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Abstract. The classical approach to modeling pulse-width converters feeding a DC motor with independent excitation using a
first-order linear differential equation can significantly simplify and speed up the calculation of a dynamic system. However,

in this case, information about high-frequency physical processes occurring in a real system is lost. The article proposes an
analytical model of the dynamic system “pulse-width converter - DC motor with independent excitation” with representation
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of the pulse-width converter model as a rectangular signal obtained as a sum of delayed Heaviside functions. The proposed
analytical model is recommended for investigation of dynamic modes of DC motors with independent excitation and allows
one to analytically apply methods of automatic control theory to a dynamic system, as well as obtain complete information

about the spectral composition of state variables.
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BBeaeHue

DNEeKTPUYECKUil TIPUBO/ SIBISIETCS OJHON U3 BaXK-
HEHINX YacTeil MPaKTHYECKU JFOOOTO TEXHOIOTHYE-
ckoro mnporiecca. [Ipu 3ToM B paMKax 4eTBEpPTOU UHIY-
CTpHAJHHON PEBOJIIONHN K 3JICKTPOIPHUBOIY MPEIbSB-
JSIOTCSL Bce Ooliee skecTkue TpeOoBaHUS MO OBICTPO-
JICWCTBHUIO U TOYHOCTH PabOTHI, & TAKIKE CIIOCOOHOCTU
(YHKIIMOHUPOBATh C 3aJJaHHBIMHU TIOKa3aTeIsIMH Kaue-
CTBa TIPU M3MEHEHHWU pPEXHMa PadOThl TEXHUYCCKOH
CUCTEMBI.

B coBpemeHHON nuTepaType I pelIeHUs JTaHHBIX
mpobJeM, a Takke Ui o0ecTieueHHs IPOTHO3UPOBAHHUS
pabOTHI IIMEKTPOIPUBOIA B PA3TUYHBIX PEKUMAX U CHH-
Te3a ONTUMAJIBHBIX aJITOPUTMOB YIIPaBJICHUS Npeiara-
€TCS MCTOJIBb30BaTh MU(MPOBBIC TBOWHUKH DIICKTPOIPHU-
Bozna [1-3]. ITox 1udbpoBbIM TBOWHHKOM TOHUMAETCS HE
TOJNIBKO IU(POBask MOJEIb AIEKTPOIIPUBOJIA, HO U COBO-
KYIIHOCTh JIBYCTOPOHHHUX WH(OPMAIMOHHBIX CBs3EH C
peanbHbIM  00bekTOM [4]. CremoBarenbHO, 3agaucii
IU(POBOro JBONHHMKA SBIACTCS WICHTU(PUKAIMSA pe-
aJIbHOM JUHAMUYECKOUW CUCTEMBI HA OCHOBE HAOJIOHAe-
MBIX MEPEMEHHBIX COCTOSHUS, TOJyJacMbIX OT JaT4dH-
KOB, B TOM YHCJIC 1 C IPUMEHCHUEM METOJ0B MallllH-
HOro OOyYeHWs JIS 3a]1a4 JUArHOCTHKH, MOHUTOPHHTA
Y aHAJIM3a KaK THUIOBBIX, TAK M HEINTATHBIX AMHAMHYEC-
CKHX PEKHMOB 3JIEKTPOIPUBOIOB [5, 6].

Nnentndukanus TUHAMHUYECKOW CUCTEMBI MO H3-
MEpeHUsM e€ BXO0JIa—BBIXOJ[a MOXKET OBITh BBITIOJTHECHA
KaK B YCTAHOBUBIIUXCS, TaK U B ICPEXOJHBIX PECKH-
Max. 21.]'[5[ YCTaHOBUBIINXCS PEIKUMOB JUHAMHUYCCKUX
cUCTeM mpobiieMa IIoXod oOycioBieHHOCTH [7] cH-
CTeM YpaBHEHH MPOsBIAETCS 0cobeHHO octpo [8].
IlepexogHble peXHUMBI MOLYT XapaKTE€pPHU30BaThCS
CHJIBHBIM YPOBHEM momex [8], B TOM YuCIlie UMITYJIbC-
Horo xapakrepa [9]. CrnemoBaTensHO, /IS BBITIOTHEHUS
UJCHTU(UKAIIMN JTUHAMAYECKONH CHCTEMBI HEOOXO/H-
MO 3HATh HEKOTOPYIO alPHOPHYIO HH(POPMAIIMIO O ee
MTOBEJICHU.

Jannas mpoOiieMa Takke aKTyallbHa TPH paspa-
0OTKE HOBBIX THUIOB JIeKTpoaBurareneid. OcoOeHHO
OCTPO OHA TMPOSIBIISIETCS B BOIPOCAX MPOCKTUPOBAHMUS
U  HCCICIAOBAHUA MAJOINYMHBIX OJJICKTPOIIPHUBOOOB.
Tax, Hanpumep, u3zBecTHH padoTs! [10, 11] mo paspa-
0OTKE JJIEKTPOABUTATENCH ¢ COBMEIICHHBIMH OOMOT-
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KaMM CTaTopa, 3aKIIOYaloIMMUCA B MapajuleIbHOM
COEAMHEHUU OOMOTKH TI0 CXEME «3BE€3]1a» ¢ 0OMOTKOM
[0 CXEME€ «TpeyrojibHuk». IIpenmyiiecTBoM Takux
KOHCTPYKLMM SBISETCS CYLIECTBEHHOE YJIyYllIEHUE
FapMOHHUYECKOTO COCTaBa JIEKTPUYECKUX M MAarHUT-
HBIX BEITUYUH JJICKTPHUCCKON MAaIIWHBI (MarHUTOIBH-
Kyllask CWila M TOKM CTaTopa), CHIDKEHHE IOTeph
MOIITHOCTH U T. A.

