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AHOTANIA

Caxyn €.B. EnexktponpuBOox €JIEKTPOMOOIIS 3 JIBOCTYTNCHEBOIO

KopoOKoro nepenad. — KamdikaliiiiHa HayKoBa Ipalis Ha paBax pyKOIHCY.

Huceprariss Ha 3700yTTS HAYKOBOTO CTymeHs MOKTopa (imocodii 3a
CIIeIIaTbHICTIO 141 «EnexTpoeHepreTuka, CIEKTPOTEXHIKA Ta
enekrpomexanika» (14 — Enextpuuna imxxenepis) — HauioHanbHUN TEXHIYHUIMA
YHIBEPCUTET «XapKIBCbKUI MOMITEXHIYHUM IHCTUTYT», 2021.

PoGoTy BuKOHaHO Ha Kadenapi «ABTOMATHU30BaHI EJICKTPOMEXaHIUH1
cuctemMn» HalioHamTbHOTO  TEXHIYHOTO  yHIBEPCHUTETY  «XapKiBCHKHIA
MOMITEXHIYHUHN IHCTUTYT» MIiHICTEPCTBA OCBITH 1 HAYKU Y KpaiHHU.

0O6’ckm  OocniddcenHss — CUCTEMH aBTOMATUYHOTO PeEryJIIOBaHHS
eJIEKTPOTIPUBO/IA €JIEKTPOMOOLIS 3 IBOCTYIIEHEBOIO KOPOOKOIO mepesad, 1o
3a0€3Meuy0Th CHHXPOHI3aII1k0 MIBUJIKOCTEH Ta (a3 BajiB.

Ilpeomem OocnioxcenHss — €NEKTPOMEXaHIUHI Ta EJIeKTPOMArHiTHI
MIPOIIECH B €JICKTPONPHUBO/1 €ICKTPOMOOLISI TPU NIEPEMUKAHHI IBOCTYTIEHEBOT
KOpOOKHU mepenay i3 3a0€3MeUeHHsIM CUHXPOHI3allli MBUIKOCTEH BaiB Ta ixX
dbas.

JluceprariiiHe JIOCIIKEHHS MIPUCBSYCHE [T IBUILIEHHIO
eHEpProe()eKTUBHOCTI  EJIEKTPONPHUBOIA  E€JICKTPOMOOIIS 32  PaxXyHOK
BUKOPHCTAHHS JIBOCTYTIEHEBOI KOPOOKM mepefad, sKa € OUIbLI MPOCTOI0 y
MOPIBHSHHI 3 TPaJUIINHOI 0araTocTylneHEeBOK KOPOOKOI mepenad 1 TOMY
OLIBII HA/A1MHOIO, EHIEBIOIO Ta JIETTION, @ TAKOX HEe MOTpedye MEXaHIUHUX
CHHXPOHI3AaTOpIB U1 BHUPIBHIOBAHHsS IIBUAKOCTEeW BamiB. B poborti
MIPOTIOHYETHCS, HA BIMIHY BiJ BIJOMUX TEXHIYHHMX PIllIEHb, 3A1CHIOBATU HE
TIIBKM CHHXPOHI3AII0 MIBUAKOCTEH BadiB, a TakKox 3a0e3medyBaTu

aBTOMATHYHY CHHXPOHI3AIlII0 iX (a3, 1m0 MIIKPIMIEHO MaTEeHTOM YKpaiHwu,



oJiepKaHUM aBTOPOM. [Ipu 1IbOMY MIABHIYETHCS MIBUAKOMIS MEPEMHUKAHHS
CTYNEHIB, YCYHEHH yAapy, NOKPAILy€EThCS MIABHICTh PYXY.

Juceprarrisi OB’ si3aHa 3 aKTyaJbHOIO CBITOBOIO MPOOJIEMOIO €KOHOMIT
NaJUBHUX OPraHIYHMX EHEPreTHUYHUX PECYPCiB, OCOOJIMBO BaXJIMBOKO JIs
VYkpainu, sika 3a0e3nedyeHa BIACHUMHU pECypcaMy JIMIIE Ha IMOJIOBHHY 1
CIOKMBa€ OUTBIIICTh HA(TH Ta razy 3a paxyHOK BaJIFOTHUX KOIITIB. SIK B1JOMO,
I aKTYaJIbHICTh BU3HAYAETHCS HE TUIBKM HEOOXITHICTIO 30epiraHHs
OpTraHiuYHUX PECYpCiB, K1 € TAKOK CUPOBUHOIO ISl BUTOTOBJICHHS IIacTMAC,
repOinuaiB, Gpap6 Ta iHII., a i CpuUsie BUPIMICHHIO €KOJIOTTYHOT Mpobiemu, 60
BXK€ 3apa3 y BEJIMKUX MICTaX PIBEHb BHUXJIONHUX ra3iB Jocsrae, a iHOAI U
IIEPEBUILY €, KPUTUYHUM.

