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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA

YK 621.315.2:004.94 DOI: https://doi.org/10.15407/techned2025.05.003

AHAJII3 EJIJEKTPUYHOT O I1OJIA CHJIOBUX KABEJIIB I3 3IIUTO-ITIOJIETHJIEHOBOIO
130JIALI€1I0 3A HAABHOCTI TUIIOBUX JE®EKTIB HAIIIBITPOBI/IHOI'O EKPAHA

KyuepsiBa [.M., 1OKT. TEXH. HAYK
InctutyT enekrponunamiku HAH Yxkpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: rB.irinan@gmail.com.

3a 0onomoeor Komn tOmMepHO20 MOOET0B8AHHI NPOBEOEHO OOCTIONCEHHS eeKMPUUHO20 NOJISL 8 3UUMO-NONIemUIeHO8Il
i3onayii kabemo cepednvoi Hanpyeu (10 kB) 3 munosumu Oegpexmamu HanienpogioHux i3onayiinux wiapie. Jepexmu
noG’A3ani 3 MEXHONOIYHUMY — GIOXUNEHHAMU, eKCHIAYAMAYIHUMU —YMOBAMY, eNeKMPUYHUM CMAPIHHAM — md
HABAHMAICEHHAM HABKONUWHLO020 cepedosuuja. Moodenb no6yooeano 6 KeazieneKmpocmamuyHoMy HAOIUNCEHHT O
0CeCUMEmpuyHO20 npedcmagients kabemo. Posensinymo makooc o0’emuuil Oegpexm 3 NOPYUIEHHAM 2epmemu3ayii
Kabenio, pyuHy6aHHAM Memane6020 eKpana i YaCmuHyu OCHOGHOI 3015Yii, Y pasi 4020 enekmpuire noje nouupoemsbCcs
6 omouywue cepedoguwye. IIpoananizoeano HepieHOMIPHICMb pO3NOOLLY eNeKmMPUYHO20 MO 6 [3045Yll, xapakxmep
3MiHeHHA i pieetb 1020 NOCUNEHHA 3ANEHCHO IO PO32NAHYMUX eheKmis. 3a pe3ynbmamamit YUcearbHo2o 00CAIOHCEHHs
NOACHEHO NPUYUHU CMAPIHHA NONIeMULEHO80I I30/AYil CULOBUX Kabenie ma OYiHeHO PUSUK HAAGHOCH PO32ISHYMUX
Oeghexmis O enekmpuunoi Miynocmi izonayii i 0062ompusanozo Hadiunozo Gynxyionysanns. biomn. 17, puc. 3.
Knrwowuoei cnosa: cuioBuii kabenb, cepelHs Hanpyra, smmuro-noiiermwienosa (3I1E) i3omswis, HanmiBNIpOBiAHI €KpaHH,
xXapakTepHi Ae(eKTH, CTapiHHS 130711, eIeKTpUYHE MoJIe, KOMIT I0OTEPHE MOICTIOBAHHS.

Beryn. Ha tenepimHiit wac cuiosi kabedni i3 3muroro nomieruneny (3I1E) na cepenrto Hanpyry (1—
35kB) € nmomiHyOYMMH Yy 3aCTOCyBaHHI B MepeaxX BHUPOOHHIITBA 1 PO3MOITY eIEKTPOCHEprii, B
NPOMHUCIIOBIH, KOoMepuiiiHild, koMmyHanbHIH cdepax [1]. Ilik iX BcTaHOBIEHHS 1 BUKOPHCTaHHA Yy CBITI
npuriagae Ha §0-i1 pp. XX CTONITTA, a cepeqHiil TepMiH ekcIuTyaTalii cTaHoBUTh Maibke 40 pokis. Kabemni
CEepPeNHbOI HANpyTH, SIK TPaBWiIo, 30epiraloTh Oe3MeKy 1 HaifHICTh, €JIEKTPUYHY MIIHITH 3IIATOT
nojiiMepHol  i3oiisnii. [IpoTe BOpPOAOBXK TPUBANOrO 4Yacy pOOOTH BOHH IMiJNAIOTHCS PI3HOMAHITHUM
HaBaHTA)KEHHSIM, II0 CIIPHYMHAIOTH MOCTYIOBY Jerpajaliro KaOelbHOi CUCTEMH 1 MOKYTb MPU3BOAUTH 10
300iB y poOOTi.

CyuacHi kaOeii cepeqHbOi HAMPYrd BUKOPUCTOBYIOTh 3IIUTHH TOJICTHICH SK 130JAI[IHHMIA
Mmarepiaj, IO CKJIAAAETHCA 3 TPHOX MINHO 3’€IHAHHUX IIApPiB — €KPaHYIUOro MIapy KWl (BHYTPILIHBOTO
HAMIBIPOBITHOTO €KpaHa), OCHOBHOI 130JIAIil Ta 30BHINTHROTO HAIIBIPOBiMHOTO eKkpaHa. MoHoxitHa 3I1E
130JIAI1isT € AOCTYIHHUM 1 HamiHUM pIMICHHSAM, 1HTEpeC 0 SIKOTO MOCTiHHO 3poctae [1, 2]. Pazom 3 mum
aKTyanbHICTh 30epiratorh nutaHHs crapiHHs 3I1E i3omamii, 30kpema BHACHiJOK Oe(EKTiB BUTOTOBJICHHS,
MPOHUKHEHHsSI BCEPENWHY BOJOTH Ta IHIIWX MPOAYKTIB 3a0pyAHEHHS, PO3BUTKY TPHUIHTIB, MPOTIKAaHHS
YaCTKOBOTO PO3PSAY, MPOOOIO 13011111, SIKI CIIPUIMHIIOTH HECTIPABHOCTI 1 HABIiTh BUXia KabemiB i3 maxy [3—
8]. HdocmipkeHHsT BIACTUBOCTEH Ta TEXHOJOTIYHHMX 1 eKCIUTyaTalifHUX NeeKTIB 130JMiHHOI CTPYKTYpH
MIPOBOJATHCS TAKOK TCOPETUYHUMHU METOJAMH 1 IITXOM KOMIT FOTEPHOTO MoJientoBanHs [9—11].

CraTucTHKa HecTpaBHOCTEH CHIIOBHX KaOelliB cepelHbOl HalpyTd y3araibHeHa B poOoti [3] Ha
OCHOBI TOJbOBUX JaHux pizHux kpain: CIIA, [anii, BemukoOpuranii, Kurato tomo. bmmspko 50%
CKJIaJar0Th HECTIPABHOCTI, HE MOB’s3aHi 3 pOOOTOI0 eHEeproMepekeBUX KOMIIaHiH 1 3 SIKICTIO caMoro Kabedro,
HANPUKIIaA, Ile MEXaHiuHi TIOUIKO/KeHHS, CHPUYMHEHI 3eMisHuMH poOoramu. Iam 50% 300iB
KIacuQikyroThcst HacTymHEM yuHOM: 10-20% — moB’s13aHi 31 crapiHasaM kabemiB i i3omsamii; 10% — moMmiku
mij] Yac nmpokjanaHHs kabeiniB, 7—15% — 3001 BHACHIIOK HU3BKOI SKICTHO BUpOOHMITBA; 10% — iHII 3001,
BKITIOYAIOYH MIEPEHANIPYTH, TIeperpiB, IOTOJHI YMOBH TOIIIO.

CuitoBi xaberni mig yac poOOTH MOCTIHHO TiIAIOTHCS PI3HOMAHITHUM (Di3UYHHM HAaBaHTAKEHHSIM, a
came: eJeKTPUYHUM, TEPMiYHAM, MEXaHIYHMM Ta HABAaHTA)KEHHSIM HABKOJIMIIHBOTO ceperoBuina [3].
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EnextpuyHe CTapiHHA TIOB’SI3yeThCs 13 3a0pyMHCHHSAMH, JOMIIIKAMH, MOPOXHUHAMH, HEPIBHOCTSIMH,
IHIIUMHA Makpo- Ta Mikpoae(heKTaMH elIeMEHTIB KaOelto i MPU3BOIUTh IO TPUIHTIB 1 YACTKOBHUX PO3PSIIB,
CKOpPOYCHHIO eJEKTPUYHOI MilHOCTI i3ossuii. TepmiuHe CTapiHHA BHHUKA€ 3a Pi3KHX TEMIIEPaTyPHHUX
3MiHax. HaBKOJIMIITHE cepeloBHINE BILTMBAE HA SKICTh KaOeiB BHACIHIOK MPOHUKHEHHS BOJIOTH 1 XiMiKaTiB,
paxiarii T. iH. O3Ha4YeHI HaBaHTAKCHHS, HAKJIAJAIOYHNCh OJWH Ha OJHE Ta MOEIHYIOUHCH 3 TMOYATKOBUMHU
JnedeKTaMu, MPUCKOPIOIOTh MPOIIECH CTAPIHHS 13011111, CKOPOUYIOTh HAIMHICTh 1 TEPMIH CITy)KOM KaOemiB.

TexHonoriuHi Ta eKCruTyaTtamiiiHi AeeKkTn HamiBIPOBIAHUX €KpaHIB CHJIOBUX KaOemiB, BUMOTH JI0
BHUTOTOBJICHHS Ta MEXaHI3MH JeTpaaallii MOIieTIICHOBOT 1301111 IeTaTBHO MpeACTaBiIeHo B [12].

