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TI'opowko B. B. Ontumizamisi AMHAMIYHUX PEXKHUMIB EJIEKTPUYHUX MAIIUH 3
BUKOPHUCTAHHSAM JPOOOBO-IHTETpaIbHUX peryisTopiB. — KBamidikariitna HaykoBa mparis

Ha IIpaBaxX PyKOMUCY.

Huceprariss Ha 3100yTTS HAyKOBOrO CTyIeHsS JokTtopa (dimocodii 3a
cnemianpHicTIO 141 - EnexTpoenepreTika, eIeKTpPOTEXHIKA Ta €JIEeKTpOMEXaHika. —

Opnecbkuii HalllOHAJIBHUH TIOMITEXHIYHUHN yHIBepcuTeT, Oneca, 2020.

OO6'exTH NOCHIIKEHHSI B JUCEpTAIlifHOI pOOOTI — €JEKTPOMEXaHIuHI CUCTEMH,
XapakTepHOIO OCOOJIMBICTIO SIKMX € HasABHICTh CYTTEBOI CTENEHEBOI 3aJI€KHOCTI B
MaTeMaTuyHOMY omnuci. Yepe3 1ie¢ BUHUKAIOTH NPOOJIEMH IMpPU BUOOpI CTPYKTYpH Ta
napameTpiB peryiasiTopiB. 30Kpema, B JBUTYHI TMOCTIHHOTO CTPyMYy 3 MOCIIJOBHUM
30y/DKCHHSIM, BEHTHJIBHO-PEAKTUBHOMY JIBUTYHI Ta €JICKTPOMArHITHUX rajbMaxX MOXKeE
Bi/IOyBaTUCSI HACUYEHHS MAarHiTHOI CHUCTEMH B CTAaTUYHUX 1 JUHAMIYHUX PEKHUMaX.
3actocoBaHuid B po0OOTI amapaTr JIpoOOBO-IHTETPATBHOTO YHCJICHHS JI03BOJISIE TaKi
HEeJHIMHI O00'€eKTH oOmMucaTd 3 BHUCOKOK TOYHICTIO JIHIWHUMH TepelaBalbHUMU
byHKIIsIME ApoOOBOro mMopsAKy. Tak, AJig SIKIpDHOTO JaHIIOra JBUTYHA IOCTIHHOTO
CTpyMYy 3 TOCIIJIOBHUM 30Yy/DKCHHSM Taka ampoKCUMallisl Ja€e  HalMEHIIy
cepeHbOKBaApaTuyHy noxuoky. KomOinamis 3suuaiinoro PID-perynstopa ¢ npo6oBo-
iHTerpabHuMu  ckimagoBumMu  mopsaky 0.35 1 1.35 3abesneuye Haikpaily SKiCTh
NEPEXiAHOTO MPOIECY — CTPYM JAOCATAE 33JaHOTO 3HAUYEHHS MaKCUMAJIbHO IIBHIKO O€3
nepeperymoBanHsa. [lo-mpyre, BEHTHUIBHO-PEAKTHMBHUN JBUTYH, B MOJEIl SIKOTO
HEOOXITHO BpaxOBYBaTH CTENEHEBl 3aJ€XKHOCTI, MPH OMHUCI MEepPeXiTHUX MPOLECIiB
HIBUKOCTI MPU CTPUOKY HAIIPYT'H allPOKCUMOBAHUHN aneploNYHOI0 PYHKIIIEIO MOPSIKY
0.7. 3 cimelicTBa TOCHIPKEHUX PETYISATOPIB Tpaauiliiauii PI-perynsatop 3 1onatkoBuMu
IpOOOBO-IHTETpAIbHUMU CKJIafoBUMU nopsaaky 0.7 1 1.7 3abe3neyuB acTaTu3M KOHTYPY
MIBUIKOCTI MOpsAKY 1.7 1 HaliMeHIe epeperynoBants. TpeTiid JochiKeHu 00'eKT —

€JICKTPOMATrHITHI TajgbMa, IO BCTAHOBIIOIOTHCA Ha BEAyYl KoJjieca aBTOMOOLIS st



HaJallITyBaHHS JBUTYHA BHYTPIIIHBOTO 3rOPSHHS — TAKOXK IMICII TECTYBaHHS HAMOUIbII
TOYHO OIIMCAHO TIepe/laBaIbHOI0 (YHKIIE€ID ApOOOBOrOo MOPSAAKY. 3a JIOMOMOTOI0
PIDI"I*-perymsiTopa, 1o 3a0e3meunB acTaTU3M 3aMKHEHOTO KOHTYpy Mopsaky 1.63,
JOCSTHYTO CTa01113al11i10 MBUAKOCTI 00epTaHHS ABOX KOJIIC 0e3 mpoTuda3sHuX KOJUBaHb
1 TOYHE BIAMPAIIOBAHHA TPUKYTHOI Taxorpamu. TakuM UYWHOM, 3aBISKH amnapary
JIpOoOOBO-IHTETPAILHOTO YWCJCHHS, 3a0e3meuyeTbcs OuIbIl TOYHA iAeHTUDIKAIS
napameTpiB 00'€KTa, MAaTeMATHYHUW OIMUC 3BOJAUTHCS N0 JIHIMHUX TNepelaBaibHUX
byHKIIH 1poOOBOrO MOPSAIKY, B 3aMKHEHHX CHCTEMax MOXKHa 3a0€3MEeUnTH acTaTU3M
npobosoro mnopsanky 1.3...1.7 1 goMorTucs Kpamioi sIKOCTI MEpeXiJHUX MPOLECiB, HIK
IPY BUKOPUCTaHHI KJIACUYHUX METO/IB.
HaykoBa HOBU3HA OJiepKaHUX PE3yIbTATIB MOJSATAE B HACTYITHOMY:

1. Briepiie BUKOHaHa 1IEHTH(IKAIS SIKIPDHOTO JIAHIIOTa JBUTYHA IMOCIIOBHOIO
30y/KEHHS TepelaBaibHOI0 (PYHKIIEIO 3 JpOoOOBUM MOPSIAKOM, IO B MOPIBHSAHHI 3
MOJIEJIIMH LIIOYMCENBHOIO MOPSAKY 3a0e31euye MIHIMAJIbHY TOXUOKY IIPU PO3PAXYHKY
MepexiTHUX MPOLECIB MPHU CTPYMI SKOPS BHUIIE HOMIHAJIBHOTO, IO JI03BOJIUJIO BUOpATH
CTPYKTYpY peryistopa 3 IpoOOBUM MOPSIAKOM acTtatu3my 1.35 1 oTpuMaTH 3aMKHEHY
CUCTEMY 3 HAKpalIMMHU JUHAMIYHUMH 1 CTATUYHUM MTOKa3HUKAMH.

2. OTpuMaB MOAANBIINI PO3BUTOK METOJ iAeHTHU(DIKAI] KOHTYPY IIBHUAKOCTI B
BEHTUJIbHO-PEAKTUBHOMY JIBUT'YHI Ha 0a3l ApoOOoBO-anepioAnyHol (QyHKIIT MpU Pi3HUX
NPUKIAJACHUX HaAmpyrax 3 TMOCTIMHUMHM KyTaMUd BKJIIOYEHHS 1 BUKIIOYEHHS, 1110
JIO3BOJIWIIO 3MEHIIUTH TMOXUOKY 11eHTU(IKaLll, CUHTE3yBaTU PETYJISATOpP 3 JIpOOOBUM
HOPSAIKOM, MpU SKOMY OTPUMaHO MIHIMaJbHUM Yac MEpIIOro Y3TOJKEHHS 3
nepeperystoBanHs He Oubie 2%.

3. Briepiie cuHTE30BaHO pETyIATOpP 3 JAPOOOBUM TMOPSAIKOM I1HTETpyBaHHS B
CUCTEMI K€pYBaHHS JIBOMa €JICKTPOMArHITHUMHU TaIbMaMH B CTEHJ1 JJIsl HAJIAIITYBaHHS
NaJMBHOI CUCTEMHU JABUTYHAa BHYTPIIIHBOTO 3TOPSHHS aBTOMOOUIIB, IO JO3BOJIMIIO
3a0€3MeUnTH MIHIMAJIbHE TEpPEeperyItoBaHHsS 3 Kpallol JWHAMIYHOK Ta CTaTUYHOIO

TOYHICTIO, BHACIIJIOK YOTO MiJIBUIYETHCS TOYHICTh HAJAIITYBaHHS MAJIMBHOI CHCTEMU



Ta BUMIPIOBAHHS MaKCUMAaJIbHOI MOTYKHOCTI Ta MOMEHTY JIBUTYHIB.

IIpakTH4He 3HaYeHHs O/ICpKAHUX PE3YIbTATIB!

1. 3amponoHOBaHO MOJIEh 1 METO/ 1IeHTU(IKAIIIT TapaMeTPiB SKIPHOTO JIAHIIOTa
JBUTYHA TIOCHIJOBHOTO 30Yy/UKEHHS 3 MOJAJBIIMM CHHTE30M pETYJATOpIB, SKI
BPaxoBYIOTh €EKT HACMUEHHS MarHiTHOI CHCTEMH JABUTYHA.

2. 3amporoHOBAaHO MOJETb 1 MeTof 1AeHTU(IKalii mapaMeTpiB KOHTYpPY
IIBUIKOCTI BEHTUJIBHO-PEAKTHBHOIO JBUTYHA NPU PI3HUX MPUKIAJACHUX HANpyrax 3
NOJaJbIIUM CHHTE30M PEryJIATOpiB 3 ypaxyBaHHSM HENIHIMHUX 3aleKHOCTEH
NOTOKO3YEIIEHHSI Ta MOMEHTY B1Jl CTpyMy (pa3u Ta MoJI0KEeHHS pOTOopa.