VY BcTyni oOrpyHTOBaHO BHOIp TEMHU JOCHIKEHHS Ta aKTyaJbHICTh
aucepTaniitHoi poOoTH, copMyILOBaHO METY 1 3ajiadui, BU3HAUYEHO 00’ €KT,
npeaMeT 1 METOIW JOCHIIKEHHsI, MOKa3aHO 3B’SI30K pOOOTH 3 HAyKOBUMH
temamMu 3a TwiaHamu MOH Vkpainu, HajgaHO HAyKOBY HOBHU3HY Ta
c(hOopMyIbOBAaHO MPAKTUYHE 3HAUECHHS OTPUMAHHUX PE3yJIbTaTiB.

[lepmmii po3auT NPUCBAYEHO OTJISIAY JIITEPATYpHUX JDKEPEN 32 TEMOIO
aucepTaliiiHoi  poboTH, 30KpemMa  KOMIUIEKCHOMY  aHali3y  CTaHy
aBTOMOOIUJIBHOTO Ta €JIEKTPOMOOLIFHOTO TPAHCIOPTY, THIIOBUM PIIICHHIM
noOyI0BH TpPaHCMICili aBTOMOOUTIB Ta eJeKTpoMOO1LTiB. PO3riasiHyTI OCHOBHI
KOMITOHEHTH  TSTOBOTO  €JIEKTPONPHUBOIY  €IEKTPOMOOLTIB,  3pOOJIEHO
NOPIBHSHHA PI3HUX THUIIIB JDKEpPEN €JIeKTPOKHUBICHHS, HaMiBIPOBITHUKOBUX
MepETBOPIOBAYIB, €JIEKTPOJBHUIYHIB, Ta OOTPYHTOBAHO BHOIp iX THUMIB s
noOy/0BU CHUCTEM KEpyBaHHS Ta MOJICIIOBAHHS E€JIEKTPOMAarHiTHHX,
CJIEKTPOMEXaHIYHUX Ta MEXaHIYHMX MPOILIECIB, M0 JOCTIIKYIOThCS 1 MalOTh
MiCIIE TIpU TIEpEMHMKaHHI CTyINEHIB KOpPOOKM TMepenad 3 Yy3roKeHHSIM

mBUAKOCTEH Ta (a3 BamiB. 3’scoBaHa (i3uyHa NPUPOAA TIIIBUILNEHHS



eHeproe(peKTUBHOCTI EIEKTPOIPUBOIA EIEKTPOMOOLI MPU BUKOPUCTAHHI
JBOCTYIIeHEeBO1 KOpoOku nepeaad. ChopMynp0BaHO 3a/1a4i JOCTIHKEHHS.

VY npyromy po3aiii BigMideHa MOXKJIMBICTb CIPOIIECHHS (OPMU KyJIauKiB
BaJliB My(dTH NEPEMUKAHHSI, a TaKOXX OOIPYHTOBAHO (PYHKIIIOHAIBHY CXEMY
CJIEKTPOMEXaHIYHOI CHUCTEMH KEpYBaHHS Ta MPHUHIMIIOBY CXEMYy CHIJIOBOL
YaCTHHU TATOBOTO €JIEKTPOMPHUBOJA 3 ypaxXyBaHHSIM CTBOPEHOrO Ha Kadenpi
eJeKTpOoMOO1LIs Ha 6a31 aBTOMOOISI «JIaHOCY.