BusiBiieHHs1 1 TOCHIDKeHHS Ae(PEKTIB CHJIOBMX KaOeliB Hamae iHGOPMAIl0 BITHOCHO BaXKIMBOCTI
BpaxyBaHHs XapaKTepHUX Ae(PEKTiB y TEXHONOTIYHOMY NPOLECi BUTOTOBJICHHS KaOelliB, a TaKOX CHpUSE
BU3HAYCHHIO WMOBIPHOCTI HECIPaBHOCTEW, JOMOMara€ B IIaHyBaHHI 1 pIOIEHHIX 3 TEXHIYHOTO
00CITyTOBYBaHHS, CKOPOYCHHIO IPOCTOIB 1 MUKIIIB 3aMiHA KaOeTbHUX IUISHOK 3 me(eKTamMu 3aleKHO Bif
THUITy Kabemnro Ta HOro MOTOYHOTO CTaHy.

Mema pobomu — Ha OCHOBI KiNBbKiCHOTO mociikeHHsS enekrpuaHoro mois B 3IIE izomsamii 3
THATIOBUMU nehekTaMu KabemiB Ha CepeIHIO HAPYTy BU3HAYUTH XapaKTep 3MIHEHHS i PiBEHb €ICKTPHIHOTO
1oJsl A7l OUIHKK CTaHy 130JSIIHHOI CTPYKTYpH 1 MOXKIMBHX MNPakTUYHUX pillleHb 100 00CIyro-
BYBaHHS/3aMiHH AUISTHOK KaOeJiB 3 MIEBHUMHU YIIKOPKEHHSIMHU.

PosrnssnyTi gedextn (puc. 1 BepxHid psmg Ta puc. 2 INiBOpy4Y) O€3MOCEPEIHBO CTOCYIOTHCS
EKpPaHYIOUYMX HAMIBIPOBIAHUX IIAPIiB 130JISIil 1 BUSABICHI B LEHTPaxX 3 TECTYBaHHSA 1 JOCIIIKEHHS
enexktpuunux cucteM National Electric Energy Testing, Research & Applications Center (CLLA) [4, 13] Ta
Powertech Labs Inc. (Kanana) [8, 14].

IMocTraHoBka 3agadi Ta Moaeab I AociailkeHHsi. Jlocmimkyerbes cuioBuii kabems i3 3I1E
i3onsmito mapku AITBEII-10 Ha Hanpyry 10 kB 3 mepepizom sxumu 120 MM°, 30BHIIIHIM miameTpoM 33 MM,
TOBIIMHOK OCHOBHOI i30mAmii 4 MM 1 KOXXHOTO 3 HAaIIBIPOBiMHWUX ekpaHiB 1,2 MM. Posrmsmarorbes
XapaKTepHI TOMIKOKEHHS KaOelto, sIKi MaloTh BiJHONICHHS IO BHYTPINTHHOTO HAMIBIPOBIAHOTO IHapy
(puc. 1, xaptunu 3Bepxy [4]): BiACYTHICTh YaCTHHH MPOBIAHUKIB KUK MOOIHU3Y HAIIBIPOBIIHOTO €KpaHa,
neeKT eKpaHa >KHJIM Yy BHIVISAI HEPIBHOCTEH-IOPOKHMH, 3allOBHEHHX MOBITPSAM, 1 MOPOXXKHUHA Y
BHYTPIIIHBOMY €KpaHi, 3alOBHEHA BOJIOIO [4], a TaKOK OKPEeMHil BUIAMOK BiJICYTHOCTI YAaCTHHHU MiIHOTO
€KpaHa, 30BHIIIHBOTO HAMIBIPOBIIHOTO MIapy W 130JALiT BHACIIIOK AyroyTBOpeHHs (puc. 2, miBopyd) [8].
Came BTpara (yHKHIi MeTaJeBOro ekpaHy a00O HamiBHOPOBITHOTO MIApy i30JAMil, a TAKOK HEIOCTATHIH
KOHTaKT MiXK HHMMH MPU3BOJAATH JO BHHUKHCHHS €JCKTPUYHOI MyrH 1 pylHyBaHHsA Kabemto. Po3risHyTi
neeKTH TOB’s3aHi 3 SKICTIO BHUTOTOBJICHHS, €JICKTPUYHUM CTapiHHAM (Zerpamariiero) i30ismii i
HaBaHTKEHHSIM BiJl HABKOJIMIITHBOTO cepeoBHUIla. JIOCTiIKeHHS eIIeKTPUYHOTO MMOJIst B Kaberni 3 nedekraMmu
BUKOHYETHCS IIUIIXOM YHCENFHOr0 MoAemtoBanHs B mporpaMi Comsol [15]. BUkopuCTOBYIOTECS IBOBHUMipHI
PO3paxyHKOBI MOAEII y pa3i OCECHMETPUYHOTO MPEACTaBICHHS Kabeo 3a HOTo JOBXKHHOIO (pHC. | 3HU3Y,
puc. 2 nmpaBopyy).

BincyTHicTh YacTHHM MIPOBIAHUKIB K HedexT expana xuIn IMopokHIHA y BHYTPIIIHBOMY eKpaHi
: [ e A el

Conductor Shield Defe

30BHIIIHIN HAIBOPOBIIHUH €KpaH isonsis

OCHOBHA 130JISIILisT | E | max= 4,4 KB/mMm

BHYTPIIIHIA eKpaH :
-~

i | e . *
_ \ y 3 eKpaH

r KuIa ;] N
t | E | max= 5,2 KB/MM BHYTPILIHIN eKpaH KA

OCHOBHA 130JIAIIist

| E | max= 4,0 kB/MM

Puc. 1
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OCHOBHUM pIBHSHHSM MaTeMaTUYHOI Mojeni € audepeHLiaTbHe PIBHAHHSA JI1 KOMIUIEKCHOTO
eJIEKTPUYHOTO MOTEHIIaTy ¢ , 3alMCaHe B YaCTOTHii 00nacTi

V=0, V-(o+joeyé V=0, (1)

ae J,op =(0c+ jos,é,)E, E=-V ¢, J,,,— TycTuHA NOBHOTO €IeKTPUYHOTO CTPyMy (CTpyMy MpPOBIAHOCTI Ta
CTpYMy 3MIILIEHH!), &, Ta &, (y 3araJlbHOMY BHIIAJIKy KOMILUICKCHA BEJIMUMHA) — BIAIOBIIHO, €JICKTPUYHA CTaja

Ta BIJHOCHA [iENIEKTPUYHA IMPOHHUKHICTH CEpeloBHINA (KOXKHOTO 3 TPhOX IMApiB 130JAMii); ¢ — ENeKTpo-
TIPOBITHICTH BiAMIOBIHOTO cepefioBHIla; @ =314 pan/c—Kkpyrosa yacToTa (BcTaHOBiIeHa yactoTta 50 ['m).

ViukomkeHHs 000JIOHKY 1 YaCTUHM 130111 D
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-
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Puc. 2

3as1s1 BpaXyBaHHS HEJiHIHHOCTI €IEKTPOIIPOBITHOCTI OCHOBHOT 130411 B MO/IE)Ii BUKOPUCTOBYIOTHCS
e(eKTUBHE 3HAYCHHSI ¢ B 3aJIEKHOCTI BiJl HANPY>KEHHS €IEKTPUIHOTO 1o [16]

o(E))=a-exp(- 2)

Ey .qe)sinh(b-10‘7 £
20kp |E | '
Tyt g, = ~1,602:10"° Ko — 3apsiz eNEKTPOHa; kg = 1,381-10% JIx/K — noctiiina bonernmana; a =3,2781 Ta
b =2,7756 — excriepuMeHTaIbHO BU3HauYeHi KoHcTaHTH; Ap =0,56 eB — eHepris aktuBauii; 3anexHICTb (2)
BiznoBimae Temnepatypi 20°C.

VY 3aranbHOMY BHUNAAKY BpaxyBaHHS 3alieKHOCTI (2) BaXKIMBO Ui KaOemiB BUCOKOI i HAABHCOKOI
HATPYTH 32 HAPY>KEHOCTI eeKTpuaHOoro ot 1o 10—-11 kB/mwm [17].

3amaroTbes rpanndHi ymMoBu: @ =U (U — aMIDIiTYJHOTO 3Ha4eHHs ()a3HOI HAIPYTH) — Ha MOBEPXHi
K kabemo; ¢ =0 — Ha TOBEPXHI MIJHOTO €KpaHy, IO OTOYYE i30JIAIIiI0; YMOBa EIEKTPUIHOI 130JIAIIii
n-J=0 — Ha 30BHINHIX IpaHMIsX, KpiM OCi cHMeTpil; ymoBa HemepepBHOCTI n-(J 1 ~J 72)=0 (n —
OJMHUYHHIT BEKTOP 30BHIMHBOT HOpMari, J =J tot ) — Ha BHYTPILIHIX IPaHULIAX.

Jns BUDanky TOMIMPEHHS ENeKTPUYHOTO MO 3a MeXi MOIIKOKeHoro Kabemo (puc. 2)
po3paxyHKOBa 00JIaCTh BKJIIOYAE HABKOJIHIINHE cepemoBHine (TOBITpsI), il po3mip OiIeIm HiK y 4 pasu
NEPEBUIIYE AiaMeTp Kabeto.

Y Moneni HEXTYeThCS BIUIMBOM Ha PO3MOJIN EJIeKTPUYHOTO TMOJSl aHAIOTIYHUX JAe(eKTiB,
po3ramoBaHuX cuMeTpudHO oci OZ (puc. 1). [IpuifHATO TakoX HACTYITHI MPUIYIISHHS: MaTepial 1301l €
130TPOITHUM; CTOPOHHI 3apsAW B IICJICKTPUKY BIACYTHI; B pPO3paxyHKaxX 3alaHi OJHAKOBI 3HAYCHHS
JieneKTpu4Hoi MPOHUKHOCTI &, (i1 aificHoi wactuHM) g Beix Tprox mapiB 3IIE i3omsanii (ysaBHa yacTuHa
HE BPaxOBYETHCS); LIAPH 130JIAL1T XapaKTepU3YIOThCS C1a0KOI0 MUTOMOIO €IEKTPOIPOBIIHICTIO, SIKA MA€E CBOI
MOCTIiHI 3HAYCHHS IS KOXKHOTO IIapy.