3. CTBOpEHO cHCTEMy KEpyBaHHsS Ha OCHOBI JpOOOBOrO pPEryisiTopa B CTEHIl
HAJAINTYBaHHS TAJIMBHOI CHCTEMH JABUTYHa BHYTPIIIHBOTO 3TOPSHHSA, TPU SKHAX
MepexiJiHi MPoILecH MaJk MIHIMYM TEpeperyJitoBaHHs 1 OUIBIINI MOPSIOK acTaTU3MY,
110 JT03BOJISIE BiANPAIIbOBYBATH CUTHAJ 3aBJaHHs 3 TouHicTIO + 0.2%.

JlocnmipkeHHsT JBUTYHA TMOCTIMHOTO CTPyMy 3 TMOCHIIOBHUM 30YyJKEHHSIM,
BEHTWJIbHO-PEAKTUBHOIO JIBUTYHa Ta €JIEKTPOMArHiTHOIO TajbMa IPOBEACHO 3a
3arajibHONPUMHITO MeTOAMKOW. Ha mijicraBi TecTyBaHHS OO0'€KTIB NUISIXOM Tojadi
CTaHJAPTHUX CUTHAJIIB BUKOHYyBajacs 1AeHTHdIKAIs TMapamMeTpiB Mojelend 3
NOJAJIBIIMM CUHTE30M ONTUMAIIBHUX PETYJISITOPIB 1 MEPEBIPKOIO 3aMKHEHHX crucTteM. Ha
cTaaii i1eHTrudikamii, KpiM 3aralbHONPUNHHATUX, PO3IVISIHYTO MOJENI, 0 BKJIIOYAIOTh B
cebe 1poboBo-audepeHITiaibHi piBHIHHA. Takuii BUOip 00yMOBIICGHUN TUM, 110 B OCHOBI
anapaTty JpoOOBO-IHTETpaJbHOTO UHWCJEHHS JIeKaTh CTemeHeBl (yHKIii, a B
PO3TIIIHYTUX E€JIEKTPOMEXaHIYHUX 00'€KTax KpuBa HaAMarHidyBaHHs TaKOX OJM3bKa 0
creneHeBoi  Qynkuii. Came 1e J03BOJSIE CTBEPIXKYBaTH, IO PETYJISTOPH 3
IHTerpaJbHUMU 1 JudepeHllaTbHUMUA CKJIAJOBUMH HELUUIOTO MOPSAKY MOXKYTh
3a0e3Meun T HalKpaIlli JUHAMIYH1 1 CTATUYHI TOKa3HUKHU CHCTEM.

Y BeTyni OOIpyHTOBAaHO aKTyaJbHICTh poOOTH, cHOpMYyITHOBAaHO METY Ta 3ajaaul

JOCHTI)KeHb, 3a3HAY€HO OCHOBH1 HAYKOBI 1 MPAKTUYHI TMOJOXKEHHS, 1[0 BUHOCITHCSA Ha



3axucT. HaBeneno indopmaiiiro mpo amnpobariiro podoTy Ta ii CTPYKTYpPY, a TAKOXK IPO
my0JTiKallii aBTopa 3a TEMOIO JIUCepTallii.

Y nmepmiomMy po3aiuTi HaNalTbCd KOPOTKI BIAOMOCTI MPO ICTOPIIO PO3BHUTKY
JpOOOBOTO YUCIIEHHS, HOro 00JacTh 3aCTOCYBaHHS (30KpeMa B CUCTEMax KepyBaHHs) Ta
OTJISii PI3HOMAHITHUX METOIB Il ampOKCHUMAIlIMHOTO PO3pPaxyHKy ApoOOBOTO
1HTEerpana abo moxigHoi.

Y apyromy po3niii JTOCHIIKYETbCS JBUTYH MOCTIMHOTO CTPYMY 3 TOCIIJIOBHUM
30y/DKCHHSIM TIpM BpaxyBaHHI KpPHWBOi HaMarHidyBaHHS B JUHAMIYHUX TpoIecax 3
NOJIJIBILIOI0 AIPOKCUMAIIIEI0 KOHTYPY CTPyMY NepeAaBajibHOI0 (YHKIEK 3 IpOOOBUM
MOPSIIKOM Ta CHHTE30M BIIMOBIIHUX PETYJSATOPIB 3 PI3HUM MOPSIKOM aCTaTU3MY.

VY TakoMy JBWUTYHI NpPU CTPYMI BHILE HOMIHAJIBHOIO MEPEXIAHI MPOLUECH CYTTEBO
BIJIPI3HSIOTHCA BiJ| pillieHb qudepeHIliaIbHuX PIBHAHD NEPIIOro abo Jpyroro MmopsiiKiB.
[Ipn MaTeMaTHYHOMY OIKCI NEPEXITHOTO MPOLECY PO3IIISTHYTO HACTYIIHI NepeaaBaibH1

¢GyHKLIi 00'€KTa KEpyBaHHA:

K K K
col — ! WcoZ = ’Wco3 = 1+ (1)
a,5" +1 as+a,;s”’ +1 as " +a;s”+1
MIHIMAJIbHY CepeaHbOKBAAPATUUHY
NOXUOKY cepen PO3IIIAHYTHX.