WHBIM TOAXOZOM K YMEHBUICHHUIO BBICIIUX IapMo-
HUK B JIEKTPUUECKUX MAILINHAX SBIISETCS IPUMEHEHNE
JUISL IUTAHUS AIIEKTPOJBUraTeIe aBTOHOMHBIX HHBEP-
TOPOB C IEPEMEKAIOIIECHCS IIHMPOTHO-UMITYJIbCHON
moxayisiueit (IIMM) [12, 13]. Wcnonb3oBaHue B all-
TOPUTMAax YIPaBIeHHs IMpeoOpa3oBaTeieM IepeMeH-
Hoi IIIMM mno3BonsieT MoJAepKUBaTh KOI(PPUIUCHT
MyJbCAlMi AJIEKTPOMAarHUTHOIO MOMEHTa U BXOJHBIX
TOKOB aKTHBHOT'O BBIIPSMUTENS Ha 3aJaHHOM YPOBHE B
LIMPOKOM JHMANa30HE U3MEHEHHs Harpy30K.

[IpuBenennsie B padorax [10-13] cmekTpsl 3ek-
TPUYIECKAX W MATHUTHBIX BEIWYHH MOTYT OBITH ITOITY-
YeHbl KaK HEMOCPEICTBEHHO Ha (PU3NYECKON MOJIEeNH,
TaK ¥ HAa MaTEMaTHYECKOI B paMKaxX BBIUUCIUTEIHHOTO
sKcnepuMeHTa. Bo BTOpoM citydae uH(pOpMammio o
CIIEKTPax IEKTPHUUCCKUX BEITUUMH HECYT IEPEMEHHBIC
COCTOSIHUSL JTMHAMUYECKOH CHCTEMBI B JHUCKPETHOM
BpEMEHHM, MOJIyYE€HHbIE METOJaMM YHCJIEHHOIO HMHTe-
TPUPOBAHUSL.

IIpu 3TOM BO3HHKAaeT BOIPOC BBIOOpA Iara MHTE-
IrPUPOBaHUs, MOCKOJBKY Ha MOJENIH JUHAMUYECKHX
CUCTEM B AMCKPETHOM BPEMEHHU HaKJIa/bIBalOTCS Orpa-
HUYEHUA, CBsA3aHHbE ¢ TeopeMod KorenpbHukoBa—
[lennona—HaiikBucrta [14]. D10 03HAYaeT NPUHIKITH-
ATPHYI0 HEBO3MOXXHOCTH IIONyYCHHS HH(MOPMALUH O
OBICTPO TPOTEKAIOUIMX IIpolleccax B CHCTEME, co0-
CTBEHHAs 4YaCTOTa KOTOPBIX OOJIBIIE MOJIOBUHBI YaCTO-
Tl nuckpetu3anuu. ClenoBaTenbHO, 3HAYEHUS! BBICO-
KOUYACTOTHBIX COCTABIISIOIINX IIEPEMEHHBIX COCTOSHHS,
MOJYYEHHBIX B MOJICTIN B TUCKPETHOM BPEMEHH, MOT'YT
coiepXaTh apTe(akThl, BHI3BAHHBIE HECOBEPIIEHCTBOM
caMoil TMCKPETHOM MOJENH, a He XapakTepoM U (puzu-
KOW TOBENIEHUs] HEMOCPEACTBEHHO NWHAMUYECKON CH-
CTEMBL.

Takum 00pa3oM, HOHATHS «U3MEPEHHS» B BOIPO-
cax 3ajauyd HMIACHTHU(DUKAIMU MU DPEIICHHUS OOpPaTHBIX
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3a]a4 JOJKHBI TPAKTOBATKCS ITUPE, YUEM TOJIBKO HEIO-
CPEICTBEHHOE HM3MEpCHHE (M3MUSCKUX BENUYHH IpU
HaOrOIeHNU 32 00BeKTOM. [lo «H3MepeHusIMI» MO-
T'YT MIOHUMAThCS U PE3YNIBTAThl BHIYUCIUTEILHOTO JKC-
MEePUMEHTA, SMINPHUECKHE U TpauIecKue 3aBUCHMO-
cti [15]. UHBIME cTiOBaMU, TIpW peIICHUY 33134 UICH-
TUDHUKAIMA HAXOAWUT IPUMEHEHHE JI00as anpuopHas
uHGOPMAIS 0 JTUHAMHYECKON CHCTEME IUISI TOCTPOoe-
HUS HCKOMBIX 3aBHCUMOCTEH.

[ombITKK TIPEO0NeTh ITU MPOOIEMBI MPEIAPHHI-
MaJIMCh ¢ pa3paboOTKOW MPHOIMKECHHO-aHATUTHICCKIX
MeronoB [16, 17], 3akimrovaromMxcs B HaXOXKICHUU
HEKOTOPOH aHATUTUICCKON (QYHKIIUH, C 33JJaHHOU CTe-
MEHBI0 TOYHOCTH ONKCHIBAIONICH JAWHAMUKY Ipolecca
HCCTIEAYEMOM CHCTEMEI.