OcHOBHI JaHi 7 PO3PaxyHKIB: [ieJIEKTPUYHA MPOHUKHICTh I30JALIMHMX mapiB &, = 2.4;
ENIEKTPOIIPOBIIHICTh 30BHINIHLOTO / BHYTPIlIHBOTO ekpaHiB BiamoBimHo o =107°/10"" Cm/m. Boxaue
CepelOBHILE B IOPOXKHUHI BHYTPIIIHBOTO €KpaHa (puc. 1, mpaBopyd) Ma€ XapaKTEPUCTHKH: &.= 5,
o =0,05 Cm/M. 3HaueHHS XapaKTePUCTUK Y3rO/PKYIOThCS 3 JnaHuMu cTarti [9]. BpaxoBano, 110
€JIEKTPOTIPOBIAHICTh HAIMIBIPOBIAHMX MIapiB MOXKE 3MIHIOBATHCS 3aJIeKHO BiJ YacTKM HAIlOBHIOBAYiB,
30KpeMa TeXHIYHOTO BYTJIEIIO (caxi) B MOIIMEPHOMY MaTepiai.

Y mporieci peamizaltii ormrcaHoi MOEN METOIOM CKIHYCHHHX €JIEMEHTIB B 00JIACTSX pO3TaIlyBaHHS
Jne(eKTiB BHKOPUCTOBYETHCS MAKCHMAILHO MOYKITMBA KUIbKICTh PO3PaxXyHKOBUX BY3IIiB.
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PesynbTatn koMm’woTepHuUX po3paxyHkiB. Ha puc. 1 moka3zaHo po3risiHyTI JedexTH kabenro,
3B’si3aHI 3 BHYTPIIIHIM HAIiBIPOBIIHUM €KpaHOM (KapTHHHU 3BepXy [4]) Ta pe3ynbTaTd MOJETIOBAHHS
€JIEKTPUYHOTO IOJIsl MOONHU3y Takux AeeKTiB (KapTuHU 3HHM3Y). HeBenuki pedekTH BHYTPIIIHBOTO eKpaHa
3all0BHEHI TMOBITPSIM, a MOPOXHHMHA B E€KpaHi MpaBopyd — BOAOIO (y MPUIYLIEHHI NMPOCOYEHHS BOJIOTH
BCepeaWHY KaOemo 3a TpuBaauii dac poOotw). EnekTpudyne mone BigoOpakeHO KOJHOPOM. binmbImn
iHTeHCHBHUIT KOJIp Bi/MOBIAa€ GLIBIIMM 3HAYCHHS HAMPY/KEHOCT eIEKTPUIHOTO MOJISL.

Hns oOpaHoro mnoapiOHEHHS pPO3pPaxyHKOBOI OOJIACTI MaKCHUMajbHE 3HAYEHHsI IIOJNSl CKIIAJAe

|E |jhax = 5,2 KB/MM 1 JocsraeTbcsi B KyTOBHX 30HAX i30Jlii, IpUIEruX A0 XWUIM 0e3 4acTUHU

NPOBIHUKIB. 3a po3paxyHKaMH TaKe 3HAYCHHS MEPEBUINY€ 3HAYCHHS TOJs OISl MOBEpXHI KUK 0e3
nedekTiB Maibke y 2,5 pasu. Yci nedexTd Ha puc. | COpUYMHAIOTH NOCHICHHS €JIEKTPHYHOTro MOJs Bix 2
pasiB 1 BuIlle y NOPIBHAHHI 3 MOJIEM 3a BiACYTHOCTI IOLIKO/KEHb. Lle cBiqunTh Mpo 3HaYHY HMOBIPHICTH
HOJabINol Aerpaaarii 1305l B 30Hax mo0in3y nedeKTiB 1 HOCTYIOBOrO ii CTapiHHA B LIJIOMY.

Puc. 2 moka3sye pyiiHyBaHHs KaOeJr0 BiJl 30BHIIIHLOI TOBEPXHI aX JI0 YACTHMHU OCHOBHOIT 130JIA1I11 y
pas3i BTpaTH 3axUcHOi (QyHKIil OOOJOHKM 1 YaCTWHH MeTaieBoro ekpana (puc. 2, miBopyu [8]). Take
TONIKO/KEHHSI BU3HAYAEThCS AK 00 eMHMi jedekT. Posmomin BekTopa enekTpuuynoro mnojis |E|
KOHTYPHHMH JTiHISIMH 1 CTPUTKaMU TO0JIM3Y Takoro aedeKTy BimoOpakeHo Ha puc. 2, mpaBopyd. Enekrpuyune
II0JI€ PO3MOBCIOJUKYETHCS y HABKONMIIHE CEpeloBHIIE. Y paliaibHOMy HampsSMKy IIOJI€ HE3HAuHO
TMOMIMPIOETECA 32 MeX1 KaOeJro 1 TOBHICTIO 3aTyXa€ Ha BiJCTaHi A0 2-X Horo paziyciB. MakcuMaibHe ToJie
|E Imax = 3,1 KB/MM 1 ocsiraeThCs Ha TPaHMII MOMIKOXKEHHS 3 30BHIIIHIM HAMiBIIPOBITHUM €KPAHOM, IO
MOX€E MTPU3BOAMTH JI0 MOJAIBIIOr0 HOTo pyHHYBaHHSM B il JIOKaIbHIH 30H1. Hali0inpm HeOe3neyHnMu JIist
pyWHYBaHHS i PO3BUTKY NPOLIECIB CTAPiHHS € KpalHOBi 30HM 130151111 011 MeXi HaIliBIIPOBIAHOTO IIApy.

Ha puc. 3 mokazaHo 3MiHEHHS €IEKTPUYHOTO OIS B3IOBXK JiHil AB i CD, 300paxkeHuX Ha puc. 2.
BusBneno makcuManbHI 3HAYCHHS HAIMPYKEHOCTI IOJIA camMe Ha 3pyHHOBaHId TpaHWI 30BHIMTHBOTO
HaMIBIPOBiHOTO ekpaHa (rpadik JiBopyd) Ta piske 3MiHeHHs | E | mix yac mepexoy BiJ OCHOBHOI i30JsLii
JTO HAITBIIPOBIIHOTO ekpaHy (rpadik mpaBopyd) K CEPEAOBHII 3 PI3HUMH 3HAYCHHSIMH €JIEKTPOTIPOBITHOCTI.

12 ; :
1 1
0.8 0.5
0.6 0
A 0.02 0.04 0.06 B C 0.005 0.01 0.015 D
Arc-length Arc-length

Puc. 3

BucnoBku. OmiHKa CTaHy CHJIOBHX Ka0eJiB MPOBOAUTHCS, MIEPII 3a BCE, 32 pe3yIbTaTaMH NEePEBIPKH
1 BHUSIBJICHHsSI HAWOLTBIN XapakTepHUX NeheKTiB BCiX KOHCTPYKTHBHHX €JIEMEHTIB. HamiBmpoBimHiI mapu
3IIATO-MIOJIETHIICHOBOT 130Js11ii KabeniB MpH3HAYeHi 3ajJisi YTPUMaHHS EJICKTPHUYHOTO OIS BCEPeIHHI
TeIeKTPUKa i BUPIBHIOBAHHS PO3IOILTY OIS Ha IOBEPXHI OCHOBHOI 13071l L dyHKIis mopyuryeTbes y
pa3i HagsBHOCTI NeEeKTiB.

VY poboTi po3riIsHyTO THIOBI HeeKTH 130JiHOT cTpyKTypH Kabemo cepenupoi Hanpyra (10 kB),
a caMe TIOIIKOKEHHS y BUTJISAI HEPiBHOCTEH 1 MOPOKHHUH HaMiBIIPOBIAHOTO €KpaHa, BiICYyTHOCTI AEKIJIBKOX
JIPOTIB KUK Y pa3i yTBOPEHHS MOBITPSAHOT 001acTi Ol BHYTPIIIHEOTO HAMIBIOPOBIAHOTO €KpaHa Ta 3HAYHE
pyHHYBaHHS YaCTHHH METaJIEBOTO C€KpaHa 1 130JIAIii BHACTIAOK JyTOYTBOPEHHS, IO NPH3BOAWTH JIO
PO3MOBCIOIKEHHS €TIEKTPUYHOTO TIOJIS 32 MeXi Kaleto.

[TpoaHamnizoBaHO PO3MOALT HANPY)KEHOCTI €IEKTPUYHOTO MOJIS Ta PIBEHb HOTO MOCHICHHS O0IN3Y
neeKTiB, MO0 3HIKYE SICKTPUYHY MIIHICTD 130JIAIIi1 1 TiABUIIYE HMOBIPHICTD ii pyWHYBaHHS Ha TPaHUII 3
nedeKTaMu.
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BusiBiieHo, 1110 HasSBHICTH IOCIIIKEHUX ACPEKTIB B i30SIl CIpUYUHSIE 30UTBIICHHS EIeKTPUIHOTO
NOJISI B JIOKAIBHUX 30HAX iX PO3TaIlyBaHHS [0 2,5 pa3iB y MOPIBHSHHI 3 TIOJIEM B 13071111 Oe3 1edeKTiB.