VY TpeThoMy po3/iIi MOOYI0BAaHO MATEMATUIHY Ta KOMIT IOTEPHY MOJIET1
CJICKTPOMEXAHIYHOI CHUCTEMH EJIEKTpOMOOUIa. MaremaTudHa  MOJIelh
BKJIFOUAJIa YOTHPHU TPYNH PiBHSHB: PIBHAHHA MEXaHIKW, PIBHSHHS CHIIOBUX
CJICKTPUYHUX KU, PIBHSHHS €JIEKTPOMEXAHIYHOTO MEPETBOPEHHS EHeprii,
PIBHSIHHSI KepyBaHHS. PIBHAHHS MEXaHIKA BpaxOBYBaJIM HEJIIHIMHICTH OMOPY
PyXy aBTOMOOUIIO BHACIJOK HAsSBHOCTI a€pOJIMHAMIYHOI CKJIaJIOBOi, 3MIHY
IPUBEICHOTO J0 HIBUAKOCTI BaJly €JIEKTPOJBUTYHA MOMEHTY IHEpIii MpH
MepeMUKaHHI CTYMEHIB BIJ MEpIIOoi A0 HEUTpaibHOI, BIJ HEUTPaJIbHOI 10
JIpyroi 1 HaBmaku. BpaxoByrouM 3HA4YHYy YacTOTY IIUPOTHO-IMITYJIbCHOT
MOJYJISIIT  HaAMBIPOBIIHUKOBOTO  IEPETBOpIOBaYa,  E€JICKTPOMArHiTHY
THEPIIHHICTD KOJIa IKOPs €JEKTPOABUTYHA Ta BEIMKY MEXaHIUHY 1HEPIIHHICTh
PYXOMHX YaCTHH €JIEKTPOMOOLIs, MaTeMaTHyHa MOJENb MepeTBOpIoBada Ta
eJIEKTPOMEXaHIYHOTO TIEPETBOPEHHS €HEPTIi eIeKTPOABUTYHOM MIPEICTaBICHA
0 TJIAJIKIM CKIIQJOBIN — a came anepioMYHUMHU JIAHKAMU TIEPIIIOTO TOPSJIKY.
KepyBanus enextponpuBogoM Oyj0 0OpaHO MIKPOMPOLIECOPHUM, IO
JO3BOJIMJIO OKpiM PpIllIEHHSI 3a/ad peryJIOBaHHS KOOPIWHAT BUPINIyBaTH
HeoOX1/H1 JoriuHi 3a1a4i. [Ipu icHyr041il TaKTOBI# YaCTOTI MIKPOKOHTPOJIEPIB
CUTHAJIM KEPYBaHHS TaKOXK MOKHA PO3TIISAATH K aHAJIOTOBI. 3alIPOITOHOBAHO
BUPIIIUTH TMPOOJEMYy Y3TOJUKEHHS IIBHAKOCTEH BamiB Ta ix (a3
BUKOPUCTAHHSAM CHCTEMH MIiAMOPSIKOBAHOTO KepyBaHHS. [lpu mpomy B

KOHTYp1 cTpymMy cuHTe3oBaHo Ill-perymstop, a B koHTypi mBuakocti II-



perymnsTop. Y3romkeHHs (a3 BaitiB 3a0€3MeUeHO JTOMOBHEHHSIM BHUIIIEBKA3aHO1
CUCTEMH KEpYBaHHS 3BOPOTHUM 3B’SI3KOM 3a TOJIO)KEHHSIM, 3HAYCHHS SIKOTO
BUPAXOBYETHCS MIKPOIPOIIECOPOM 3a JaHUMU eHKojzepiB. Kowmm rotepHa
Mozenb Oyna moOynoBaHa y makeri MATLAB/Simulink 3a cTpykTtypHUMU
CXeMaMH YCiX CKJIaJOBUX EJIEKTPOMEXaHIYHOI CHUCTEMH eJEKTPOIPHUBOIA
CIEKTPOMOOLITIS.

