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MOPIBHSIJIBHUM AHAJII3 CUCTEM KEPYBAHHSA EJIEKTPOITPUBOJAMM
3 PI3HUMU TUITAMU KOB3HOI'O PEXKUMY

Y cmammi npoeedeno nopisnanbhull ananiz cucmem Kepy8amHsa eleKmponpugooamu, wo 6asy-
IOMbCSL HA PIZHUX MUNAX KOG3HO20 pedicumy (Kracuunuil, 6uigoeo NopsioKy, OUHAMIYHULL IHMe2PabHULl ma
inwi). Ilpoananizosano kmouosi npoonemu knacuunozo SMC npu tioco peanizayii 8 yugposux mikponpo-
yecoprux i FPGA-cmpyxmypax, 30kpema egpexm siopayii (chattering), akuil CHpUYUHSIE NPUCKOPEHE 3HO-
WLYBaHHsl KOMNOHenmie i npobnemu enekmpomacrimuoi cymicnocmi (EMC) ma 3minny wacmomy nepemu-
KAHHS, HeNPUUHAMHY 0I5l NPOMUCTOBUX cucmeM. Busnaueno YuHHUKY, Wo niuearoms Ha AKICMb KepyeaH-
HAl, ceped AKUX eeKmu OUCKpemusayii, 4acosi 3ampumKku ma OOMedCceHHs OOYUCTIOBANLHUX PecypCis.
Jlosedeno ooyinbrnicmo 3acmocysanns SMC suwoeo nopsoky (HOSMC), 3oxpema ancopummy Super-
Twisting Control (STC), ona egexmuerozo ycynenus eiopayii, a maxooc Dynamic Integral SMC — ons
3abe3neyents QiKcosanoi uacmomu wupomuo-imnyibcroi mooyuayii (PWM). Haeeoeno y3acanvueny xa-
PAKMeEPUCMUKY CYYACHUX HANPAMIE PO3GUMKY YUPPOBUX MemOOi8 KepyBaHHsl, 6KII0UAIOUY 2iOPUOHT nioX0-
ou ma pobacmmi cnocmepieaui (STSMO). Obrpynmosano HeoOXioHicmb cmeopenHst EOUHOT MeopemuKo-
MemoOoNI02iuHOI ba3u 0N ROOAILUUUX OOCTIONCEHb, ONMUMIZAYIT MA NPAKMUYHO20 BNPOBAOICEHHS 8 CUC-
memax 3 8UCOKOI0 OUHAMIKOI0, MAKUX 5K eleKmpomobini ma bazamogasmi enexmponpusoou.

Kniouosi cnosa: mikponpoyecopna cucmema, erekmponpusod, kog3uuii pexcum, SMC suuo-
20 nOpAOKY, 8ibpayis,; Qikcosana wacmoma, podaAcmMHICMb,; MEMOO002is OOCAIONHCEHHSL.

The paper presents the comparative analysis of control systems for electric drives operating
with different sliding mode types. The key challenges of classical SMC implementation in digital mi-
croprocessor and FPGA structures are analyzed, specifically the chattering phenomenon, which caus-
es accelerated component wear and electromagnetic compatibility (EMC) issues, and the variable
switching frequency, which is unsuitable for industrial power electronics. Factors affecting control
performance, such as discretization effects, time delays, and computational limitations, are identified.
The application of Higher Order SMC (HOSMC), particularly the Super-Twisting Control (STC) algo-
rithm, is justified for effective chattering suppression, while Dynamic Integral SMC ensures a fixed
PWM switching frequency. The paper outlines current trends in digital control, including hybrid ap-
proaches and robust observers (STSMO), and emphasizes the need to develop a unified theoretical and
methodological framework for further research, optimization, and practical implementation in high-
dynamic systems such as electric vehicles and multiphase drives.

Keywords: microprocessor system; electric drive; sliding mode; Higher Order SMC; chatter-
ing; fixed switching frequency; robustness; research methodology.