Pesynbrati MOSICHIOIOTH CTapiHHS 3IIUTO-TIOJICTHIICHOBOI 130JIAIi1 CHJIOBMX KaOeIiB BHACHIIOK
PO3ISIHY THX JIEEKTiB 32 OJHI€T 3 MPUYXH — Aii eIEKTPUIHOTO ToJsl. BU3HaueHuit piBeHb 1 XapaKkTep 3MiHEHHS
EJIEKTPUIHOTO TIOJISI Y Pa3i KOHKPETHUX THUMOBHX JedekTax Hamae iHpopMariiro i IpaKTHIHUX PIillleHb 1010
[UKJIIB 00CITyrOBYBaHHs 200 3aMiH KaOeTIbHUX IUISTHOK 3 METOI0 YHUKHEHHS 300iB 1 3aiiBUX MPOCTOIB.

Pobomy euxonarno 3a memoro « Po3pobka ochos meopii i Memooie 00CHIONCeHHS GNIUBY HECUHYCOIOHUX HANPY2
i cmpymie ma SUHUKAIOYUX eJIeKMPOMePMOOUHAMIYHUX NPOYeci8 HA HAOIHICMb [ pecypc CYYacHUX KabenbHux aiHili

ejlekmponepedaui ma Ha eHepeoepeKmusHicmy  eneKmpomexHiuHux yYCmanoeox pezonancrnozo muny», KIIKBK
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ANALYSIS OF ELECTRIC FIELD IN CROSS-LINKED POLYETHYLENE INSULATED CABLES

WITH TYPICAL DEFECTS OF SEMICONDUCTING SHIELD

I.M. Kucheriava

Institute of Electrodynamics National Academy of Sciences of Ukraine,

Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine, e-mail: rB.irinan@gmail.com.

The study of electric field in the cross-linked polyethylene insulation of medium-voltage cable (10 kV) with typical
defects of semiconducting insulating layers is carried out by computer modeling. The defects are associated with the
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technological faults, operating conditions, electrical and environmental aging. The model is built as a quasi-
electrostatic approximation for the axial-symmetric representation of the cable. The volume defect with the loss of cable
sealing and with the destruction of the metal screen and part of main insulation, when the electric field spreads into the
surrounding medium, is also considered. The non-uniform distribution of the electric field in the insulation, the nature
of field variation and the level of field enhancement depending on the defects are analyzed. The results of the numerical
study ground the causes of polyethylene insulation aging as well as the risk of the considered defects for the dielectric
strength of the insulation and its reliable long-term operation. References 17, figures 3.

Key words: power cable, medium voltage, cross-linked polyethylene (XLPE) insulation, semiconducting shield, typical
defects, insulation ageing, electric field, computer modeling.
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QUASI-STATIC MODEL OF RESONANT POWER CONVERTER
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In this paper, a quasi-static model of the resonant power converter with inverter, LLC circuit, and diode rectifier is
obtained, which is a linear mathematical model derived from the analysis of quasi-steady-state processes of the
substitution circuit for constant values of input and output signals. The quasi-static model is determined on the basis of
the dynamic model of the resonant converter for infinite time, which made it possible to obtain analytical expressions of
static characteristics based on transient functions. As a result of calculations based on the quasi-static model, the
family of static characteristics of the resonant converter, which is replaced by the structure with equivalent voltage
generators and a passive part of the circuit, is obtained. The passive part contains the resonant circuit, the voltage
transformer, and some parasitic parameters of the transformer and other circuit elements. Equivalent voltage
generators replace the voltage inverter with the power source and the rectifier with the load. Thus, the switched power
circuit of the resonant converter is replaced by the non-switched circuit with voltage generators and the passive
multipole. The input values of the substitution circuit are the voltages of equivalent generators, and their currents are
the output values. Quasi-steady-state processes are represented as a set of stationary functions consisting of stationary
transient functions. Stationary functions are the sum of individual transient functions that repeat from period to period
of the operating frequency. To determine the transient functions according to the finite value theorem of the z-image, we
use the transfer functions obtained from the discrete dynamic model of the resonant converter. The algorithm for
switching power valves is taken into account when formulating the steady-state current formula of the output equivalent
generator, at the intervals of non-zero voltage of which the average load current is determined by integrating the
steady-state current. Comparison of the calculated static characteristics with the experimental characteristics
confirmed the correctness of the theoretical results. References 24, figures 6, table 1.

Keywords: resonant converter, quasi-static model, stationary function, transient function.

Introduction. The topic of calculating the parameters of quasi-steady-state modes [1, 2] and
determining the static characteristics of resonant power converters (RPCs) has already been widely
considered in [3, 4], since static characteristics provide the necessary information on the possible ranges of
input and output values of RPCs during long-term operation. The results of further research in this direction
made it possible to approach more general principles of creating the quasi-static model of the RPC. Since the
RPC is a pulse system of periodic action, the processes in it can be divided into conditionally constant and
oscillating components [5, 6]. This approach allows to perform the detailed analysis of electromagnetic
processes in the power part of the resonant pulse semiconductor converters [7], that leads to the possibility of
control adjustment to provide, for example, the desired sinusoidal output voltage with the close to zero total
harmonic distortion [8]. Conditionally constant components of processes can be constant while the RPC is
able to operate normally. For example, the inverter supply voltage can be constant when connected to an
ideal power source. The RPC output load voltage in case of the ideal filtering or in case of the load being the
ideal voltage source, can also be constant. In the dynamic modes, the conditionally constant components can
change during the operation of the RPC, for instance, the slowly changing output voltage during the inter-
commutation intervals [9]. Usually, the changing rate of the conditionally constant components is low
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compared to the changing rate of the oscillating components [10, 11]. Oscillating components, which include
voltages and currents of the oscillating circuit elements, high-frequency transformer, etc., cannot be constant
in RPC operating modes according to the principle of operation of the inverter, transformer, and rectifier [12,
13]. Therefore, as the quasi-static model of the RPC the authors consider the mathematical model that
describes processes when their conditionally constant components are really constant values, and oscillatory
components are stationary variable values, i.e., periodically repeated [10, 14, 15].

The aim of the study is to create a quasi-static model of the RPC, which will allow to calculate the
theoretical static characteristics and determine the changing ranges in the output values.

1. Problem statement. Compared to purely experimental approach to determining characteristics
(for example, multiple experiments with SIMULINK models or using an RPC sample), the use of a quasi-
static model allows to quickly determine the achievable limits of the RPC output values and dependencies
for different parameters of the power circuit. The object of modelling is the RPC with the circuit in Fig. 1, a,
containing: a voltage inverter (Inv); a resonant LLC-circuit with the high-frequency transformer (7V),
combined into the passive part (PP) on Fig. 1, b; a bridge rectifier (Rec); a filter capacitance (C,) with
connected active load (R,). The local control system (LCS) generates all the necessary signals for the inverter
operation using the signals of the circuit current sensor (¢s/) and the resonant capacitor voltage sensor (vs/)
[12, 13, 16]. The output power of the RPC is regulated by the intermediate signal U,., from the automatic
regulator (AR). The rectified current and load voltage are measured using the ¢s2 and vs2 sensors. In quasi-
steady-state operation, the supply voltage Uj, the regulator voltage U,.,, the load voltage U, and the operating
frequency @, are constant. The operating frequency of the RPC with automatic frequency control [14, 15]
and with auto-generation [23] in certain load ranges can also be considered constant. The structural diagram
in Fig. 1, b reflects the cause-and-effect relationships in the circuit in Fig. 1, a. The supply voltage U
determines the amplitude of the rectangular voltage u, at the output of the equivalent generator (EG1), which
simulates a voltage inverter. The load voltage U, determines the amplitude of the voltage u, at the output of
the equivalent generator (EG2), which simulates a rectifier. Both voltages u, and u, are input values of the
passive part. The output values of the passive part are the current at the output of the inverter i, and the
current at the input of the rectifier i,. If the load of the RPC is resistance Ry, then in the circuit in Fig. 1, b
there will be a feedback U,=1,(1;)'R,.

The following assumptions were made when constructing the quasi-static RPC model. Switching
processes are assumed to be instantaneous. The inverter and rectifier switches are perfect. The power supply
and load are replaced by voltage sources. The TV transformer is linear. The resonant elements L,, C, and
other passive elements (L, Ly, L1, Ly2) are included into the four-pole passive part in Fig. 1, b.

EGI .
<«—EGl—i< >1«—EG2—— 184 Uy iq
| Lo L, 1V Lo I, U, 0= :
| | v | ws2 EG2 PP -
bz.q): Rec| C. R, U B84y, i,
ot N T () —
, T}‘ c‘.s':r E [C E
" (AR - @[ Recf-
a b
Fig. 1

The input data for the quasi-static model of the RPC are: the circuit and parameters of the passive
part elements; the operating frequency @,; the amplitudes and shapes of the steady-state voltages of the
equivalent generators u, and u,. The output values are functions of steady-state currents input /;, and output
Iy, according to the input and output currents (i, and i) of the passive part of the RPC, and the average
rectified current /.

