitive machine with capacitive load, Theorem 3 and 4 are considered to be valid. Theorem 3:
the voltage amplitude on capacitive load of a capacitive synchronous electric machine does not depend on the
rotational speed. Theorem 4: the amplitude of the resistance to rotation moment for a capacitive synchronous
electric machine with capacitive load does not depend on the rotational speed. The results are recommended to
use when designing electrical systems.

Key words: synchronous machine, inductive load, current, torque, amplitude.
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