IMocTaHoBKa nMpodaemMu
CyuacHi enekrponpuBoau (PMSM, Gararoda3Hi ManivHu, MPUBOAM €IEKTPOMOOLITIB Ta iHIII)
(YHKIIOHYIOTh SIK CHJIBHO HEJiHIHI CHCTEMH B YMOBaX 3Ha4HOI HEBH3HAUEHOCTI MapaMeTpiB Ta 30B-
HIIIHIX 30ypeHb (KOJMMBAHHS HAMpPYTH, JHMHAMIKA HAaBaHTaXKEHHsI, IIyM BuMiproBans) [1, 2]. Li cucre-
MU BHUMAararoTh 3a0e3reueHHs BUCOKOI MIPOAYKTUBHOCTI Ta poOAaCTHOCTI Il MIATPUMKH Oa’kaHOi IIBU-
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JKOCTI 00epTaHHSI i MOMEHTY, HEe3Ba)Kalour Ha 30ypEHHsI, 0 € OCOOIMBO KPUTUYHUM AJISI BUCOKOAM-
HaMIYHUX 00’€KTIB KepyBaHHS, SIK-OT KEPYBaHHsI KOB3aHHSAM B eJIEKTPOMOOisx [3].

KepyBanns B xoB3HoMy pexkuMi (SMC) € mpuBaOIIMBUM dYepe3 CBOIO BHYTPIIIHIO HEUYTIIH-
BICTh J10 30ypeHb Ta MPOCTOTY MPAaKTHYHOTO CHHTE3y i HanamTtyBaHHs [2]. [IpoTe, foro TpagumiliHa
dopma Mae 1Ba KpUTHYHI HEJIONIKH, IO YCKIIAHIOIOTh MiKpoIpoecopHy (1uppoBy) pearizailito:

1. Bi0parmis (Chattering): BrcokouacToTHE KOJMBaHHS, SIKE TPU3BOANTH 0 301TbIIEHHS €HEpre-
TAYHHUX BTPAT, MIBHIKOTO 3HOCY KOMYTAIITHUX €JIeMEHTIB Ta Mpo0JieM eleKTPOMArHiTHOI Cy-
micuocti (EMC) [2, 4].

2. 3MiHHaA YacToTa nepeMukanus: Yactora nepemukadus kiacudnoro SMC He dikcoBaHa i 3a-
JICXKUTH BiJl TMHAMIKH CHCTEMH, 110 € HEMPUHHATHUM IS IPOMHUCIIOBHX TTEPETBOPIOBAYIB, SKi
noTpeOyroTh (ikcoBaHoi yactot PWM 1715t onTHMasHOTO o3IOty TeIIOBUX BTpaT [5].

V peanbHiit undpoBiit cuctemi BinOyBa€eTbCs HACTYITHE:

1. Buxin xorTponepa (u): Kmacuuauit SMC Hamaraetbest Bumatu O0iHapawmii curaan (+VDC, abo
-VDC).

2. 3B's30k i3 PWM: MikpokoHTposiep npuiimae 1ieil OiHapHHi CUTHAI 1 IEPETBOPIOE HOTO Ha KO-
edinienT 3anmoBHeHHs (duty cycle, D) mist reaeparopa PWM.
3MiHHa 4yacToTa mepeMuKaHHsA (s KepyBaHHs): Ha BigMmiHy Bim Model Predictive Control

(MPC) a6o PID, ne koediuient D obunciroeTsest, y knacuaaomy SMC kepyrounii cHTHal U € 3MiH-
HOIO, 5IKa MIOCTIHO NEPEMHKAETHCS, HAMAralouuch 3MyCUTH S IIPSAMYBaty 10 Hyis. Lle npusBoauTs 1o
TOTO, 1[0 YacTOTA, 3 SKOK CUTHAJT KEPYBaHHS HAMAra€TbCsl 3MIHUTH CTaH CHUCTEMH, € 3MIHHOIO 1 HE
MoB'sI3aHa 3 HeCcy4oro yactotoro PWM.