Thus, in order to build the quasi-static model of the RPC, the following tasks need to be solved:

e Determination of steady-state currents /;_y depending on the passive part structure and
parameters.

e Matching the phase shift of the voltages of equivalent generators.

e Creation of the formula for the steady-state current of the output equivalent generator, taking

into account the switching functions depending on the sequence of source combinations [4].

e Calculation of the average load current /, depending on the switching algorithm of the RPC
switches and the filtering method.
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2. Determination of the steady-state current. The steady-state current Iy(o +x;) of the k-th
equivalent generator of the RPC replacement circuit with N generators, similar to the circuit in Fig. 1, b, is
written as the sum of N components — the currents caused separately by each j-th equivalent generator

Isk (O-ixsk): [sk (Gi—f(xl"‘xN)): ‘:lle.skj(o-ixj)’ (1)

where: & is the index of the generator-current receiver; j is the index of the generator-current source;
o = 0...1 is the relative time within the period of the operating frequencys; x; is the relative displacement of the
current component in time, which is the distance between the beginning of the period of the conversion
frequency and the intersection of the current curve with the zero value. The relative displacements x; of each
j-th component of the steady-state current determine the total relative displacement of the steady-state
current xu=f(x;...xy). The voltage of the k-th equivalent oscillator ug(o) in Fig. 2, a (diagram /) with a
relative width »=0...0.5 in fractions of the period of the operating frequency 7=2-7/@, has a constant
amplitude U, frequency @, and zero phase shift. The voltage of the j-th equivalent generator u,/(o -x;) in Fig.
2, a (diagram 2) with amplitude U, frequency @, and phase 27x; causes a current through the k-th equivalent
generator
Lilo-x,)=U,(@,(0,5) - @ (0,7, +x,) - D, (5,0.5+x,) + D, (5,0.5+7, +x,)), )

where the four terms in the brackets on the right-hand side are stationary functions @y (o, x), corresponding
to the four step voltage components of the j-th equivalent generator u.( o -x;) (diagrams 2—4 in Fig. 2, a). The
voltage components can be considered as separate equivalent voltage generators connected in series to the
passive part input. At j =k, the current component will belong to the equivalent generator which voltage
caused this current.

Fig. 2 shows the process diagrams of the quasi-static model: a) voltage diagrams of the j-th
equivalent generator and its components; b) diagrams of the stationary transient function gy,(ot1-0) and the
stationary current function ®(o,0) for the j-th input and k-th output of the passive part (1); step voltage
function (2); pulse switching functions (3) and (4). Here y is the width of the voltage pulses of the j-th
equivalent generator; o, 0 are relative values in fractions of the operating period 7.

Fig. 2, b shows the diagrams of the stationary process that explain the definition of the stationary
function. The time points ¢,, ¢,+; with a constant period of the operating frequency T are fixed ones. The relative
offset parameter 6=0...1 can change with variations in the voltage phase of the equivalent generator.
Therefore, the time moments ¢,.,+5 7, t,+6 T, t,+1+0 T can be shifted left and right relatively to the reference
points within each period. According to the properties of stationary processes, the stationary function ®y(o; x)
in graph (1) of Fig. 2, b has the same values at points a1, a2, a3... and slightly smaller values at points b1, 52...

Uk - B t,+6T t, t+6T L Latod
M o0d L| IJ — r ;
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Y; o iy (c+1-96) o i 1-6
(1 D, (0.6)| B2
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7 — K 5 f,O
2) i 1(g-6 O
(2)  I(c-0) [ i
3) | p(o, 8 U7
4)  p(o, ) [
= > O
o=() =]
a b
Fig. 2

Diagram (1) of Fig. 2, b shows the diagrams of the stationary transient function gy ota) (points al-
cl) and the stationary function ®y(0,0), determined during the period of the operating frequency T for two
variables: the first 6= 0...1 is the voltage offset of the j-th equivalent generator ug(o-0)=1(o-0), shown in
diagram (2) of Fig. 2, a; the secondo=0...1 is the relative fraction of the period of the operating frequency T.
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The stationary transient function g.,(o) is the current of the k-th equivalent generator caused by
the unit voltage of the j-th equivalent generator and for a series resonant LC-circuit is determined on the
basis of expressions in the form [16, 22]

g(0)=K, e sin(w, - o), 3)
where K=ay/(0- @), 2=R/(2-Ly=an/(2-Qo)= @y In(4/As+1)/(2-7) is the oscillations damping factor; Ay, Ag+
are the amplitudes of neighbour oscillations; ay=1/N(L-C) is the resonance frequency, rad/s; = wy-V(1-
1/(4-Qy?)) is the frequency of free oscillations, rad/s; Qy=p/r is the Q-factor of the circuit; p =\/(L/C) is the
wave impedance of the circuit, Ohm.

The steady-state transient function, refers to the forced component of processes in the steady-state
mode, which for the RPC, as a pulse-actuated system, consists of identical periodic transients. Thus, the
steady-state transient function gy;(o) is the sum of identical transient functions g(¢), caused by a sequence of
identical voltage pulses. Based on this, the quasi-static RPC model is an extreme variant of the dynamic RPC
model for the constant input value and time, which tends to infinity. A single input voltage step of the
equivalent oscillator is considered to be an elementary unit pulse of the discrete dynamic RPC model (i.e., it
is replaced by the conditionally discrete 6-pulse). The image of the transient function Gy(z,m) will
correspond to the transfer function of the passive part for the input from the j-th equivalent generator and the
output from the k-th equivalent generator for the input value in the form of the sequence of voltage steps.
The original passive part transfer function (3) can be written for the discrete time as

gy(nT,c-8)=K,-e 7" sin(w,-T-(n+0-05)), (4)
then the discrete image (4) will have the form

cos(w,-m-T)-sin(w, -T)—
e_}“""'T(zz-sin(wl'm-T)+z-e_”-( (@ )-sin(@; -T) B

—sin(e, -m-T)-cos(w, - T)

ij(z,m)sz ’ 2T > (5)

A

22 -2-z-e T.cos(w,-T)+e

where m=o0—06. The stationary transition function can be determined by the theorem on the finite value of the
discrete z-image of the transition function (5)

24/ =) = lim{(z=1)/2)- G (z.m)-z/(z=D)}=
cos(w, -o-T)-sin(w, -T) —j

e *Tsin(w, -0 -T)+e T T
—sin(@, -o-T)-cos(w, - T)

=K,

1-2-¢*7 -cos(w, -T)+e 7 ’ (©)
where the multiplier z/(z-7) on the right-hand side of Gy(z,m) is a representation of the sequence of
conditional unit -pulses - voltage stages of the j-th equivalent generator. It should be noted that the passive
part transient functions for the power source side (g;11(0) 1 g512(0)) and for the energy consumer side (g1(0)
and g»(0)) may differ from each other.

The stationary function consists of sections of the stationary transient function of the passive part
(thickened line between points b1-a2 and a2-b2 in Fig. 2, b)

©,(0,6) = g,y (0 +1-8) p,(0.8) + g, (0~ ) p,(0.,6), (7)
where the stationary transition function gu(x) in the simple case corresponds to (6), or will have other
expressions for more complex contours [22]. Windowed switching functions pi(c, x) and p.(o; -0) in
diagrams (3) — (4) of Fig. 2, a represent the n-pulses determined over the period of the operating frequency
for two relative arguments: pi(g, 6) = 1(0)-1(c-9), px(0o, 0) = 1(c=)-1(c-1). The first window function
pi(o, o) is used to determine the fraction of the stationary function within the period of the operating
frequency to the voltage edge of the equivalent generator (points b1-a2). The second window function
p2(o, o) is similarly used after the voltage front (points a2-b2).

To determine the steady-state current of the k-th equivalent generator i o=xy), it is necessary to
determine the steady-state functions ®y(c,0) for each of the possible j in the form (7), i.e. for N equivalent
generators. Thus, the steady-state current expression will contain at least 2-N transient functions for N
equivalent generators of the RPC replacement circuit, taking into account at least one positive and one
negative voltage step of each equivalent generator.
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3. Matching the phase shift of the voltages of equivalent generators. Fig. 3 shows the diagrams of
the inverter voltage u, (diagram /) and the rectifier input voltage u; (diagram 2) with a mismatched phase, since
the stationary input current of the rectifier /, is not exactly opposite to the input voltage. The task of matching
the phases of the equivalent generators of the RPC replacement circuit is reduced to determining such a
variable offset v between the voltage pulses of the first and second equivalent generators (EG1 and EG2 in Fig.
1, b), when the processes in the RPC replacement circuit will be identical to those in the RPC power circuit in
Fig. 1, a. The voltage of the first equivalent generator u, is located at the initial position of the time diagram
with zero offset. The offset is counted from the beginning of the period of the operating frequency 7 to the edge
of the voltage pulse. The voltage and current of the second equivalent oscillator u, must be out of phase, similar
to the input voltage and current of the diode rectifier RPC operating at voltage U,. This is illustrated by the
diagrams of the matched input voltage u', and current /', of the diode rectifier in Fig. 3, from which it obviously
follows that the resulting phase shift of the steady-state current of the second equivalent generator 7, must be
equal to the variable shift of its voltage x,=v, u'y= u(o—v)=ug(o-v) (for &=2 in (1)).

i o h The input voltage of the RPC rectifier u'y(¢) is a function of
[_l 1 its current i,(o) and at small zero pauses 6—0 is defined as follows

(1) b:(U) ( P - 8
A — ) ,-,_‘ L uy(0) =U,sgnlip(@) oo u (@) =0 ()

> where iy is a relatively small reverse current of the rectifier diodes.

?) /A—| | AY However, the conductivity intervals of the rectifier diodes j in

L..7Z___J \7£_J modes close to the idle one can decrease to zero and the pause will

Aa appear when the input voltage is less than the output voltage of the

-V i I rectifier |uy|<U,. Therefore, in the future, it is advisable to

- c investigate the limits of the change in the RPC load at |u;|>U,, when

the presented quasi-static model of the RPC is valid.