CyliecTBYIONINE YUCICHHO-aHATUTUICCKUE METO-
JIbl ACCIICMOBAHUS MHOTOMEPHBIX IMHAMHYCCKHUX CH-
CTeM B IEPBYIO OYepenb OPUCHTHUPOBAHBI HA CIyYaw,
CBsI3aHHBIC C PEHOICHUEM TPHUKIATHBIX 3a1ad, TpeOyro-
IIMX BBIYUCIICHUN B peanbHOM Bpemenu [18]. [Tpume-
HUTEIBHO K CHCTEMaM DJIEKTPOIIPHBOAA K HUM OTHO-
cATCA 3aJadd IapaMeTpUIecKOW WACHTH(UKAINH,
OIICHKH HEU3MEPSIEMBIX TEPEMEHHBIX COCTOSHUS M-
Hamuveckoil cuctembl [19-21]. Tem caMbiM OCHOBHOM
00BEeM BEIYMCIICHUI BHIHOCHTCS Ha MPEIBAPUTEIHHBIN
9Tall, HECBA3aHHBIM HEMOCPEACTBEHHO ¢ HAOIIOICHHEM
3a caMOU JUHAMHYECKON CUCTEMOM.

Cpenu U3BECTHBIX U PAaCTIPOCTPAHEHHBIX B HAYIHOMN
u HHKEHEPHOM MPAKTHKE PUOIIKEHHO-
AQHAJMTUYECKUX METOJ0B MOXHO BBIIEIUTH MeTo Ya-
wibiruHa [22], mpeobpazoBanue [ 'miapOepra—XyaHra
[23], Bxarouaromee B ceOst SMIMPHUYECKYIO MOIOBYIO
JIEKOMITO3UIINIO [24], a Takke Ipyrue METONbI, OCHO-
BaHHbIC HA TIOHMMAaHWH (U3UKH PabOTHl AWHAMHYE-
CKOIf crcTeMblI (y4eT anpropHoii nHpopmarun) [25].

HpI/IMeHeHI/Ie AHAJIINTUYCCKUX U l'[pI/I6J'II/I)KCHHO-
AHAJIMTUYECKUX MOJENEN NpHU HCCICIOBAHUM JIMHEU-
HBIX JHHAMHYECKHX CHCTEM ITO3BOJIIET HE TOJIBKO II0-
ny4aTh Oojiee MONHYI0 WH(OPMAIMIO O CIEKTPE CHI-
HaJIOB NEPEMCHHBLIX COCTOSIHUA, HO W aAHAJIUTHYCCKHU
NPUMEHATh BECh CYIIECTBYIOIIUNA MaTeMaTUYECKHUMN
amnmapar TeOpHH aBTOMATHYECKOTO YIPABJICHUS K pac-
CMaTpUBaeMON IUHAMUYECKOW CHCTEME TaKOH Kak,
HaIpUMep, MaTPHUIIBl YIPaBIIEMOCTH M HaOI0IaeMo-
ctu I'pama [26], maTpuna Slkoou u nip.

IlocTaHOBKa 33244 ¥ MeTOAbI UCC/IeJ0BAHUA

PaccmarpuBaercsi nuHaMu4ecKkas CHCTEMa <«IHU-
POTHO-UMIMYJIBCHBIH TpeoOpa3oBaTenb — JIBUTATENb
MOCTOSIHHOTO TOKa C HE3aBUCHUMBIM BO30Y)KIECHHEM»
(«IIATT-AITT HB»).

B kjaccrueckoli mocTaHOBKE 3a4a4d MCCIIEAOBAHMUS
JaHHOM JUHAMUYECKON CHCTeMbl MaTeMaTh4ecKas Mo-
nens [INIT umeer Bun nmHeiHOTO AuddepeHmats-
HOTO YpaBHEHHS IEPBOTO TMOPSAKA U B CTPYKTYPHBIX
cxeMax Tociie mpsaMoro npeodpasoBanus Jlamnaca npu
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HYJIEBBIX HAayaJbHBIX YCJIOBHUSAX IPEICTABIISAETCS IMPO-
CTEHIINM anepHOANICCKAM 3BEHOM IIEPBOTO MOPSIKA
C TMOCTOSIHHOW BpEeMEHH, PaBHOM IOJIOBMHE Iepuojia
HIMM [267]. Vcnionp30BaHue TaKOro MoJXoja Mo3BO-
JSIET CYIIECTBEHHO YIPOCTHTH aHAJUTHUECKHHA pacdeT
MIEPEXOIHBIX MPOIECCOB B IWHAMUYECKOU CHCTEME,
OJIHAKO TIOJIy4EHHBIC PEIICHHs HE OTPaXaroT B TOJIHOMN
Mepe XapakTep M3MEHCHHS BO BPEMCHU IEPEMEHHBIX
COCTOSTHHAL.

B nacrosimiel ctaThbe MPeIOKEHO aHATUTHUECKOE
pelieHne CcUcTeMbl TU(GEepeHITHATBHBIX ypaBHEHUMA
nuaamudeckon  cuctemsl  «ILMII-AIIT HB», rme
BXxoaHOM curHan cuctemsl ot IIWII mnpexncraBien
IPSIMOYTOJIBHOM Nepuoguueckoil GpyHkuueil.