TakuM 4YmHOM, iCHye TpoOiieMa po3poOKM Ta OOIPYHTYBaHHS BIOCKOHAJICHHX IMCKPETHO-
gacoBux MetoaiB SMC (HOSMC Tta Dynamic Integral SMC), sxi BupimrytoTs mi npobiemu, 30epira-
F0YH KITIOYOBY POOACTHICTH JIsI MIKPOTIPOIIECOPHUX IIAT(OpPM.

AHaJi3 ocTaHHIX 10caiTxKeHb 1 myOaikanii

AHai3 OCTaHHIX HAyKOBHX Tpallb JEMOHCTPYE aKTHBHHNA po3BUTOK SMC, cnpsMoBaHH Ha

Horo amamnTarito 10 MUQPPOBOI €pH Ta BUMOT CHJIOBOI €JIEKTPOHIKH.

1. SMC ButmIoro MopsIKy Ta podacTHE CIIOCTEPEIKEHHS.

Meton SMC Bumoro nopsaaky (HOSMC), 3okpema Super-Twisting Control (STC), minTBepans cBoro

e(eKTUBHICTH y BUPIIICHH] Tpo0OiemMu TpeMTiHHS [4].

« HOSMC pnst criocrepirauiB: Texnika STC 3actocoByeTbest uisi po3poOku Super-Twisting

Sliding-Mode Observer (STSMO), 110 103BOJISIE TOCATTH KIiHIIEBOTO Yacy 301KHOCTI TOMHJI-
K1 crioctepexenHs (puc. 1). Lle kpuTHuHO BaxJIMBO U1 6e3ceHCOpHOro KepyBanHs PMSM-
npuBonamu, 1e STSMO-MRA-SC 3abe3neuye BUCOKOSKICHY OIIIHKY IIBHIKOCTI [6]. AHamo-
TiYHO, y cucTeMax AuHamiuHoro no3umionyBanHs (DP systems) HOSMO BHKOpPHCTOBYETHCS
JUTSL OTHOYACHOT OIIHKH MIBHIIKOCTI Ta (iIbTpaIii XBIIILOBUX 30ypeHsb [4].
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» T6opugnuii ISMC: y PMSM cepBocuctemax 3acrocoByeTbes Improved SMC (ISMC), sxuit
MoeaHye OE3CHHTYIApHUA TepMiHanpHMi KoB3HHM pexkuM (CNTSM) 3 Linear Active
Disturbance Rejection Control (LADRC). Ile#t riOpuanuii miaxia (puc. 2) BUKOPUCTOBYE
LADRC pnuis1 oLiHKM Ta KOMIIEHcalii cymapHoro 30ypeHHs, 3a0e31euyoun BUCOKY IIBUAKICT
peakuii Ta migBUILIEHY poOacTHICTH [7].

* NRLSMC (puc. 3): ue Bnockonanenuit Bapiantr SMC, ne crangaptHa $yHKIIS 3HAKY, sIKa BU-
KJIMKae TpeMTiHHs (chattering), 3aMiHIOETBCS HEMiHIMHUM 3akoHOM mocsirHeHHs (Non-linear
Reaching Law).
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Puc. 3. bnouna cxema Baockonaiienoro NRLSMC

2. ApanTauist 10 BUMOT MiKpOTIPOLIECOPHO] peai3alii.

« Dynamic Integral SMC (DISMC): [lnst 3a6e3neueHHs (HikCOBaHOI YaCTOTH MEPEMUKAHHS, He-
00XiAHOT AJIS1 MPOMHUCIIOBHX MEPETBOPIOBaYiB Ta BHUpieHHs mpodiem EMC, 3amponoHoBaHO
JuHaMiyHui iHTerpanbHuii SMC (puc. 4). ExcnepuMmeHTanbHi AaHi HiATBEPIXKYIOTh, IO
DISMC 3ab6e3meuye BiMiHHY €(EKTHBHICTb Ta POOACTHICTH 111010 3MiH HABAHTAXXEHb Ta BXi-
JIHUAX HApYT y CHJIOBIH enexTpoHiti [5].