ExcniepuMenTtanbHi  Ta  po3paxyHKOBI

rpadiku 3icTaBieHi Ha puc. 1.

B  xomi  ekcnepuMeHTaIbHUX

0 0.05 0.1 0.15 0.2 t,s

. , , JOCIIIKEHb HalKpanry SKICTh
Puc. 1. I'padixku nmepeximHUX MPOIIECIB

. NEPEeXiTHOTO TpolLecy OTPUMAHO 3
nepenaBaibHUX QyHKIIN Weo1, Weoz,

, ' PIDI"I*-perynstopom (puc. 2, a). Y
W03 Ta €KCriepUMEHTaJIbHI JIaH1

IbOMY BUIIAKY CTpyM Jociarac

, 3a1aHOr'0 3HAYEHHS MaKCUMAaJILHO
IlepenaBanbHa byHKIISA Weos 3

IIBUJIKO Ta 0e3 rmepeperysroBaHHS.
JTpoOOBHM nopsinkom  u+1l Mae



LA model LA e

3
. N M experiment

. reference
experiment _~ model

2
2 \ model
| 1
0 0

0 005 01 015 ts 0 01 03 ts 0 02 04 06 ts

a

C

Puc. 2. Ilepexigamii mpouec npu PIDIYIM-perynsaTopi npu curHaii 3aBAaHHs CTpyMy 3.2

A (a)i1.6 A (b) Ta npu cTymiHYacTI# 3MiHI cUTHANY (C)

BusiBuiocs, mo Takuil peryiasatop €(peKTUBHUM 1 NMPU CUTHAjaX 3aBJaHHS BIBIYl

HIDKYE MaKCHMAJBHOTO, a TAaKOXX NpU CTYIIHYACTiH 3MiHiI 3aBmanHs (puc. 2, b, C).

Buano, mo sgKicHI MOKa3HHMKH CHUCTEMH 3aJIMIIAIOTHCA HE3MIHHMMHM 1 BIAIIOBIIHUMH

ontuMaibHuM. OTpuUMaHi pe3yJbTaTH € HOBHUMH, IO JO3BOJIMIIO chopmyiroBatu 1-i

IIYHKT HAYKOBOI HOBU3HM.

Y TpeTboMy P03 TOCHIIKYETHCS MOJIENIb BEHTHJILHO-PEAKTUBHOTO JIBUTYHA 3

BpaxyBaHHSIM HEJIHIAHOT 3aJIEKHOCTI MOTOKO3YEIUIEHHS Ta MOMEHTY 3 MOJAJIBIIO0

anpOKCUMAIIEI0 KOHTYpPY IMIBUAKOCTI Ta CHHTE30M PETYJSTOPIB 3 PI3HUM MOPSAKOM

acTaTU3MY.
Hns  imenTtudikamii 3aMKHEHOTO

H_IBI/II[KOCTi BCHTUJIBHO-

KOHTYPY
pPEaKTUBHOTO JIBUTYHa 0OpaHO JAPOoOOBO-
anepiofuyHy ImepeAaBaibHy (YHKIIIO
HACTYITHOTO BHUY:

K

a9

col

Pe3ynbratn anmpoKcumariii

imrocTpye puc. 3. Sk BUIHO, IPHU Pi3HUX

NPUKIAJCHUX  HAmpyrax  XapakTep
MIEPEXiTHOTO TIPOIECY 3MIHIOETHCS, aje
BUKOPUCTAaHHS TIEpeNaBaIbHOI (yHKIIIT
apoboBoro mopsaky (2) 3abe3mneuye
HaiMEHIIEe BIAXWICHHS. Takox 1€
JI03BOJISIE TIPU  CUHTE31 PETYISATOPIB
BIIMOBUTHUCI BIJ CKJIagHOI MOZEl

JBUTYHA, sika OYIye€TbCsd Ha CHCTEMI



HEJHIMHUX TudepeHIiaIbHUX PIBHSIHb.

BiamnoBigHO, ICTOTHO CHPOITYETHCS
HaJAIITYyBaHHS 3aMKHYTOTO KOHTYPY —
MOJYJIbHUN onTUMyM 3abe3mneuye [I'-
IpoOOBUIA

peryistop, a MOPSJIOK

actatusamy 1.7  gocsraerbca — 3a
nonomorotro PII'IM-perynsaropa.