B pabote mcmons30BaHEl METONBI MaTEeMaTHIECKO-
r0 MOJICTIMPOBAHUSA U ONEPALIMOHHOTO UCUUCIICHUS AJIs
peuieHust cucteM AudQepeHInaIbHBIX YpaBHEHHH,
METOJIbI TPSIMOTO W 00paTHOro TpeoOpa3oBaHUS
Jlamraca, METOIBI TEOPUH AIEKTPOIPHUBOAA.

MaTtemaTuyeckas MoJeJb AUHAMUYECKOMI

cuctemsl «IIAI-AIT HB»

IIpu cocraBneHMH MaTeMAaTUYECKONH MOAEIH JMHA-
mudeckoit cuctemsl « LIUIT-/IIIT HB» 6butn npuHSTHI
CJIEYIOIIUE JOMYILEHUS:

1) tpamsucropusie kimroun IIUIT waeandbHbI, mepe-
KJIIOUEHHMS] TPOUCXOAAT MTHOBEHHO;

2) mapaMeTpbl JAUHAMHYECKON CHCTEMBI (IIOTOK BO3-
Oy>KIeHus, akTHBHOE CONPOTHBIICHNE W MHIYKTHB-
HOCTb OOMOTKH SIKOpS, TPHUBEACHHBII MOMEHT
HHEPIMN) TOCTOSHHBI BO BPEMEHUY;

3) peakuus SIKOPsI HOJHOCTBIO CKOMIICHCHPOBAHA;

4) HachIILICHHE MarHUTOIIPOBOIA SIKOPSI OTCYTCTBYET.
Cuctema nuddepenunansubix ypasHeHui (CLY),

ONUCHIBAIOIIUX JUHAMUKY JIBUTaTelsl MOCTOSHHOIO

TOKAa C HE3aBHCHMBIM BO30YXKIEHHEM B MaTPHIHOM

BUzie B HOpMabHOH (hopme Ko [28] nmeeT Bua:

(R, _¢) (U@ )
dlio] | L L|[L® oL
dt| o(t) | - o®] | M@
J J

rae ix(t) — Tok sxops, A; w(t) — yrmoBas CKOpPOCTb
BpallleH!s] poTopa, pan/c; Ry, — akTUBHOE COMPOTHUBIIC-
HHE 00MOTKH sikopst, OM; Ly — HHIYKTHBHOCTE OOMOT-
kU skops, ['H; ¢ — koHCTpykTUBHA noctosgHHas 11T,
B/(pazn/c); J — npuBeneHHbII MOMEHT WHEPIMH DJICK-
TponpuBoaa, kr-m?%; U(t) — BXoaHoe Hampspkenue, B;
Mc(t) — craTudeckuit MmomeHT Harpy3ku, H-m; t — Bpe-
M, C.

[NomyunM MaTeMaTHUECKyI0 MOJIETH JBUTaTels MOo-
CTOSIHHOTO TOKA C HE3aBHCUMBIM BO30YXJCHUEM B OIE-
pPaTOpPHOM BHJIE C TIOMOIIBIO MPSIMOTO MPEoOPa3OBaHU
Jlarutaca ¢ HEHYJICBBIMH HaYaIbHBIMH YCIIOBHSIMU:
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L] [L,07

o(p) | |w(0)]
(R e U )
| Lo L Lp oL
c 0 o(p)] | _M(p) |
J J

rae p — oneparop Jlamaca.

Matemarudeckyto mozens IINII onpenenum B BU-
Jie IPSAMOYTOJIbHOTO MEPHOANYECKOTO CUTHANA, Mpei-
CTaBJISIFOIIETO COO0M CyMMy 3ajiepXKaHHBIX (YHKIIUH
Xeswucaiina [29]:

U, =UdZN:[1(t—2k0)—1(t—(2k +1)0) ],

1M

0=

B OTIepaToOpHO# popme:

U (P) =

N N
:UTd Zexp(—kaH)—ZeXp(—(2k+l) p@) '
k=0 k=0

rae N — KoamdecTBO MHTEPBAIOB pacuera (YIBOCHHOE
yucno nynscauuid IIWIT 3a pacdetHblil nepuoxa Bpe-
Mmenn); K — mar pacuera; Uq — HanpsoKkeHHe 3BEHA T10-
crosiuHoro Toka IIHNII, B.

Taxum oOpa3oMm, MaTeMaTHYECKas MOJENb B OIepa-
TOpHOU (hopMe HcciaelyeMoil TMHAMHYECKOW CHCTEMBI
«IUTT-AIIT HB» B o01ieM citydyae HMeeT BHI:

L] [LO]

o(p)] (00
R, ) (U (P))
L L|[Le L,
e, L] | _M(p)|
J Jp

[IpencTaBuM TaHHYIO CUCTEMY JIMHEHHBIX anreOpa-
WYEeCKUX YpaBHEHUH B OoJiee ymOOHOM Ui aHanmu3a
(hopMe TepeHOCOM cllaraeMbIX C HEM3BECTHBIMU B Jie-
BYIO 4acCTh, a BEKTOpa Ha4yaJbHBIX YCJIOBHH — B Ipa-

BYIO:

(Rg C\ (Umm\/[(p) H \
|_ﬂ+IO L[ LM | L 0

C a)(p) - Mc(p) .
—3 p —J—p+a)(0)

HcciegoBaHNe aHAIMTUYECKON MOAe/TU
«IUII-AIIT HB» B sAUHAMUYECKUX PeKuMax

B xauectBe 00BbeKTa MCClIeIOBaHUs BbIOEpEM JBH-
raTeib MOCTOSHHOTO TOKa C HE3aBHCUMBIM BO30YKIe-
HueM mapku 2[1D200L, macriopTHBIE mapameTpbl KO-
TOPOTO MPECTABICHBI B TAOJHIIE.