* BrumB vacrotu: JlociikeHHs BILTMBY 4acToTH nepemukands Ha SMC mans PMSM minreep-
JOKYIOTB, 110 BUINIA YaCTOTa, B MEXKAaX anapaTHUX OOMEXeHb, MPU3BOIUTH IO KPamlol sIKOCTi
KepyBaHHS Ta MEHIIOI aMILTITYAu TpeMTiHHs [8].
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Puc. 4. briouna cxema 3 BAKOPUCTAHHSIM TUHAMIYHOTO
IHTETpaIbHOTO KOHTPOJIEpa PEKUMY KOB3aHHS

3. HocnimkenHs nudpoBoi peaizalii Ta MpUKIaIHI aCTIEKTH.

FPGA Ta MikpOKOHTpOJIEpH:
FPGA (IUTIC) € onTUManbHUMH Ul peallizalii CKJIAJIHWUX, BUCOKOMBHAKICHHX SMC-
aJTOPUTMIB, OCKUTBKH JO3BOJISIOTH TApaliellbHy 0OpoOKy Ta MiHIMI3AIii0 4acy IHKIY Kepy-
BanHs [9]. Lle ocoOmuBo akrtyanbHo s HIL-tectyBanns SMC-cnocrepiradie DFIG-
reHeparopis BiTpoBux Typ0OiH [10].
MikpokoHTpoJiepH € eeKTUBHOIO IUTATPOPMOIO UTT POOACTHUX CHCTEM 3 MEHIIIMMH BUMOTaMHU
JI0 TMIBHIKOCTI, TaKMX SIK MPHBOAM 3 PEKyIepalli€lo KOB3HOI €Heprii aCHHXPOHHUX JIBUTYHIB
(SERD), 3a6e3mnedyroun BUCOKY TOUHICTh KepyBaHHsI Ta CTiiiKicTb 10 30ypens [11, 12, 13].
TpancnoptHi cuctemu: Y KepyBaHHI koB3aHHSAM enekrpomo6iniB (Electric Formula Student)
JuckpeTHo-4acoBuilt SMC neMOHCTpye 3HauHy nepeBary Haj Tpaauiiiiaum PID-kepyBaHHIM
y poOacTHOCTI 0 3MIHHUX YMOB TEPTS, IO MiIKPECIOE HEOOXiAHICTh pOOACTHOTO KOHTPOIIO
B EV [3].

Bararogazni mamman: SMC (puc. 5) € onHi€0 3 1BOX OCHOBHHX TexHiK (opy4 3 MPC, puc. 6)
JUI poOacCTHOTO CTPYMOBOTO KepyBaHHS Oararoda3HUMH iHAYKUIHUMHU MallMHAMU, IPOIIO-
HYIOUH MEHIITy O0YHCITIOBaIbHY CKIIaJHICTh nopiBHsiHO 3 MPC [14].

<]
3

@, + Speed I Current u
1§ |regulator| " §= &4/ WM\ St
Yap\EMN Current |%¢ |/ g 6
—| |controller
= v
) g I dc
1 :
1 d,q a, b, c
aﬂ)r id o, ﬂ ~ I
. a, ﬁ L,
..l'a_
Adaptive sliding mode | s
flux and speed Va
observer Vs