Ha puc. 4 mnoka3zaHo pe3ynbTaTH

CHUCTEMA 3 ,Z[pO6OBI/IM MOpPAAKOM

aCTaTU3MY XapaKTepi3ye€TbCsl KpalluMH

I[I/IHaMi‘-IHI/IMI/I ITOKa3HUKaMH.
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Up=242V

500

400

300

200

MOACIIIOBAHHA HepeXiI[HI/IX HpOHGCiB B
100

KOHTYp1 KEpyBaHHS MIBUKICTIO
0
BEHTWJIBHO-PEAKTUBHOrO JBUTryHa. Ha 0 0.02 0.04 Ls
-model SRM  —fractional order model
puc. 4, a — rpadiku TEpPeXiTHUX

Puc. 3. I'padiku nepexigHuX mporeciB

IpOLECIB NpHU CTPUOKY 3aBJIaHHS, Ha : . . .
LIBUJKOCTI B PO3IMKHEHIN CUCTEMI IIPU

puc. 4, b — mpu crymiHuacTiii 3MiHi :
PI3HUX 3HAYEHHSX HAIPYTH

CUTHAJIy 3aBJaHH:. YV 0060x BUIIaAKax

, rad/s

500

w, rad/s

400
400

reference

300 300 \‘\\\‘

200

200

100 100

0 0.05 0.1 0.15 ts 0 0.2 0.4 t,s
—system with fractional order astatism 1.7 —technical optimum
—technical optimum —system with fractional order astatism 1.7

a b
Puc. 4. I'padiku nepexigHUX MPOIECIB MBUAKOCTI BEHTUIHLHO-PEAKTUBHOTO JIBUTYHA: &

— mpu cTpUOKax 3aBaaHHs, D — IpU CTYMIHYACTIH 3MiHI CUTHATY 3aBIaHHS



Y  derBepTOMY  PO3IiITI  JOCHIIPKEHO  CHUCTEMY  KEpyBaHHS  JBOMa
CJICKTPOMArHITHUMHU TaJlbMaMH. 3a TMPUHIUIIOM Jii €JCKTPOMAarHiTHe TajbMO Ma€
HEJIHIMHI 3aJIeKHOCTI, 0 YCKIAIHIOE CHHTE3 CUCTEMHU KepyBaHHs. TakoX Ha BIIMIHY
BiJI JBOX IHIIMX OO’€KTIB €JIEKTPOMAarHiTHI TajibMma BOyJOBaHI B CTEHA IS
HAJNAINTYBaHHS MaJMBHOI CHUCTEMH JBUTYHA BHYTPIIIHBOTO 3TOPSHHS aBTOMOOLIIB.
Tomy cnouatky migiopano PID-perynsrop, npu sskoMy OTpUMaHO MEpPEXiIHUMN MpoLec 3
HalMEHIIMMHU KOJMBAJBHICTIO, TIEPEPETYIIOBAaHHAM Ta MPOTH(A3HUMH KOJIHMBAHHIMHU
mBUAKOCTeN Kojic. Ile mo3Bommmmo imeHTH(IKYBaTH CTPYKTYPHY CXeMy 1 MmapaMeTpu

JTUHAMIYHOI MOJielli 00'€KTa KepyBaHHS.

3 PO3TIISTHYTUX BapiaHTIB Ta MOJIENb JPOOOBOIO MOPSAIKY:
MaTE€MaTUYHOrO ONUCY HaWKpaumu 1 W, (S) N K ()
IPaKTUYHO OZIHAKOBHI 30ir as " +a,8" +1
PO3PaXyHKOBUX 1 EKCIEPUMEHTAIbHUX [Tepexinni porecu 3a
XapakTepPUCTHK  3abe3nmedmnd  JIBi nepenapanbHuMu Qynkiiamu (3), (4) Ta
nepegaBajibHi  QyHKmii — iHepIliiiHa OTPUMaHI1 €KCIIEPUMEHTAJIBHO 31CTABIICHI
JaHKa 3-TO NOPSAKY: Ha pHcC. 5.

K
We () = (as+1)(a,s+1)(as+1) ®)

500 T T T 500

m
‘model

m
experiment

pulses per 0.01 s

time, s time, s

a b
Puc. 5. I'padixku nmepeximHUX MPOIIECiB MOJICITT Mmodel PY TIEPEAABATHHUX (PYHKITISX

Wco]_ (a), WCOZ (b) Ta eKCHepHMeHTy mexperiment

Ha ocHoBi nepeaaBanbaux GyHKIiH Weo (3) Ta Weo (4) orpumano PID-, DYIMI- Ta

PIDIMI"-perynsTop. IlpoBeneHi excriepuMeHTa bH1 JOCTII)KEHHS JA03BOJIAIN 31CTAaBUTU



HIBI/II[KOI[iIO Ta TIICPCPETyIIOBaHHA 3a H_IBI/I,Z[KiCTI-O B CHCTEMI 3 CHHTE30BaHUMU

perynsaropamu (puc. 6).

300 T T T T \

—DPII'T*
—D"I
—PID

250

- : G
%200 - i

=

150 1

‘100 1 1 1 Il Il 1 Il Il Il
0 1 2 3 4 5 6 7 8 9 10

time, s
Puc. 6. I'padiku nepexigHuX IpoIEeciB CepeTHBOI MBUKOCTI KOJIIC aBTOMOOLISI TPU

Hakuay HaBaHTaxeHHs B [IBC 3 pizHuMHU perynsTopamu

PID-perynstop 3abe3neuuB Kpamly MBUIAKOAIKO (2.55 s), ane 3 HaWOUIbIIUM
nepeperytoBaHHsIM, sike ckiano o1 = 27.6 %. 3 DYI*l-perynstopoM mepeperyatoBaHHs
ckiramo 0, =16.3%, a wyac mepexigHoro mpomecy — 4.42 s. Haiimenme
nepeperymoBanHs oTpumano 3 PIDIIM-perymsitopom — 03=3.3 % mnpu TpuBanocTi
nepexigHoro mporecy 3.8 s.