Ta6auya. I[lacnopmusie napamempuot 1T HB 2[1P200L4
Table. Passport parameters of DC motor with inde-
pendent excitation 2PF200L4
HaumeHoBaHMe mapaMeTpa 3HavyeHHe
Parameter name Value
HomuHanbHOe HanpsbkeHue Unow, B 440
Rated voltage Uuow, V
HoMuHasbHast MOIHOCTD P2, KBT 42
Rated power Pz, kW
HoMuHanbHas yacToTa BpalleHUs Nuow, 00/MUH
. 2360
Rated rotation frequency nuow, rpm
MakcuMasibHas YaCTOTa BPALLEHUS Nuaxe, 00/MUH
. . 3500
Maximum rotation frequency nwaxe, rpm
KoadouuuenT nosesnoro geiicrusi /Efficiency n % 90,5
JKBUBaJIEHTHOE CONIPOTHUBJIEHHE 0OMOTKH SIKOPS,
npuBegeHHoe K 75 °C Rs, Om
. . o 0,114
Equivalent resistance of armature winding,
reduced to 75°C R,, Ohm
WHAyKTUBHOCTb 06MOTKH sikopsl L, MI'H 21
Armature winding inductance L, mH !
[IpuBe/ileHHBII MOMEHT UHEPLMH J, KI-M? 03
Reduced moment of inertia J, kg-m? !
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[IpoBenem aHamM3 JUHAMHMKH pPEXHUMOB ITycKa,
Habpoca Harpy3ku W pemepca nsuratens. [lomoxum
gacrory nepexmodennit IIHUM pasuoii finm=1 I,

1. Tlyck aBuratensi Ha XOJIOCTOM XO.Y.

Hauanensie ycnoust is(0), @(0) u cratmyeckuit Mo-
meHT Harpy3ku Mc(0) paBubl Hysmr0. MaTemarmdeckast
mozeins cuctemsl «THUTT-ATIT-HB» npunumaet Bua:

(R, )

L_,I+p L_ﬂ L (p) _(Umm(p)\
c o(p)| 0
J

Pemenne MaTpuyHOrO ypaBHEHUS HallIEM METOJIOM
Kpamepa.

R c
L” +p L_ UmnM(p) i
A=| I, A, = |_H |_ﬂ ,
_< 0
3 p Y
S p el
Aa): A k!
_< 0
J
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OO0pa3bl TepeMEHHBIX COCTOSHHUS JUHAMUYECKON
CUCTEMBI:

L,{kpz

)’

A

w(p)=%= -

JL,

ﬂ

OpurruHambBl aHATUTHYCCKUX (QYHKIMHA TOKA M CKO-
pOCTH HalZeM M0 MepBOil Teopeme pasiokeHus [29].
Banumiem uzobpaxerue Gyukiuu F(p), cogepxarieii B
cebe XxapaKTepUCTUUECKU TTOJTMHOM CHUCTEMBI:

U,

F(p)= peat

et JL,

ﬂ

[ockonmbKy K03(hhHITHEHTHI 3HAMEHATENS PAlMOHATb-
HBIL, TPEATNOJIOKIM CITydail KOMIUICKCHO-COMPSDKEHHBIX
KOpHEH:

Pemenue Oynem BeCTH IyTeM OINPENEICHUs OPUTH-
HaIOB (YHKIMA HAa KaKIOM MOJyNepuoae paboTsl
[IMM. 3ammiem BbIpayKeHUE TSI IEPBOTO yIaCTKa OT
0 10 6 (Tmyck ¢ HyJIeBBIMH HaYaJIbHBIMHU YCIIOBUSMH ) T10
MIEPBOM TEOpeMe PA3IOKECHUS:

o520

k=1
3nech
CZ
Pm(pk):Udv Qn(pk): L JL
Qr:(pk)ZZpk"'
Torna
n (—a+ip)t
f)=) —0 ent o s
2pct 2(—a+jp)+
U,el “ sin(At)
2(-a— jp)+ B
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Takum o0pasom, M300pakeHHsS TOKa M CKOPOCTH
HMEIOT BHJ:

(=P

cF(p)
Jp

, o(p) =

s

OpwurnHan QpyHKIHH TOKa:

f(t) Ue™

tsin(pt)
LA '

OpwurnHan CKOpOCTH HaleM 10 TeopeMe WHTErpu-
pOBaHUA OpUTHHANA:

i(t) =

5{

t

a)(t)=JLLﬂ.([ f(r)dzzilwff'”(md
cU,

"B, (4

Ha BTopom ydactke ot 0 1o 260 (coOcTBeHHOE IBU-
KEHHE JWHAMHYECKOW CHCTEMBI T[PU HEHYJIEBBIX
HAYaIbHBIX YCJOBHUSIX) OINPEACIUTENN EPEMEHHBIX
JUTs pereHns MetonoM Kpamepa:

) (,B— e (asin(pt) +ﬁcos(/3t))).