Puc. 5. briouna cxema 17151 6€3CEHCOPHOTO KEpyBaHHS
KOHTPOJIS IIBUIKOCTI

© Toncroii B.B., Cagosoii O.B., 2026.
Jlinewnsisa Creative Commons CC BY 4.0



Enexrpoenepreruka. EnekrporexHika Ta enekrpomMexaHnika. ElekrpoHika 93

Six-phase IM

Y

; ~ B
Min(Jl)H C°S‘§‘“°"°“jﬁ‘ Y i gaperaly
1 <
A

Possible voltage vectors

Lagxys|k+2|k]

Wnlk]

YaBzys(k+1|k]

Predictive
machine
model

Predictive |U,g.y
machine i 3
model

’\m?r[k +1|k]

Aagr(k|k) Spp—

Yinlk+1]
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®opmyJIIOBaHHS METH J0CJTiIKeHHS
MeToro JOCTiIKEHHS € PO3pOOKa TEOPETUKO-METONOJIOTTUHUX 3acall Ta OOIpyHTYBaHHS 3aCTO-
CYBaHHS BJJOCKOHAJIEHUX TMCKPETHO-YACOBHX AITOPUTMIB KepyBaHHS B KOB3HOMY pexknmi (SMC), siki
31MaTHI e(peKTHBHO (YHKIIOHYBAaTH B YMOBaX HEBH3HAYCHOCTI Ha MiKPOMIPOIIECOPHUX TUIATPOpPMAax s
KEpyBaHHS CyYaCHUMHU €JEKTPONPUBOAAMH Ta CHIIOBUMH II€PETBOPIOBAYAMHU.
J1ist TOCSITHEHHS TTOCTaBJICHOT METH HEOOX1/THO BUPILIMTH HACTYITHI 3aBIaHHS:

1. O6rpyntysatu Bubip SMC Bumoro nopsiaky (HOSMC) sik KiII040BOTO METOMY ISt YCYHEHHS
TPEMTIHHA y TH(DPOBHUX pearizariisix.

2. IlpoanamizyBati miaxix st ¢ikcamii yactotd mepemukanHs SMC, aganTyloud MeETOAH
Dynamic Integral SMC mo MikpomponieCOpHHUX CHCTEM.

3. IlpoBecTn MOPIBHIBHAUNA aHATI3 BUMOT O OOYHMCIIOBAIBHOI TOTYXKHOCTI Ta MIBHIKOCTI MiXK
pizaumu SMC-anroputmamu Ta BignoBigauMu nudposumu miarpopmamu (FPGA Ta mikpo-
KOHTPOJIEPH).

4. Po3pobutn metomuky iHTerpauii SMC 3 pobactHumu crocrepiradamu (STSMO) anst 3a6e3-
MeveHHs 0e3CeHCOpHOro kepyBaHHs y npuBogax (PMSM, DFIG).

Bukian ocHOBHOTo Martepiany
1. I[logonanns BiOpamii 3a qomomororo HOSMC.
Knacuunnit SMC reHepye curHain nepeMHKaHHS U Ha OCHOBI JOCSTHEHHS MOBEPXHI KOB3aHHS
o(x) = 0. Yepe3 AUCKPETHICTh Yacy Ta amaparHi 3aTpUMKH BigOyBaeThest Tpemriatst [2]. HOSMC, 30k-
pema STC (Super-Twisting Control), Bupirye mo npodiaeMy, 3SMyLIYIOUd HENEPEPBHY AMHAMIKY O Iiepe-
XOIWTH B KOB3HUH PEKUM Ha BUILIIH MOXiHIH, reHepyI0un KBa3iHeTIlepepBHUN KepyBaJbHUN CUTHAT U:
6 = —A-sign(o)

U= U — a-+/|o] - sign(o) +uy 1)

u, = —p - sign(o)
Jie Ueqg — EKBIBaJICHTHE KepyBaHHs; A, @, B — KoedilieHTH, 1m0 3a0e3MeuyroTh KiHIeBHIA 9ac 301KHOCTI.