VY uyerBepTOMYy pO3/1J1 HaBeAEHI BXIJHI JaHl ISl KOMIT FOTEPHOTO
MOJICITIOBAHHS, SIKI BKJIFOUAII TTapaMeTpu KOPOOKH Tiepeaad, eNeKTPOABUTYHA,
eJIEKTPOMOOLIIS, 3HaYCHHSI KOe(ILIEHTIB TEPTS KOUEHHS Ta aepOJAUHAMIYHOTO
omopy. PosrmsHyTO Tmpomec po3roHy eNeKTpOMOOUIs 3  TOCIHiJOBHUM
MEPEeMUKAHHIM KOPOOKM Tiepeaad y HACTyNMHUX BUNAAKax: 1 - QyHKIIOHYE
TUIBKU CHCTEMa CHHXPOHI3aIlll MBUIKOCTEH BalliB; 2 - (DYHKI[IOHYE CHUCTEMA
CHUHXPOHI3aIlll MIBUJIKOCTEH BajiB 1 a3 mpu HalalTyBaHHI Ha MOJYJIbHUN
ontuMyM; 3 - (YHKIIIOHYy€E CHCTEMa PEryJIOBaHHS MIBUAKOCTEH 1 (a3 mpu
3HMKEHOMY KoeditieHnTi [1-perynstopa. [lokazano, 1o 2-i BapiaHT BUKJIMKAE
KOJIMBaHHS (pa3u y mepexiAHOMY MPOILIEC, 10 YCOBYEThCA IIPH peaizallii 3-1o
BapianTta.  IlepeBipka  KOMIT'IOTEPHHM  MOJCIIOBAaHHIM  IPOIIECY
ABTOMAaTUYHOTO Y3TO/PKEHHS INBHJIKOCTEH BalliB €IEKTPOJBUTYHA Ta
BUXIJTHOTO BaJy KOpPOOKH Mepenad IMoKaszana, IO MIBUIKOMIS y3TOJDKEHHS
IIBUJIKOCTEH BaJIIB 3aJIE)KUTh B1Jl MOYATKOBUX YMOB 1 TUM OLIbIIIE, YUM OLIbIIIE
iX HEY3TO/DKEHICTh. SIK BHJIHO 13 4acCOBHIX JlarpaM IMpH IOCTaTHHO 3HAYHIM
HEY3TO/KEHOCT1 iX y3rojkeHHs 3aiimae 60-68 wmc. Cunxponizauis a3
MOYMHAETHCS TICIs Y3TOJKEHHS IBUIKOCTEH 1 BUKOHYEThCA 3a 28-29 wmc.
ToOTo 3arayibHMIA Yac CHHXPOHI3AIT IBUAKOCTEH 1 (a3 BamiB 1opiBHIOE 88-97
MC, III0 CYTTEBO MEHIIIE HOPMATUBHUX JAHUX JIJIS JIETKOBUX aBTOMOO1LT1B (150-
200 Mc).

Y maromy po3miuri  po3poOieHO  JTabopaTOpHUM  CTEHJ IS

CKCIICPUMCHTAJIbHUX I[OCJ'Ii,Z[)KGHI) Ta CTBOpPE€HA METOAOM 3D-MOIICJ'HOB3HH}I



JBOCTYTIEHEBA KOpOOKa mepeaad i J0BeIeHa MOKIIUBICTh CIIPOIICHHS KyJIauKiB
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ABSTRACT

Ye. Sakun. Electric drive of an electric vehicle with a two-stage gearbox.

— Qualifying scientific work as a manuscript.

Thesis for the degree of Doctor of Philosophy in specialty 141 "Electrical
power engineering, electrical engineering and electromechanics" (14 —
Electrical engineering) — National Technical University "Kharkiv Polytechnic
Institute", 2021.

The work was carried out at the Department of "Automated
Electromechanical Systems" of the National Technical University "Kharkiv
Polytechnic Institute" of the Ministry of Education and Science of Ukraine.

The object of research is the automatic control system of an electric drive
of an electric vehicle with a two-speed gearbox, which ensures synchronization
of the speeds and phases of the shafts.

The subject of research 1is electromechanical and electromagnetic
processes in the electric drive of an electric vehicle when switching a two-speed
gearbox with the synchronization of the speeds of the shafts and their phases.

The thesis is devoted to improving the energy efficiency of an electric
drive of an electric vehicle through the use of a two-speed gearbox, which is
simpler than a traditional multistage gearbox and therefore more reliable,
cheaper and lighter, and does not require mechanical synchronizers to align the
shaft speeds. It is proposed, in contrast to the known technical solutions, not
only to synchronize the speeds of the shafts, but also to ensure the automatic
synchronization of their phases, which is supported by the patent of Ukraine,
obtained by the author. At the same time, the speed of step switching,

elimination of shock increases, and the smoothness of movement is improved.



The thesis is connected with the actual world problem of saving fuel
organic energy resources, especially important for Ukraine, which is provided
with its own resources only by half and consumes most of the oil and gas at the
expense of foreign exchange. As it is known, this relevance is determined not
only by the need to store organic resources, it is a raw material for the
manufacture of plastics, herbicides, paints, etc., but also contributes to the
solution of the environmental problem, because now in large cities the level of
exhaust gases reaches, and sometimes exceeds critical.

In the introduction, the choice of the research topic and the relevance of
the thesis are substantiated, the aim and objectives are formulated, the object,
subject and methods of research are determined, the connection of work with
scientific topics according to the plans of the Ministry of Education and Science
of Ukraine 1s shown, scientific novelty is provided and the practical
significance of the results obtained is formulated.