N it,)
LR

o) p

)

(4]

o(t,)

rae i(tk), w(tk) — ToK 1 yriaoBas CKOPOCTh BpalllEHHS B
KOHIIEC HHTEPBaNa Ha TIPEABIAYIIEM IIare pacyera.
N300paxeHns IepeMeHHBIX COCTOSHHUS:

| N Ca)(t) £ pilt)
I(p):X: e
p*+
e cigtk) N Ra)L(tk) +po(t,)
o(p)==2 = :
p JL,

ﬂ

OpurrHanbel QYHKIMNA OMPENeNnM HCIONbB3Yys TEO-
pemMy o nudQepeHITMPOBAaHUN OpUTHHANIA. XapaKTepH-
CTHYECKHH TIOJIMHOM Ha y4acTKaxX COOCTBEHHOTO JIBH-
KEHHSI CUCTEMBbI:

F(p): c2

b JL,

L

4

OpuruHams! GYHKIMHA TEPEMEHHBIX COCTOSHUS:
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it) = Ca)(t )

Ca)(t )
L.p

() +i) 5 1()=

it,) d
ﬂd(

“sin(pt) +

9[

sin(ft) +

Ca)( )

LA
+%e-m (~asin(B) + Beos(A)),

“sin(A) =

cL,i(t,)+ JR m(t,) e sin(At) .
JL

. B
(t) d e
g sin() =
_cL,i(t) + IR a(t,) e sin(At) N
B I, B
_|_me70‘t

5 (—asin(pt) + Seos(ft)).

Ha tpetbeM yudacTke pacuera oT 20 mo 30 umeem
MYCK C HEHYJIEBBIMH Ha4YaJbHBIMH YCIOBHAMH. V300-
pakeHHUs IEPEMEHHBIX COCTOSIHHS IPUHAMAIOT BH

o(t) =

R, U, .
I= LS S| a)z
w(t) P -— w(t)
L=t
| s S
I(p):X: 2 ’
p*+
U, Cl(t) Ra)(t)
A, JLﬂp J +polt)
a)(p):X: 2
p*+

A

Bocmons3oBaBmmck TeopeMaMu 00 HWHTErpHpOBa-
HUM ¥ Jud(EepeHIIpOBaHN OpPUIHHANIOB, HaineMm
OpUTHHATBl AHATUTHYECKUX (YHKIUI MepeMEeHHbBIX
COCTOSIHMSI HA TPETHEM yUaCTKE:

U, _Ca)(tk)e
LA

A

e (—asin(ft) + Bcos(At)),

it) = “tsin(At) +

) -
B

39

cL,i(t, )+ JR w(t,) e * sin(pt) N o(t,) y
JL

ﬂ [ [
xe ™ (—asin(pt) + Beos(fr)) +

cU ot .
m(ﬁ—e (asin(pt) +ﬁcos(ﬂt))).

O4eBUIHO, YTO BBIPAKEHHS IS TIEPEMEHHBIX CO-
CTOSIHHS Ha MEPBOM YYAaCTKE SBIISIOTCS YaCTHBIM CIIy-
YaeM BBIPXKCHUS Ha TPEThEM, €CIIM HAYAIIbHBIC YCIIO-
Bust o(t), i(t) paBusl Hymr0. TakuM 06pa3om, st BbI-
YHCJICHUS 3HAYCHUS IEPEMEHHBIX COCTOSIHUS B IIPOH3-
BOJIHBII MOMEHT BPEMEHH [TOCTAaTOYHO 3HATh 3Haye-
HUs QYHKIUH Ha KOHIAX MPEIBIAYIINX YIaCTKOB.

[IpoBenem ampoOanuio MOTYYeHHBIX (QYHKIHNA IS
muHamudeckor cucteMsl « ITWTT-JATIT HB». Ha puc. 1
MPECTaBICH MEPEXOMHBIA MPOIECC MO CKOPOCTH JIH-
HAMHYECKOH CHCTEMBI C NPUMEHEHHEM MOIyUYeHHBIX
AHATUTHICCKUX (DYHKITHH.

2. Pesepc AIIT HB, paGoTaBiiiero Ha X0JI0CTOM XOJy.

MarpuuHoe ypaBHEHHE THHAMHYCCKOH CHCTEMEI
IIpH peBepce B 00IIEM ciTydae UMEeT BH;

U (P) o 1)

(R, c)
}( L +|(t)J
o(t,)

L}I Lﬂ
= p

Pemienne maTpryHOro ypaBHEHHsSI aAHAJIOTHYHO
MpeabIIyIeMy IYHKTY HPOBOIUTCS € IOMOIIBIO pa3-
OWeHUs peIICHHsT Ha YYACTKH, PAaBHBIC MOIYHEPHOLY
[INM. 3anuieM aHATATHYECKUE BBIPOKEHUS IS Tie-
PEMEHHBIX COCTOSIHUS.