Fig. 3 shows diagrams of the inverter voltage u, (1), input
current /,, and rectifier input voltage u, of the resonant converter at
the uncoordinated phase (2) and at the coordinated phase u’, and I', (3): here J;, 1 and y; are relative values
of the pause, pulse length of the inverter and rectifier, v is the variable offset. For the processes in Fig. 3, it
can be established that since the current /, is out of phase with the voltage u,, the RPC operates in the high-
frequency range of the operating frequency (@,>ay). At a point, the current [, was negative in its initial
position, and when the voltage of the second equivalent generator is shifted to the right by the value v
u's(0) = up(o—v), the current has shifted by some value x and at the same time becomes zero and shifted
relative to the beginning of the period also by the value v: I,(o— v). In this case, the partial derivative of the
steady-state current at the point where the voltage passes through zero (o = v) will be positive. RPC studies
have shown that in the low-frequency range of the operating frequency (@, < ay) the derivative of the steady-
state current at this point will be negative.

Therefore, the conditions for matching the voltage phase of the k-th equivalent generator for the
general case according to the above considerations can be expressed as follows

Fig. 3

. 0 0
Isk(v—xk)=0 with x; — v, alk(v—xk)<0 or alsk(v—xk)>0 9)

S

for the low operating frequency range or for the high operating frequency range, respectively. The desired
variable offset of the input voltage of the RPC rectifier relative to the initial value is determined from the
solution of equation (9) by numerical methods within certain limits of the variable v under the following
calculation conditions:

o v=0.1...0.6, 2 ] (V xk) < 0 in the low operating frequency range 0.5 <@, <a;
e 1=0..0.5, %]SB (v - xk) > ( in the high operating frequency range i<, <2 a.

Fig. 4, a and Fig. 4, b show the diagrams of relative shifts o(q, a)*g) between the initially in-phase
voltage pulses of the equivalent generators EG1 and EG2 of the replacement circuit in Fig. 1, b for the values
of the LC-circuit Q =2 and Q =7, where the labels on the graphs correspond to the experimental data,
graphs 1-7 correspond to the relative values of the output voltage: ¢=0.01; 0.05; 0.10; 0.25; 0.50; 0.65; 0.99

The arrays of values for the dependencies o(q, a)*g) were calculated and interpolated by numerical
methods for the relative values of the output voltage g=U,/U; and the operating frequency a)*g= @,/ . The
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matched offsets for the quasi-static model of the RPC are calculated for the low frequency range or for the
high operating frequency range respectively: v, =1-ocor v, =0.5—c.

0.65F N
().55\\ N

0.45;

0.35}

07 08 09 1.0 1.1 1.2 0.7 08 09 1.0 1.1 12w
a b
Fig. 4
4. Determination of the dependence of the steady-state rectifier current on the operating

frequency range. Let's write down the expressions of steady-state currents at the output of the inverter and
at the input of the rectifier for the RPC circuit in Fig. 1 according to (1) and (2) for the voltages of the
inverter and rectifier in the form of diagrams / and 2 in Fig. 2, a with k=1, j = 2, x= x,3. The steady-state
input current of the rectifier with the agreed phase for x,z=v will be as follows

ISB(O-_st): [sBl(o-_xBl)ilsBZ(G_xBZ _V)’ (10)
where the "+" and "—" signs correspond to the low and the high operating frequency ranges.

The expressions of the components of the steady-state input current of the rectifier are as follows:

— inverter component: (o—x1)=Us (®p1(0; 0)-Ps1(0; 71)-Psi(0; 0.5)+Pp1(0; 0.5+7)),

— rectifier component: Iz (o—x51—v)=U; (Ppa( 0, v)-Dpa( 0, 15+v)—Dpa( 0, 0.5+v)+Dp( 0, 0.5+)5+v-1)), where
xsp is the resulting offset in the rectifier current caused by the shift v of its voltage; v is the variation shift; x,,
and xy, are the initial offsets of the inverter and rectifier current components; U; and U, are the voltage
amplitudes of equivalent generators. The stationary functions @z (0,0) and @z (0,0) in the formulas above
are calculated by (7) for 0 = 0; y; 0.5; 0.5+ (inverter component) and for & = v; v+p; 0.5+v; 0.5+v+)—1
(rectifier component). A unit is also subtracted from the last offset if, when shifted to the right by v, this
voltage step goes beyond the current operating frequency period, which must be taken into account when
building calculation formulas in symbolic computing software applications.

5. Calculation of the average rectifier current. The average rectifier current /, passing through the
parallel-connected filter capacitance C, and load resistance R, in Fig. 1, a is closer to the steady-state load
current, the greater is the filtering time constant C,R,. In the quasi-static model, the average output current
can be determined by integrating the current at the non-zero voltage intervals of the k-th equivalent generator

V+}/k

1,=72 [I,(0-xy)do. (11)

where the signs "-" and "+" correspond to the low and the high operating frequency ranges. Multiplication
by 2 means a double current flow during the operating frequency period through the output equivalent
generator with the symmetrical rectangular voltage shown in Fig. 2, a. The average current of the RPC
rectifier is calculated over the conductivity intervals of the rectifier diodes. For a conditionally continuous
current, we can takey, = 0.5.

It should be noted that when the phase of the output equivalent generator is matched, it operates only
as an energy receiver. If the RPC rectifier consists of fully controlled switches with bilateral conductivity, for
example, CMOS transistors [21, 22], then the conductivity intervals of the rectifier switches and the
integration intervals in (11) may not depend on the input current of the rectifier and then the phase of the
output equivalent generator will be set by the transistors switching algorithm, depending on which the output
equivalent generator will be able to receive and deliver energy in interaction with the passive part of the RPC
replacement circuit.

6. Experimental verification of the quasi-static model. The quasi-static model of the RPC does
not take into account the nonlinearity of the power circuit and some parasitic parameters [23]. Comparison of
the calculation results obtained using the idealized quasi-static model with the experimental characteristics
obtained using a real RPC sample may contain a significant proportion of unaccounted-for factors, which
will interfere with the comparative analysis. Therefore, at this stage of the research, it was decided to use
simulation modelling, in which both the quasi-static mathematical model and the simulation model of the
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RPC can take into account the same assumptions and thus reduce the factors of differences caused by
different input data.

Table shows the diagrams of the stationary processes of the RPC in Fig. 1, a, obtained in different
ways. The left column of the diagrams is obtained as a result of calculations of the quasi-static model in the
MathCAD software application. The right column of the diagrams is obtained as a result of simulation
modelling with a SIMULINK model similar to the models [2, 20] for five values of the relative operating
frequency a)*g. Here the lines a, b, ¢, d, e correspond tow *g=0.80, 0.95, 1.00, 1.05, 1.25. In Table the
diagrams / and 2 are the voltages of the inverter u, and rectifier u;, 3 is the rectifier current /3, 4 is the
current component from the inverter /3, 5 is the current component from the rectifier /g,.

Theoretical calculation Model experiment The calculation of the

1.25 | 100[—— T F value;s was performed in

05013 2 3 2 : relative units for the supply

N = sl — of | voltage Uy = 1 V and the load
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P91 05 07 09e 00388 0039 00392 003947, c | Us= 100 Viand Uy=350V. The
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1997.38 Hz; 2377.8 Hz.
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cl -os0 N // in different ways, but they are

¥ visually identical. The

125,55 05 07 090 -100 5 0’39 5 0’392 5 0’394 7o difference between the results

' ' ' ’ of theoretical calculations and

125 1 modeling, reduced to an equal

=T! 2 1007 scale, did not exceed =+1.5%.

0.50 7,3 TN ] Comparisons were also made

d 0 z A o for other modes of RPC

-0-30 PN 100 operation, which also showed
L2502 05 0.7 050, 00386 0.0388 0039 ¢ good convergence. ,

Based on practical

125 : 100 experience, it can be assumed

050 poun P 2 that the si.mulation model of the

0 Ll B o o Sl of LA | ‘ RPC reliably reproduces its

el s = ! processes. Thus, the

L : — convergence of the results of

12553 05 0.7 090, 0.0387 0.0389 0.0391% ¢ theoretical  calculations and

simulation modeling results
indicates the adequacy of the quasi-static RPC model.

7. Results of calculating static characteristics. Fig. 5 and Fig. 6 show examples of the static
characteristics of the RPC with the circuit in Fig. 1, a and with the diode rectifier, which were calculated by
numerical methods using the quasi-static model for the structural replacement circuit in Fig. 1, » and for the
following input parameters: L=1 Hn, C=1F, Q0 =2, O =7, ay = 1 rad/s for relative load voltage ¢=0.5, 0.2,
0.1 in Fig. 5, a-b (control characteristics) and relative operating frequencya)*g= 1.01; 1.05; 1.10; 1.20; 2.00 in
Fig. 5, c-d (dependence of efficiency on the relative load voltage ¢g). The relative operating frequency was
taken to be in the range of a)*g= 1.0...2.0. The supply voltage is assumed to be constant U;= 100 V. The load
is represented by a constant voltage source that was set within U,=0...100 V.
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The load characteristics of the RPC in Fig. 6, a-b are nonlinear and sensitive to the circuit quality
factor. Here (see Fig. 6) are the load characteristics of the RPC for Q-factor values O=2 (graphs with indices a)
and Q=7 (graphs with indices b) and for relative operating frequencya)*g=1 .25,1.20, 1.10, 1.05, 1.01 (graphs 1,
2, 3, 4, 5); labels indicate experimental data. Within the calculations close to the resonant frequency, an
approximately proportional dependence of the maximum load currents on the circuit quality factor is observed.
This is consistent with the phenomenon of resonant increase in the amplitudes of oscillations in the RPC circuit.
Also, the higher the circuit quality factor, the greater the multiplicity of load current control.
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The dependences of the RPC efficiency on the
relative load voltage in Figs. 5, c-d (for Q-factors Q=2
and Q=7; graphs /-5 for a)*g = 1.01, 1.05, 1.10, 1.20,
2.00) demonstrate the limits of the achievable RPC
efficiency at different operating frequencies. When the
output current /,=const is stabilized, a set of points
corresponding to certain different values of the
operating frequency and load voltage form a constant-
current control trajectory i on the field of efficiency
dependencies (see Fig. 5, d). The resistive load
corresponds to the trajectory . For example, if you set
the range of control of the relative operating efficiency
in the RF range @,=1.01..2.0, then the control
trajectory i for a constant current /, =50 A between
points a and c or the control trajectory r for a constant

Fig. 6 resistance R, =2 Ohm between points b and ¢ in Fig. 5,
d for Q =7 will be used. The arrows show the direction
of the control trajectories offset with increasing current and load resistance.