The first section is devoted to a review of literary sources on the thesis
topic, in particular, a comprehensive analysis of the state of automobile electric
vehicles, a typical solution for the construction of transmissions for cars and
electric vehicles. The main components of the traction electric drive of electric
vehicles are considered, a comparison is made of various types of power
supplies, semiconductor converters, electric motors and the choice of their
types for the construction of control systems and simulation of electromagnetic,
electromechanical and mechanical processes is substantiated. The physical
nature of the increase in the energy efficiency of the electric drive of an electric
vehicle using a two-stage gearbox has been clarified. Research objectives are
formulated.

In the second section, the possibility of simplifying the shape of the dogs
of the gear and sleave is noted, as well as the reasonably functional diagram of

the electromechanical control system and the schematic diagram of the power



unit of the traction electric drive, taking into account the electric vehicle created
at the department on the basis of a "Lanos" car.

In the third section, a mathematical and computer model of the
electromechanical system of an electric vehicle is built. The mathematical
model included four groups of equations: the equations of mechanics, the
equation of power electric circuits, the equations of electromechanical energy
conversion, and the control equation. The equations of mechanics took into
account the nonlinearity of the aerodynamic resistance component, the change
in the moment of inertia converted to the speed of the electric motor shaft when
switching the speeds from the first to neutral, from neutral to the second and
vice versa. Considering the significant frequency of the pulse-width modulation
of the semiconductor converter, the electromagnetic inertia of the armature
circuit of the electric motor and the large mechanical inertia of the moving parts
of the electric vehicle, the mathematical model of the converter and
electromechanical energy conversion by the electric motor is represented by a
smooth component — namely, the aperiodic link of the first order. The control
of the electric drive was chosen to be microprocessor-based, which made it
possible, in addition to solving the problems of coordinate control, to solve the
necessary logical tasks. With a high clock frequency of the microcontroller, the
control signals can be considered analog. It is proposed to solve the problem of
matching the speeds of the shafts and their phases using a cascade control
system. A PI controller is synthesized for the current loop, and a P controller is
synthesized for the speed loop. The phase alignment of the shafts is ensured by
the addition of the above-mentioned position feedback, the value of which is
calculated by the microprocessor based on the encoder signals. The computer
model was built in the MATLAB/Simulink environment according to the
structural diagrams of all components of the electromechanical system of an

electric vehicle electric drive.



The fourth section provides input data for computer modeling, which
included the parameters of the gearbox, electric motor, electric vehicle, the
coefficients of the rolling friction and aerodynamic resistance. The process of
acceleration of an electric vehicle with sequential gear shifting is considered in
the following cases: 1 — only the shaft speed synchronization system functions;
2 — the system for synchronizing the speeds of shafts and phases is functioning
when tuning to the modal optimum; 3 — the speed and phase control system is
functioning at a reduced coefficient of the P controller. It is shown that the 2nd
option causes phase fluctuations in the transient process, which are avoided
with the implementation of the 3rd option. Verification by computer simulation
of the process of automatic coordination of the speeds of the shafts of the
electric motor and the output shaft of the gearbox showed that the speed of the
coordination of the speeds of the shafts depends on the initial conditions and
the more, the greater their inconsistency. As can be seen from the timing
diagrams, with a sufficiently significant inconsistency, their coordination takes
60-68 ms. Phase synchronization starts after speed matching and is completed
in 28-29 ms. That is, the total synchronization of the speeds and phases of the
shafts is 88-97 ms, which is significantly less than the standard data for
passenger vehicles (150-200 ms).

In the fifth section, a laboratory bench for experimental research is
developed and a two-stage gearbox is created using the 3D modeling method,
and the possibility of simplifying the dogs of the gearshift clutch and gears is
proved to ensure reliable gear shifting.

The theoretical and applied results of the thesis were used in the
educational process of the department "Automated electromechanical systems"
NTU "KhPI" for training students in the specialty 141 "Electric power,

electrical engineering and electromechanics" in the lecture courses "Electrical



equipment of an electric vehicle", "Actual problems of modern electric drive"
and in the preparation of laboratory workshop.

The thesis results were introduced during the implementation of the
program M3423 of the Ministry of Education and Science of Ukraine
"Research of an energy-efficient electric drive of a dual-use electric vehicle
with increased traction and camouflage characteristics", in which the section
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