WuTepBan pacuera ¢ NpuiI0KEHHBIM HaNPsSKEHUEM:

w(t) =

1,(p)
w(p)

Ug tc-oft) -
L, -B

.o~ (—asin(Bt) + B cos(BL)),

it) = -
B

sm(Bt) +

cL,i(t,)+ JR aw(t,) e “ sin(ft) . o(t,) y
JL

. p B
“(—asin(pt) + peos(pt)) -

cU, _ a-at i
i e i - peos(a)

Pacuer Toka 1 CKOpOCTH Ha MHTEPBAIE COOCTBEHHO-
ro JBIKEHHUS CHCTEMBbl NPH HEHYJIEBBIX HayaJbHBIX
YCIIOBUSAX TPOBOAUTCA COIJIacHO BhIpaxeHusMm (13) u
(14), cootBercTBeHHO. [locTponM rpaduk MEPexoHOTO
nporiecca mpu peepce AIIT HB, paboraBuiero Ha xo-
JIOCTOM XOAY, C IPIMEHEHHUEM ITOTYYCHHBIX ()YHKIIHH.

o(t) =
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Fig. 1. Transient speed process in starting mode of DC motor with independent excitation at idle run
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3. Ha6poc narpysku B IIIT HB, paboraBmem Ha XO-
JIOCTOM XOIy.
MatpuuHoe ypaBHEHHE IWHAMHYECKOW CHCTEMBI
UMeeT BUJT

) (Up(P) )

LT [upq L
c o(p) M (t)

-3 I (t)

rae Mc(tk) — craTmueckuii MOMEHT HAarpy3K B KOHIIE
WHTEpBaJa Ha IPEBIAYIIEM IIare pacuera

Saig) <
pL;{ S
A= M) !
_c—k+a)(tk) p
R u, .
2 —+I(t
L +p oL +i(t,)
A, = M) .
c C
7 —J—pk+60(tk)

[Momyunm n300paxeHus: GYHKIHA TEPEMEHHBIX CO-
cTostHusl MeToioM Kpamepa v UX OpUTHHANBL, TpHMe-
HsI TEOPEMBI HHTETPUPOBaHHS U Au(depeHIIMpOBaHNS

OpUT'MHAJIOB:
I/IHTepBaﬂ pacycTa € MpHUI0KEHHbIM HAIIPS)KECHUEM
cM_(t U, —coft i
C(k)+ d a)(k)+p|(tk)
A, JL p L}l
I (p) = X = p 2 ,
L "L
A,
o(p)= A
CUd _Mc(tk)R + Cl(tk)_ Mc(tk) + Ra)(tk) + pa)(tk)
B JL.p J L,
B 2, R, c?
P L JL,

U, ~colt,)

L.
—asin(ft) + Bcos(B)) +

i(t) =
_|_@e_0‘t (
B

sin(ft) +

cM.(t,) ) (Ig_ g (asin(ﬂt) +IBCOS(ﬂt)))’

Lo M)
BIL, (o + 7
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(Ci(tk) - Mc(tk)) L, +JR,o(t,)
i, *
e “sin(ft) " o(t,) act
B B

(i Cud_l\/lc(tk)R><
( aSIn(,Bt)"‘ﬂCOS(ﬁt))"'ﬂJLﬂ(az+ﬁ2)

x (,B— e “(asin(ft) +ﬂcos(ﬂt))).

WuTepBan coOCTBEHHOTO IBMKEHHSI CHCTEMBI MPH
HEHYJIEBBIX HayaJIbHBIX YCIOBHSIX:

cM, (t,) n —ca(t,)

o(t) =

+pi(t,)
JL L
I(p)=——=P S
L L
o(p) =
M. (LR | Ci(t) =M. (t) Ra)(t)
_Lp ] [, "Peltd
_ - i
PP
—coft) i)

(1) =
i(t)= X sin(pt) + —= 5

“(—asin(Bt) + Bcos(Bt)) +

W

cM, (t,) et (i
—,BJL (a w: )(,B e (a5|n(ﬂt)+ﬂcos(ﬁt))),
o(t) = (Ci(tk) - Mc(tk)) L, + IR o(t,) y

I,

e sin(A) | o)
g P

( asm(ﬂt)+,3C03(ﬂt))+ﬂJLﬂ(az+ﬂz)

x(B—e " (asin(At) + Bcos(A))).

I'paduk nepexoanoro mpoliecca Habpoca Harpy3Ku
B nuHamuueckou cucreme «IMUII-AIIT HB» npuse-
JICH Ha puc. 3.

AHanu3 TpaduKoB MEPEXOTHBIX PEKUMOB IO CKO-
poctu (puc. 1-3) mo3BOJSAET CACTATh BHIBOJ O HATUIHH
BBICOKOYACTOTHEIX COCTABJIIOMINMX B BBIXOTHBIX CHUT-
Hajax cKopocTh AuHamuueckod cuctembl «[IINUTT-
JIIT HB», cBI3aHHBIX C MYJbCUPYIOMINM XapaKTEPOM
BXO/IHOTO HAMPSDKEHUS, YTO TOJTBEPXKIAET KOPPEKT-
HOCTh TIOJTyYE€HHBIX aHATUTUIECKUX BBIPAKCHHM.
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3akswyeHue

PacnipocTpaHeHHOCTh TPAKTUKUA MOJEIMPOBAHUS
muHamuyeckon cucteMsl «IUII-AIIT HB» ¢ npen-
craBnenueM IUII kak anepuonnyeckoro 3BeHa mep-
BOTO MOpAIKa OO0YCJIOBJIEHA CYIIECTBEHHBIM YIpOIIe-
HUEM (peoylupoOBaHUEM) MAaTEeMaTHYCCKOW MOEITH
CHUCTEMbI M, KaK CJIC€ACTBHEC, INOBBINICHHEM CKOpOCTI/I
pacquOB KaKk aHaJIMTHYCCKHMU, TaK WU YHCICHHBIMU
MeTogaMu. TeM He MeHee TaKO! IMOIXO0M BEJET K MOTe-
pe uHpOopMaIHK O BBICOKOYACTOTHBIX MPOIeccax, Mpo-
TCKAKIIUX B CUCTEMEC HpI/I I/IMHyJ'II)CHI)IX BXOJHBIX BO3-
NEeHCTBUSIX.