Le no3Bosisie mepeHecTy MepeMUKaHHA Ha TMOXiAHY KEePY4Oi 3MiHHO1, 110 POOUTH Kepyrouuit
BIUIMB HAa CHUCTEMY 3HAuHO OUIbII TNIQJKUM, YCYBArOYM BHCOKOYACTOTHI KOJHMBaHHS Ta 3MEHLIYIOUH
BTparu [4]. Le#t npunammmn € ocHoBoto At STSMO, fie g€ MOMHIITKOIO CITOCTEPEKEHHS.

2. @ikcanis yacrotu nepemukanus (Dynamic Integral SMC).

Jist mpoMUCIIoBOi peartizalii KpUTHYHO BaKIMBUM € BUKOPUCTaHHS (hiKCOBAHOI YacTOTH TIe-
pemukanust foum, sika Bu3HauaeThes amapatHoro M. Kinacuunuit SMC, 6a3yrodnch Ha TiCTepe3uci,
Ma€ 3MiHHY YacTOTY.

Dynamic Integral SMC (DISMC) Bupimye 1o npobiaeMy HUISIXOM iHTerpauii TUHaMIKH Iie-
pEMHUKaHHsI B KEPYIOUHIA 3aKOH, 1110 3a0e31evye MPsIMHI 3B'S130K 3 IIUKJIOM PoOOTH II(PPOBOTrO KOHTPO-
nepa [5]. Jlis cuoBMX IepeTBOPIOBaUiB, J¢ X — i€, HApUKIa, Hampyra Buxony, DISMC BBoauTh
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JIOJIATKOBHUH 1HTETPAJIbHUH WieH y MOBEPXHIO KOB3aHHS S a00 Momu(ikye Kepyrouui 3aKoH U, 10 J10-
3BOJISIE CHCTEMI TPAIFOBATH CHHXPOHHO 3 (PIKCOBAHOKO YacTOTOI KoHTposepa. lle 3HauHO mokpamntye
EMC Tta ontumisye TeIUIoBHil pe)KHM CHIIOBHX KirodiB [5, 15].
3. Onrumizauist nugposoi peanizarii.
Bubip mikponporecopHoi miathopMu 3aIeKHUTh Bij:
— 00YHCITIOBAIBHOT CKJIATHOCTI Ta BUMOT aJlTOPUTMY, JIaHi HaBeneHi y Taom. 1;
— OIBUJKOCTI, aHaJIi3 MPEICTaBICHUN Y Tab. 2.