The dependences of the relative load voltage on the load current of the RPC in Fig. 6 (indices of
graphs a and b for Q-factor Q =2 and Q = 7; graphs /-5 for a)*g=1.25, 1.20, 1.10, 1.05, 1.01) approach linear
when the operating frequency approaches the resonant frequency. This indicates a change in the nature of the
passive part output impedance from reactive to active and is consistent with changes in the output voltage of
the resistive load during frequency control. The cross-shaped labels correspond to the experimental data at
a)*g=1.25, the square labels — at a)*g=1.10, the round labels — at a)*g=1.05. The experiments were carried out
with the SIMULINK model of the RPC with the diode rectifier [2], which takes into account the voltage drop
across the diodes of the rectifier of 0.75 V and diode leakage currents of 1 mA/V. The data for static
characteristics were determined as the average current values in the sections of the time diagrams where the
transients were considered to be completed. The experimental points in Fig. 6 are mostly located below the
corresponding theoretical characteristics. This occurs due to the voltage drop of two diodes of the bridge
rectifier, which was not taken into account by the theoretical quasi-static model. The location of the
experimental points on the graphs demonstrates that the experimental data correspond to close to theoretical
regularities. Therefore, this also confirms the adequacy of the quasi-static model of the RPC.

Conclusions. As a result of this study, an idealized quasi-static model of the resonant power
converter was created, which allows to calculate the static characteristics. The worth of the theoretical
characteristics lies in demonstrating the maximum capabilities of the resonant converter power circuit with
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possible improvements in the parameters of the power circuit components and with appropriate transistors
switching algorithms.

In the quasi-static model, it is possible to consider indirectly the nonlinear characteristics of power
components by the experimental and analytical method. In this case, the transient functions g(s) of the
passive part of the circuit are determined by the identification procedures [20, 24] from the experimental
transient characteristics at different amplitudes of step impacts. Thus, the created quasi-static model during
the transient functions gj(s) correction in accordance with the available passive part can be used to calculate
the characteristics of converters similar in principle of operation.

The work was performed within the framework of the state budget research: "Development of energy-efficient
means of generating and converting electricity for small ship demagnetization systems"
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KBA3ICTATUYHA MOJEJIb PE3BOHAHCHOI'O IEPETBOPIOBAYA EJEKTPOEHEPI 1T

I'.B. I1aBJaoB, 10KT. TexH. HayK, A.B. O0py060B, 10KT. TexH. HayK, .JI. BIHHU4YeHKo, KaH]I. TEXH. HAYK,
A.O. MaxHoB

HaunionansHuii yHiBepcuTeT KopadedyayBanHs iMeni agmipana Makaposa,

np. I'epoiB Ykpainu, 9, Mukoaais, 54007, Ykpaina.
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Pospobneno keasicmamuuny mooenb pe30HAHCHO20 Nepemeoplosaya enekmpoenepeii 3 osoxmaxmuum ineepmopom, LLC-
KOHMYPOM i Oi0OHUM BURDAMIAYEM, KA NPeOCMABIAE cODO0IO NIHILHY MAMEMAMUYHY MOOeNb, OMPUMAHY HA OCHO8I aHANI3Y
K6asicmanux npoyecie cxemu 3amijeHHs Oisi NOCMIUHUX 3HAYEHb 6XIOHUX | 6uxionux eenuuud. Keazicmamuuna mooens
BU3HAUEHA HA OCHOBI OUHAMIUHOT MOOeNT Pe30HAHCHO20 NEPemBopPI8ata 0isl HECKIHUEHHO20 YacCy, Wo OA0 3MO2Y 00epICAmu
AHANIMUYKT  BUPA3U  CIAMUYHUX XAPAKMEPUCMUK HA OCHOGI nepexionux @yukyit. B pesynomami po3paxynxie 3a
K6Aa3iCmamuyHol0 MOO0eNI0 MAEMO CIMeUcmea CMmamuyHux Xapakmepucmux pe3oHAHCHO20 Nepemeopsaid, AKull
3amMiyemvcs CMpYKmMypoio 3 eKGi6aNeHmMHUMU 2eHepamopamu Hanpyau i nacuenoio yacmunoio cxemu. Ilacusna wacmuna
MiCmums pe30HaHCHULL KOHMYp, mpauncopmamop nanpyeu i 0esxi napasumui napamempu mpancgopmamopa ma iHuux
enemenmie cxemu. Exgieanenmui eenepamopu Hanpyau 3aMiugyioms iHepmop Hanpyau 3 0M4Cepenom HCUGNEHHs | GUNPAMIAY 3
HABAHMAXHCEHHAM. Takum YUHOM, KOMYMOBAHA CUNI08A CXeMA PE30OHAHCHO20 Nepemsoplo8aia 3amilyyEmuvcs HeKOMYMoB8aHoIo
CXeMOI0 3 2eHepamopamy Hanpyau i nacusHuM 6a2amonomoCHUKOM. BXiOHumu eeruuumnamu cxemu 3amiujeHHs € Hanpyau
eKBIBANICHMHUX 2eHepamopis, a ixHi cmpymu — euxioHumu geruuunamu. Keasicmani npoyecu npedcmasieno sik CyKynHicmo
CMAayioOHApHUX QYHKYIU, Wo CKIaoaomscs 3i cmayioHapHux nepexionux @yuxyii. CmayionapHi yHKyii € cymorn oxpemux
nepexionux QyHKyitl, sIKi ROBMOPIIOMbCA i3 nepiody 6 nepiod pobouoi yacmomu. 3a0s usHaUeHHs nepexionux QyHKyil 3a
meopemoro npo Kinyege 3HAUEHHs Z-300PadiCeHHs. GUKOPUCMAHO nepedammui @QYHKYIi, ompumani i3 OUCKpemHoi OUHAMIYHOT
MOoOeni pe30HAHCHO20 NePemaopr8aid. Aneopumm KomMymayii cuno8ux 6eHmMuUII8 6pAx08YEMbCsl Ni0 4ac CKAAOAHHA Popmyau
CMAayionapHo2o cmpymy 6UXiOHO20 eK8I8ANEHMHO20 2eHepamopy, Ha NPOMIJICKAX HEHYIb0BOI Hanpyau K020 3a 00NOMO20I0
iHmezpy8anHs CMAyioHAPHO2O CMPYMY GUBHAYAEMbCA CepeOnill cmpym Hasawmadicenns. IlopieHusanHa po3paxoeanux
CMAaMUYHUX XApaKmepucmuk 3 eKCnepuMeHmanibHumMu niomeepouno npasuibHicms meopemuunux pesynomamie. bion. 24,
puc. 6, Tabm. 1.

Kniouogi cnoea: pesoHaHCHUI epeTBOPIOBAY, KBa3icTaTuuHa MOJIeNb, CTallioHapHa (YHKIIIS, nepexiaHa GyHKiis.
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The paper analyzes transient and steady-state processes under the condition of pulse-width regulation of modes in the
power supply system of an electric transport device (ETD) containing a battery and parallel-connected supercapaci-
tors. Numerical experiments were carried out on a mathematical model of the electrical equivalent circuit of such a
power supply system using the Matlab Simulink application software package. The dependences of the current values in
the electrical circuits of the battery, supercapacitors and load on the frequency of pulse currents, their relative pulse
duration, as well as the parameters of the battery and supercapacitors were determined. It has been established that the
use of supercapacitors, which have a much lower internal resistance compared to the internal resistance of the battery,
makes it possible to significantly reduce pulse currents in the electrical circuit of the battery of an ETD due to the op-
eration of the integrated power system, in which the currents in the electrical discharge circuit of the supercapacitors
will be much greater than the currents in the battery circuit. References 12, figures 6, tables 3.

Key words: supercapacitor, battery, internal resistance, integrated power system.

Introduction. At present, companies from Ukraine, USA, Japan, and EU countries have signifi-
cantly improved the electrical energy characteristics of capacitive energy storage devices called supercapaci-
tors (ultracapacitors, ionistors, and double-layer electrochemical capacitors). This improvement has caused a
new round in the development of research aimed at the practical use of supercapacitors (SCs) in autonomous
power supplies of electronic and computing devices, pulse technology and traction electric drives [1-3].
Supercapacitors, which surpass widely used electrolytic capacitors in specific energy and weight-
dimensional parameters, can be used in parallel connection to the battery (B) of electric transport device [4—
6] in order to for the implementation of short-term forced modes (i.e. high-power modes).