HccnenoBanne AMHAMUYECKOW CHCTEMBI JJIEKTPO-
HpI/IBO,Z[a HpI/I 3aJaHUH BXOIOHOT'O HaHpH)KeHI/IH B BUIC
CyMMBI 3aJiepKaHHbIX (pyHKIMI XeBucaiina s 6omnee
koppektHoro npencrasienus HINUII ¢ ucnons3oBaHu-
€M METOAO0B YHCJICHHOI'O I/IHTCFpI/IpOBaHI/IH TAKXE HEC
TI1IO3BOJIACT l'[OJ'Iy‘lI/ITI) I/IH(l)OpMaLlI/IIO O BBICOKOYACTOT-
HBIX COCTABJSIFOIIMX TIEPEMEHHBIX COCTOSIHUS, TI0-
CKOJ'H)Ky Ha JII/ICerTHI)Ie MOACIN HAaAKJIaAbIBAKOTCS
OrpaHuYeHus, CBsI3aHHbIE ¢ Teopemoit KoTenbHrnKoBa—
Illennona—HalikBucra.

HecmoTps Ha mMpokoe pacnpoCTpaHEHUE YHCIICH-
HBIX MCTOOOB HCCICAOBAHHA JHHAMHWYCCKUX CHUCTEM,
MO3BOJIAIONINX HAXOAMTh peIleHus: cucteM nuddepeH-
LMABHBIX YPAaBHEHUW [JI IIMPOKOTO KIlacca HHXKe-
HepHBIX n Hay‘-IHO-TeXHI/I"IeCKI/IX 3a1a4 C BI)ICOKOI71 CTC-
IICHBKO TOYHOCTH U 3a HpI/IeMHeMOG BpeMSI, aBTOpLI

42

0.20 0.25

CUHTAIOT, YTO HE CTOUT OTKa3bIBaThCA OT IPEHUMY-
ECTB aHAJTUTHYECKOTO PEIICHUs, €CIA OHO MOXKET
OBITh TIOJYYCHO AHAJUTUYECKUMH WM MPHUOIKEHHO-
AHAJIMTHYCCKUMHU METOIaMHU. AHAJIMTHYECKHE BBHIpa-
JKEHUSI JUIS TIEPEMEHHBIX COCTOSHHS JUHAMHYCCKHIX
CUCTEM IIO3BOJAKOT HpI/IMGHfITL K HHM BECH cylne—
CTBYIOLMI amnmapaTr TEOPUU aBTOMATUYECKOIO yIIpaB-
neHuss 0e3 rmepexojia B JMCKPETHOE BpEMs, a TaKKe
Haubolee MOJHO HMCCIe0BaTh (PU3MUECKUE MPOIECCHI
B cucteMe 0e3 morepu WHGOpPMAIMK O BBICOKOYACTOT-
HBIX COCTaBJISIIOIINX.

HonyquHaﬂ B CTAaTh€ aHAJIUTHYCCKAss MOACIIb OU-
Hamuyeckoil cucremsl «IIUIT-JAIIT HB» no3BomsieT
HCCIIEJIOBATh Pa3MYHbIC PEKHMBI PabOTHI 3JIEKTPO-
MPUBOJIA C TIOJYYCHHUEM ITOJHOW HH(OpMaIuu o0 Bcex
npoleccax, MPOTEKAIUX B CUCTEME, U MOXET ObITh
HCTIONIb30BaHa TpU pa3paboTKe M HCCIIECAOBAHHUM HO-
BBIX JJICKTPOJIBUTATENICH TIOCTOSTHHOTO TOKA C HE3aBH-
CUMbIM BO36y)K}ICHI/IeM, B 4aCTHOCTH, AJIA l'[OJ'Iy‘leHI/IH
CIIEKTPaJbHOTO COCTaBa BBIXOJHBIX MapameTpoB. Kpo-
M€ TOTO0, TIOJYYCHHBIC PE3yJIbTAThl MOTYT OBITh ITOJIE3-
HbBI B paMKax 3aa4Yn COBepHIeHCTBOBaHI/ISI CUCTEM IIH-
TaHWs U YIPABIEHUS DJIEKTPOIIPUBOJAMH IIOCTOSSHHOTO
TOKa, a TaKKe MPU aHATUTHYCCKOM MOJICIIMPOBAHUM U
HUCCJICA0OBAaHNU CI/IHXpOHHBIX SHGKTpOIIBI/IFaTCHCﬁ C
IIOCTOAHHBIMHW MAarHuTamMm H aCI/IHXpOHHBIX BHGKTpO—
JIBUTATENICH B PEXKUME 3aTOPMOXKEHHOTO POTOPA.
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