[IpoBeneHO eKkcrnepuMEHTalIbHE AOCIIKEHHS MPHU BUMIPIOBAHHI IMOTY>KHOCTI 1
MaKCUMAaJIbHOTO MOMEHTY TpH JIHIHHOMY 301iblICHHI IIBHAKOCTI (puc. 7, @) Ta
TPUKYTHIH Taxorpami (puc. 7, b). Pesympratu Takoro tecty 3 HaitmBummum (PID) i
nHaiitounimum (PIDI'IV) perynaropom HaBeneHi Ha puc. 7, a.

OOuaBa peryiasaTopu 3a0e3neuyroTh cTabuIi3alliio HIBUAKOCTI Y BCbOMY Jiana3oHi
BHMIPIOBaHb TOTY)KHOCTI, ajie Ha mo4aTky posroHy (puc. 7, a) PIDI"I*-perymnstop
3a0e3neyye HaWMEHIIE [epeperyaioBaHHs, [0 JO03BOJWIO MNPUMHATH OCTaTOYHE
pileHHsI BUOOPY CTPYKTYPH PETYJIATOPa B HOTO KOPUCTb.

Bu3HaueHO MIBUIKICHY MOMUIIKY JUIsl ABOX PErYJSATOPIB 3 JIHIKHOTO 3aBIaHHS

(puc. 7, @) Ha yacoBomy aiana3oni 3 18 10 50 S. TakuM YMHOM IMOKa3aHO, 110 MIBUAKICHA



nomusika ipu PIDIYIH-perynsTopi 3MeHITyeThCsl Maiixke B TPU pa3u IIBUIIIE, HDK MPH

PID-perynsTopi.

n, rpm

350 T

7000

6000

5000

4000

3000

2000

n 1000

0 5 10 15 20 t,s
time, s —engine speed —reference signal

a b

Puc. 7. IlepexiaHi mpouecu no cepeaHii MBUAKOCTI MK HaMiBBICAMU AUdepeHIiana

IpY BUMIPIOBaHI MOTY)KHOCTI, JIe & — Ha MOYaTKy PO3roHy, b — Ha TPUKYTHIN Taxorpami

OTxe, OTpuMaHi pe3yJbTaTH B JPYroMy, TPETbOMY Ta YETBEPTOMY pO3.LIi
MOBHICTIO BIJINOBIJIal0Th BUIlle CHOPMYIHOBaHIA HAyKOBI HOBM3HI Ta Ha MiJCTaBl
JOCTIPKEHb TPHOX THUIIIB €NIEKTPUYHUX MAIINH MOKHA 3pOOWTH 3arajibHUN BHCHOBOK,
10 JIpOOOBO-IHTErpaIbHE YHUCIEHHS HAJa€ MOKIIMBICTh OINHUCY MEPEXITHUX MPOLECIB B
CUCTEMaX 31 CTETICHEBUMU BJIACTUBOCTAMHU (Y pasi €JEKTPUUYHUX MAIIUH MPUIUHOIO 1X
ICHYBaHHSI € HACUYEHHSI MarHiTHOI CUCTEMU) SIK JIHIMHUX OO €KTIB 3 IU(epeHITHUMU
PIBHSIHHSMU JIpOoOOBOr0 MOPSAJKY, L0, B CBOIO 4YEpry, J103BOJSIE BUKOPUCTOBYBATH
KJIACUYHUH amapaT Teopili aBTOMAaTUYHOTO KePYyBaHHSI IS JIIHIMHUX CUCTEM JIJIsl aHaJ3y
Takux 00’€KTIB Ta CUHTE3Y PEryJaTopiB, sIKi 3a0€3MeUyI0Th ONTUMI3AIII0 JUHAMIYHUX
pPEKHUMIB PI3HUX 32 NPHUHIMIOM pPOOOTH EJIEKTPUYHUX MAIIMH 32 MIHIMyMOM
NIEpEePETYIIOBaHHS Ta YacoOM MEPIIOro y3ro/KeHHs. Tak, 3 BAKOPUCTAHHSIM PETyIIATOPIB
3 IPUOJIU3HO OJHAKOBOIO CTPYKTYPOIO OTPUMAHO ONTHUMANbHI MOKa3HUKHA TEPEXiTHUX
MPOIIECIB B KOHTYPl CTPYMYy JABHUTYHA TOCIITOBHOTO 30y KeHHS oTpumaHo 3 PIDIMIY-

peryiasiTopoM, B KOHTYpl IIBUIKOCTI BEHTUJIbHO-pEaKTUBHOTO nBuryna — 3 PIIHIY-



peryisTopoM Ta TMpH KEpyBaHHI eJEKTpOMarHiTHUMU raibMamu — 3 PIDIMIY-
PETYISTOPOM.