Tabnuysa 1. Bubip pekoMeH10BaHO IIaTPOPMH B 3aJIEKHOCTI BiJl aJITOPUTMY Ta BUMOT

Anropury / KirrouoBi BUMOTH Pexomenosana OO6rpyHTYBaHHS (32 JIITEPaTyporo)
Cucrema iaTgopma pyHTY patyp
e et sy o
(STO), UKy, — napanenbhi FPGA ’ Y HHICLY: D A
HIL-tecryBanus DFIG-renepatopiB Ta BHCOKO-
STSMO 00YHCIICHHS . .
MIBUIKICHUX KoHBepTepis [9, 10].
Knacunuit | PoGacTHicts, mpocto- EdexruBHi mis p06aCTHI/I?( CUCTEM 3 MEHIINMHU
L . BHUMOTaMH J0 MBUAKOCTI oOepranHs (SERD-
SMC, Ta pearnizanii, Hu3bka| MiKpoKOHTpOIEpH .
. puBoan). 3a0e3MeuyoTh BHCOKY TOYHICTH Ke-
DISMC BapTICTh AV
pyBaHH: Ta CTiiKicTh 10 mymy [11, 12].
SMC st PoGacTHicTS 10 SMitH - .. 3abe3meuye kpamry p06aCTHICTI>,v Hix PID, Buko-
. ..|MiKpOKOHTpOJIEpH |pUCTOBYIOUH ITUCKpeTHO-uyacoBuii SMC 3 o6uuc-
Slip TEPTA, - AMCKPETHHI ) hgp 10BaJIbHO-e(DeKTUBHUM  crioctepiradem Jlye-
Control EV |uac foBal P y
ubeprepa [3].
Tabnuysa 2. lopisasaus DSP 3 mikpokorTponepamu (MCU) ta FPGA:
[Tapametp DSP Mixkpoxontponep (MCU) FPGA
Texas Instruments
[Mpuknaan (TMS320F), Analog STM32, Microchip (PIC) Xilinx, Intel (Altera)
Devices (ADSP)
IIBuakicTh 00unc- | Bucoka. OnruMizoBaHui Cepenns. Bukonye nociino- |HaiiBuia. BukoHanHs
JIeHb JUTSL MATEMATHKH. BHO. napasenbHe (amapaTHe).
CxJtajiHi CHCTEMU KepyBaH- . . Hatikputnunini ta
Tunose 3acrocy- N L ITpocri Ta cepenHi cucremu . .
— Hs1, KOMYHIKaIlii, ayaio/Bifieo KepyBaHHs, iHTepeiicn mBuaki mukimu (High-
00po0Ka. ’ ' Order SMC).
HOSMC, FOC, STSMO, KJIaCI/I‘I.HI/II/I SMC (.3 IIM- |HOSMC 3 MiHIMaJIbHOIO
SMC-anroputm DISMC KOPEKIII€I0), TPOCTI 3aTPUMKOI0, JTy’KE BHCO-
' observers. Ka 4acToTa.

4, 3aCTOCYBaHH$[ B CJICKTPOIIpUBOAAX.

EdexruBnicts SMC miITBEpIIKYETBCS B PI3HUX THIIAX €IEKTPOTIPUBOIB:
+ PMSM: [lns migBuineHHS pPOOACTHOCTI WIBHIKOCTI BHUKOPHCTOBYEThCS TiOpumnuid [ISMC
(CNTSM+LADRC), o komnencye 30ypennsi, Ta STSMO st 6e3ceHcopHOro kepyBanHs [6, 7].
» bararogasni mammuu: SMC 3a0e3nedye BHCOKY SIKICTb CTPYMOBOTO KEpYBaHHS 3 MEHIIOIO
00UYUCITIOBATLHOIO CKIIaHICTIO TIopiBHIHO 3 MPC, 110 € BaxknmuBuM (HaKTOpOM It MiKpOTI-

poriecopHoi peanizariii [ 14].

e AcunxponHi aBuryHu: SMC 3 BUKOPHCTaHHSM MPUHIUITY €KBIBATCHTHOTO KEPYBaHHS YCIIilll-
HO 3aCTOCOBYEThCSI JUIsl KepyBaHHsI IM, siKi )KHBJISITBCS Bijl 0araToiMImylIbCHUX JUKEpeT Hanpy-
ru (VSC), 3abe3neuyroun Haaiiiay pobory [16].
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BucHoBkn
[IpoBenennii MOPIBHSUIBHAN aHAI3 Cy4aCHHX METOIB peai3allii KOB3HOTO PEeXUMY MiATBEp-

JUKye, 0 BaockoHaseHuit SMC € onTUMalbHUM POOACTHUM 1HCTPYMEHTOM IS KEPyBaHHS €IEKTPO-
MPHUBOJIaMHU, 10 (PYHKIIIOHYIOTh B yMOBaX HEBU3HAYCHOCTI Ha MIKPOIIPOIECOPHUX TUTaThopMax.

10.

11.