Knrouosi cnosa: npoboBe UHCIEHHS, ABUTYH MOCTIHHOTO CTpyMy 3 TOCHIIOBHUM
30yDKEHHSM, PEryJsTOp 3 APOOOBUM MOPSAIKOM, TEHETUYHUN ajIrOPUTM, BEHTHIIBHO-
pPEaKTUBHUN [BUTYH, JpOOOBHI acTaTH3M, €JICKTPOMArHiTHE TallbMO, JBUTYH

BHYTPIIIHBOTO 3TOPSIHHS, MIKPOTIPOIIECOPHA CUCTEMA KEPYBaHHSI.
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Objects of research in the dissertation — electromechanical systems, a
characteristic feature of which is the presence of a significant power dependence in the
mathematical description. Because of this, there are problems in choosing the structure
and parameters of the controllers. In particular, in a DC motor with sequential excitation,
a switched reluctance motor and electromagnetic retarders, the magnetic system can be
saturated in static and dynamic modes. The fractional-integral calculus used in the work
allows to describe such nonlinear objects with high accuracy by linear transfer functions
of fractional order. Thus, for the armature circuit of a DC motor with sequential
excitation, such an approximation gives the least root mean square error. The
combination of a conventional PID controller with fractional-integral components of the
order of 0.35 and 1.35 provides the best quality of the transient process — the current
reaches the reference value as quickly as possible without overshoot. Secondly, the
switched reluctance motor, in the model of which it is necessary to take into account

power dependences, is described by the aperiodic function of the order of 0.7 when



describing the transient processes of the speed during a voltage jump. From the family
of studied controllers, the traditional Pl-controller with additional fractional-integral
components of the order of 0.7 and 1.7 provided the astaticism of the speed loop of the
order 1.7 and the smallest overshoot. The third object studied — electromagnetic
retarders mounted on the drive wheels of the car to tune the internal combustion engine
— also is most accurately described by the transfer function of the fractional order. With
the help of the PIDI"I*-controller, which provided the closed-loop astaticism of the order
of 1.63, the stabilization of the speed of rotation of the two wheels without antiphase
oscillations and the exact trajectory of the triangular tachogram were achieved. Thus,
thanks to the apparatus of fractional-integral calculus, more accurate identification of
object parameters is provided, the mathematical description is reduced to linear transfer
functions of fractional order, in closed systems it is possible to provide astaticism of
fractional order 1.3 ... 1.7 to achieve better quality of transients than using classical
methods.

The scientific novelty of the obtained results is as follows:

1. For the first time perform the identification of the armature circuit in the series
DC motor by the transfer function with fractional order, which in comparison with
integer order models provides minimal error in calculating transients at armature current
above nominal, which allowed to choose the structure of the controller with fractional
order of astaticism with the best dynamic and static qualities.

2. The method of speed identification in a switched-reluctance motor based on
fractional-aperiodic function at different applied voltages with constant on and off
angles was further developed, which allowed to reduce the identification error and to
synthesize a controller with fractional order, with the minimum rise time and overshoot
not more than 2%.

3. For the first time a controller with a fractional order of integral in the control

system of two electromagnetic retarders in the stand for tune the fuel system of the car's



internal combustion engine was synthesized, which allowed to provide more accuracy
for measuring torque and electromechanical power.

The practical significance of the obtained results:

1. A model and a method for identifying the parameters of the armature circuit of
a series DC motor with subsequent synthesis of controllers that take into account the
saturation effect of the motor magnetic system is proposed.

2. The model and method of identification of parameters in the speed loop of the
switched-reluctance motor at different voltages with the subsequent synthesis of
controllers taking into account nonlinear dependences of flux linkage and the torque on
a phase current and position of a rotor are offered.

3. A control system based on a fractional controller was applied in the stand for
tune the fuel system of the internal combustion engine, in which the transients had a
minimum of overshoot and a higher order of astaticism, which allows to reproduce the
reference signal with an accuracy of = 0.2%.

The study of each of the listed objects was carried out according to the generally
accepted methodology. Based on the testing of objects by supplying standard signals,
identification of model parameters was carried out with the subsequent synthesis of
optimal controllers and verification of closed systems. However, at the identification
stage, in addition to the generally accepted ones, models are considered that include
fractional differential equations. This choice is due to the fact that the fractional calculus
IS based on power functions, and in the considered electromechanical objects the
magnetization curve is also close to the power function. This allows us to say that
controllers with fractional integral and differential components can provide the best
dynamic and static performance of control systems.

The introduction proves the relevance of the work, formulates the purpose and
objectives of research, indicates the main scientific and practical provisions submitted
for defense. The information on approbation of work and its structure, and also provide

the publications of the author on a dissertation theme.



The first chapter provides brief information about the history of fractional
calculus, its scope (particularly in control systems) and an overview of various methods
for approximate calculation of the fractional integral and derivative.

The second chapter investigates a series DC motor taking into account the
magnetization curve in dynamic processes with subsequent approximation of the current
circuit by the transfer function with fractional order and synthesis of corresponding
controllers with different order of astaticism.

In such a motor at a current value above the nominal transients are significantly
different from the solutions of differential equations of the first or second order. In the
mathematical description of the transition process, the following transfer functions of the
control object are considered:

K W, = K,, A p— K
as+a,s”+1 as “+a,5" +1

(2)
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PIDI"I*-regulator (Fig. 2, a). In this case,
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quickly as possible and without
overshoot.
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Fig. 2. Transients with PIDI"I*-controller at the current reference signal 3.2 A (a), 1.6 A

(b) and at a step-wise change in the reference signal (c)

In the third chapter the model of switched-reluctance motor is investigated. In

model taken into account nonlinear dependence of flux linkage and the torque with the

subsequent approximation of speed and synthesis controllers with a different order of

astaticism.
To identify the speed closed loop
of  switched-reluctance  motor, a
fractional-aperiodic transfer function of
the following type is selected:
K

W, . = . 2
a8t +1 @)

The results of the approximation
are illustrated in fig. 3. As can be seen,
at different applied voltages, the nature
of the transient process changes, but the
use of the transfer function of the

fractional order (2) provides the smallest

deviation. It also allows the synthesis of
the

complex model of the motor, which is

controllers  without considering

based on a system of nonlinear
differential equations.

Accordingly, the tuning of the
closed loop is significantly simplified —
the modular optimum is provided by the
I1"-controller, and the fractional order of
astaticism 1.7 is achieved with the P1II*-

regulator.
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The fourth chapter investigates the control system of two electromagnetic
retarders. According to the principle of operation, the electromagnetic brake has
nonlinear dependences, which make hard to synthesis the control system. Also, unlike
the other two objects, electromagnetic retarders are built into the stand to tune the fuel
system of the car's internal combustion engine. Therefore, it was selected PID-controller



for obtain a transient with the least oscillations, overshoot and antiphase oscillations of

wheel speeds. This allowed us to identify the block diagram and parameters of the

dynamic model in the control object.

Of the considered variants of the
mathematical description, the best and
almost identical coincidence of the
calculated and experimental
characteristics was provided by two
transfer functions — the inertial link of
the 3rd order:

K

w = 3
i () (as+1)(a,s+1)(as+1) ®)
and fractional order model:
K
Wc02 (S) (4)

s +a,5" +1

500

pulses per 0.01 s

Transients in the transfer functions
(3), (4) and obtained experimental data
compared in fig. 5.

Based on the transfer functions
Weor (3) and Weoz (4), the PID-, DYIMI-
and PIDIHI"-controller are obtained. The
experimental researches allowed to
compare the speed and speed overshoot
in the system with the synthesized

controllers (Fig. 6).
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The PID controller provided better performance (2.55 s), but with the largest

overshoot, which value d; = 27.6%. With the D"I*I controller, the overshoot value ¢, =

16.3%, and the settling time 4.42 s. The smallest overshoot was obtained with the
PIDI"I* controller — 63 = 3.3% with a settling time 3.8 s.
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Fig. 6. Transients in average speed of wheels car during stabilization

An experimental study was performed by measuring power and maximum torque
with a linear increase in speed (fig. 7, a) and a triangular tachogram (fig. 7, b). The
results of such a test with the fastest (PID) and most accurate (PIDI"I*) controller are

shown in fig. 7, a.
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Fig. 7. Transients on the average speed between the semi-axles of the open differential

then measuring power, where a — at the beginning of acceleration, b — at a triangular

tachogram

Both controllers provide speed stabilization in the entire range of power

measurements, but at the beginning (fig. 7, a) PIDI"I*-controller provides the least



overshoot, which allowed to make the final decision on the choice of controller structure
in its favor.

The speed error for two controllers from the linear reference (fig. 7, a) in the time
range from 18 to 50 s is determined. Thus, it is shown that the speed error at the PIDI*I*
controller decreases almost three times faster than at the PID controller.

The results obtained in the second, third and fourth chapters fully correspond to
the above scientific novelty. Based on studies of three types of electric machines it can
be concluded that fractional-integral calculus provides a description of transients in
systems with power function properties (in the case of electric machines the reason for
its existence is the saturation of the magnetic system) as linear objects with differential
equations of fractional order, which, in turn, allows to use the classical apparatus of
automatic control theory for linear systems to analyze such objects and synthesize
controllers that optimize dynamic modes different on the principle of operation in
electric machines with a minimum of overshoot and the rise time. Thus, with the use of
controllers with approximately the same structure, the optimal transients in the current
circuit of the series DC motor were obtained with a PIDI*I"-controller, in the speed loop
of switched-reluctance motor with a PIlI*I"-controller and when controlling
electromagnetic retarders — PIDI*I*-controller.

Keywords: fractional calculus, series DC motor, fractional order controller, genetic
algorithm, switched-reluctance, fractional astaticism, electromagnetic retarders, internal

combustion engine, microprocessor control system.
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