1. Ipobnema BiOpauii Bupimyetsest nepexonom 10 HOSMC (Super-Twisting Control), sikuii re-
HEpY€ IMaJKUI KEPYOUUA CUTHA.

2. TIpobnema poOacTHOTO CIIOCTEPEHKEHHS CTaHy PO3B’A3yeThesl MUIIXoM inTerpanii STSMO st
BUCOKOSIKICHOI OIIIHKH IIBHIKOCTI Ta 30ypeHsb. Lle KpUTH4HO BayKIMBO it OE3CEHCOPHOTO Ke-
pyBaHHSA cdcTeMaMH 3 BHCOKOIO JIWHAMiKOlO, TakuMmu gk mpuBogn PMSM Tta DFIG-
TeHEepaTopu.

3. IIpobnema 3MIHHOI YaCTOTH JIOJAEThCA 3a AonoMoror Dynamic Integral SMC, mo mo3Boiisie
3abe3neunty (ikcoBany yactory [1IIM, KpuTHUHY AJIsl CHJIOBUX HEPETBOPIOBAUiB Ta MIPOMHC-
JIOBUX CTaHIIAPTIB.

4. OnTuMmizanis peaiizailii BU3HAYa€Thcss BUMoramu 1o mBuakocTi: FPGA e kpamoro miatdop-
Moro ansi BucokomBuakicanx HOSMC, toni sik MiKpOKOHTpOJIEpH € e(DeKTUBHUM 1 HaJiltHUM
pimmennsam gt SERD-ipuBoniB Ta SMC y TpaHCHOPTHHX CHCTEMaX.

5. Tomanemri gociimKeHAS MOBUHHI OyTH 30CepekKeH]i Ha po3poOIli THCKPETHO-9aCOBUX EKBiBa-
nentie HOSMC ta DISMC ajis ontuMizaiiii iXHbOT IPOYKTHBHOCTI Ta CTAOLILHOCTI MPH PO-
00Ti 3 00MEKEHOI0 IIBUAKICTIO 00pOOKH CydaCHHX MIKPOKOHTPOJIEPIB.
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COMPARATIVE ANALYSIS OF ELECTRIC DRIVE CONTROL SYSTEMS WITH
VARIOUS SLIDING MODE TYPES

Abstract

This paper presents a comparative analysis of different SMC strategies, including classical
SMC, High-Order SMC based on Super-Twisting algorithm and Dynamic integral SMC. Modern
drives, such as Permanent Magnet Synchronous Motors (PMSM), multiphase machines, and electric
vehicle powertrains, are inherently non-linear systems subject to significant parameter uncertainty and
external disturbances, making SMC an ideal robust control solution.

The study analyzes the implementation of classical SMC algorithms within digital micro-processor
and FPGA structures, identifying two critical challenges that impede industrial adoption: the detrimental
chattering phenomenon and the unacceptable variable switching frequency which complicates thermal
management, increases power losses, and causes issues with electro-magnetic compatibility (EMC).

The core of the research lies in substantiating and analyzing advanced discrete-time SMC al-
gorithms designed to overcome these limitations while maintaining the system’s intrinsic robustness.
To effectively eliminate chattering and generate a quasi-continuous control signal, the article focuses
on Higher Order SMC (HOSMC), specifically the Super-Twisting Control (STC), which is also fun-
damental for developing Robust Sliding Mode Observers (STSMO) for sensorless control (e.g., in
PMSM and DFIG-generators). Furthermore, the paper substantiates the use of Dynamic Integral SMC
(DISMC) to ensure a fixed PWM switching frequency, a prerequisite for synchronous operation with
industrial power electronic converters (e.g., DC-DC converters).

The methodology includes a comparative analysis of hardware platforms, concluding that
FPGA is necessary for the parallel processing and high-speed cycles demanded by HOSMC, while
standard microcontrollers remain suitable for cost-effective, robust applications (e.g., Slip Energy
Recovery Drives and EV slip control with Luenberger observers). The results contribute a unified the-
oretical and methodological framework for designing and optimizing robust control systems for high-
performance applications like multiphase machines and electric vehicles, thereby enhancing system
stability and operational quality in the face of discretization effects and computational constraints.
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