Connecting SCs in parallel with B virtually eliminates or significantly reduces pulse currents in the
battery electric circuit during short-term acceleration of electric vehicles, their uphill movement and other
short-term forced modes, which significantly increases the energy efficiency and service life of ETDs batter-
ies [7-9]. The electrical equivalent circuit of the electric vehicle power supply system with this type of
movement can be considered as a circuit, one of the parameters of which (load resistance) is characterized by
a random variable. Consequently, all electrical characteristics of the circuit that depend on this parameter
also become stochastic. The analysis of the probabilistic properties of electrical characteristics in circuits
containing stochastic load was carried out in [10]. At the same time, in [11] it was shown that the declared
advantages of supercapacitors in power supply systems of autonomous electric vehicles are not always real-
ized. The experimental power supply modes of R-L load, represented by series-connected active resistance
Ripsa = 0.1 Ohm and inductance L., = 5-2000 puH, are described in [11]. It has been shown that currents with
a frequency of 1-10 kHz and relative pulse duration of 1.75 — 4 in the battery circuit remain much larger than
currents in the circuit of SCs even with their capacitance up to 60 F.

It is known that the energy characteristics of sources of constant electromotive force (voltage
sources) and the ratio of currents in the circuits of parallel-connected B and SCs depend significantly on the
value of their internal resistances. Therefore, it became advisable to conduct additional studies of currents in
electrical circuits of B, SC and load in steady-state and transient modes of power supply of load, taking into
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account the mentioned internal resistances. Modes of increased power consumption in load, simulating the
acceleration of experimental ETUs (i.e. forced modes), in particular when they move uphill, are especially
interesting. It was also important to study the dependence of the electrical and energy modes of the power
supply system on the value of the SCs capacitance, as well as frequency and relative pulse duration of the
current pulses in the load.

Such experiments, which involve wide-range changes in many parameters of the power supply sys-
tem and studies of its critical modes, should be carried out using numerical modeling methods. Currently, the
Matlab Simulink application software package is widely used to develop mathematical models of power
supply systems of this type.

Therefore, the aim of the work was to develop a Matlab Simulink-model and analyze transient and
steady-state processes under the condition of pulse-width regulation of the modes of experimental ETD
power supply from B and SCs connected in parallel. To achieve this aim, it was necessary to study the de-
pendence of the current values in the electrical circuits of the B, SCs and load on the frequency of pulse cur-
rents, their relative pulse duration, as well as the electrical parameters of the B and SCs.

Discussion of the obtained results. Fig. 1 shows the electrical equivalent circuit of the power sup-
ply system that was used in the numerical experiments. This equivalent circuit differs from the circuit studied
K in [11] only by the introduced resistances Rz and R,

o—eo— 8 — which correspond to the resistances of the battery
(which is represented in the circuit by the constant volt-
+ age source B) and SCs (which are represented in the
— circuit by the equivalent capacitance C). When model-
]R,oad ing and analyzing transient processes in the equivalent
circuit in Fig. 1, the parameters of its elements corre-
Lipaa sponded to the average parameters of standard batteries
used in cars and the parameters of supercapacitors from
Fig.1 Yunasko (Ukraine), Maxwell Technologies (USA), and
NEC Tocin (Japan). The load parameters are selected
for an experimental low-power electric vehicle. When using this model to obtain and analyze the results of
transient processes in such a combined power supply system, it is necessary to take into account that the
parameters of the circuit elements must be in the ranges of correctly selected values (i.e. within the limits of
application of this model). The internal resistances of the battery and supercapacitors are especially
important to consider. To realize the advantages of such a system, it is necessary that these resistances differ
by an order of magnitude or more. If the ratio of internal resistances of the battery and supercapacitors de-
creases, such a combined system will lose its advantages. Thus, in the equivalent circuit of the combined
power supply system in [11], the internal resistances of the battery and supercapacitors were not taken into
account (they were assumed to be equal to zero), which did not correspond to the described experimental
studies conducted by the authors. In the experiment, the supercapacitors were connected in such a way that
their combined internal resistance significantly exceeded the internal resistance of the battery, which led to
the loss of the advantage of such a combined system and, as a consequence, to the incorrect conclusion about
the inefficiency of parallel connection of SC to B in ETD power systems.

Fig. 2 shows the developed Simulink Matlab-model corresponding to the electrical equivalent circuit of

the ETD power supply system shown in Fig. 1.

Rg Rc

It was assumed that when the R-L load
was disconnected, the battery voltage was
E=14V and its internal resistance
Rp=0.02 Ohm. The capacitance C was 60—
400 F, and internal resistance
R-=10.002 Ohm = const. It was assumed that C
was always charged to a voltage of
Uco = E = 14 V before connecting the R-L load.
The active load resistance R;,,; was considered
equal to 0.1 Ohm, and the load inductance L;yy
— equal to 100 puF. Switch K was a fully con-
trolled switch that carried out pulse-width regu-
lation of the output current of the power supply

20 ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 5



system, switching with a frequency f'in the range from 0.4 kHz to 10 kHz, and relative pulse duration s in the
range from 4/3 to 4. When the switch K is broken, the supercapacitor is charged by the battery, and when the
K is closed, the supercapacitors and battery are discharged to the R-L load. It should be noted that at the mo-
ment of breaking the K, the current in the inductance /;, according to the switching law, does not change
instantly, but flows in the same direction in the electrical circuit L4V D-R)o0a, dissipating the energy accu-
mulated in the inductance (W;=0.5L,.4l, Lz) in the active resistance R;,qq.

Let us note that at C = 60—400 F, the voltage on C changes insignificantly during the one load con-
nection, therefore the subsequent charging of C from battery is carried out with an initial positive voltage on
C, which differs insignificantly from the voltage on the battery terminal. Under such conditions, the losses of
electrical energy in the active resistances of the charging circuit of the capacitor C are insignificant and the
efficiency is close to 100%. [12].

When an ETD starts moving, accelerates, or moves uphill, the power of its engine (that is, the current
in the load) briefly increases several times compared to the steady-state driving mode at a constant speed.
The highest current in the load (in the electric vehicle's motor) is usually needed during the first few seconds
when the ETD starts moving. According to the authors of [7-9], it is these short-term high-amplitude current
pulses that reduce the battery’s service life and determine the need to connect supercapacitors. Therefore, in
this paper, the analysis of the indicated modes was carried out first.

Fig. 3 represents the calculated oscillograms of the currents in the electrical circuits of the battery
1p(t), supercapacitor Isc(2) and R-L load /,,.4(2), as well as the voltage Usc(?) at the terminals of the superca-
pacitor when it is connected at the moment simulating the start of the ETD’s movement. In this case, switch
K created current pulses with a frequency f= 1 kHz and relative pulse duration s = 2.
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The active load resistance Ry, increased abruptly by 4 times after Az =3 s, simulating a decrease in
the acceleration of the ETD. As can be seen from Fig. 3, the current in the battery circuit was several times
less than the current in the supercapacitor circuit in the time range from 0 to 3 s. The greatest differences
between the currents were observed at # < 0.5 s, that is, immediately after connecting the load simulating the
start of the ETD’s movement. It should be noted that the current in the battery circuit increased smoothly,
starting from almost zero values, and not abruptly, as in the case without a supercapacitor.

When the load resistance increases abruptly by 4 times (¢ = 3 s), the current in the SC's electrical cir-
cuit decreases, and the voltage at its terminals increases (SC charges). As SC charges, the current in B's cir-
cuit begins to decrease.

Thus, it can be concluded that if the internal resistance of SC is an order of magnitude less than the
internal resistance of B, then connecting SC to B virtually eliminates the abrupt increase in currents in the
B's circuit when the ETD starts, accelerates, and moves uphill. In all the listed cases of increasing engine
power, the current in the battery's electrical circuit will increase smoothly, starting from values close to zero.

Connecting a supercapacitor with low internal resistance to the battery also reduces the magnitude of
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pulse currents in the battery's circuit under conditions of constant power consumption of electricity in the
load, that is, when the ETD moves at a constant speed (time range 0.5 < ¢ <3 s in Fig. 3).

The influence of the switching frequency of the semiconductor switch K, the relative pulse duration
of the pulse currents and the capacitance of the SC on the currents in the circuits of the power supply system
of the ETD was also studied.

Table 1 presents the results of the numerical calculation of the dependencies of the highest values of
currents in the electrical circuits of the B and SC, as well as the ranges of change of the load current and the
average power (characterizing the electrical energy consumption in the load during one period) at different
switching frequencies of the switch K and capacitances of SC, but with a constant the relative pulse duration
of pulse currents in the switch K (s = 2).

Fig. 4 shows the dependence of the load power on the switching frequency of the switch K for dif-
ferent values of the supercapacitor capacitance.

Table 1 P, W
e 490
N < 480 3
= g 5 v (=400 F
B x < | < | ¢| 1 470
ElZ | = g 8| S| & | B
5| | © S 5 QO 460
& ~ 2 g g
] Q
& ~ 3 450
=
440 L cmemeemmmeon
; C=100 F I 4
1 ]04] 60 426 | 62 | 0.69 |[24;105] | 463.7 430 [
2 |1 60 37 45 0.82 |[47,83] | 424.7 20 60 F
3 110 | 60 32 35 | 091 |[63;67] | 423.5 0 2 4 6 8 10
4104100 | 42 |62 | 067 |[24;104] | 4633 Fig. 4 S, kHz
511 100 |37 |45 | 082 |[46;82] | 426.8 As can be seen in Fig. 4, when the relative pulse
duration s =2, an increase in the switching frequency
6 | 10 | 100 | 35 |31 | 1.12 |[63;66] | 425.0 | causes a decrease in the load power, and the greater the
] frequency, the less significant this decrease becomes. At
7041400 139 |66 | 0.59 J[25105] | 4788 a frequency f >1 kHz, such a decrease in load power
8 |1 |400 |35 |48 |0.73 |[48;83] | 439.3| practically disappears.
An increase in the frequency f causes a narrowing
9 | 10 | 400 | 32 |35 | 091 |[63;67] | 435.0| of the range of current change in the load (see Table 1),

but this current does not change direction in the
inductance L,,,; and its average value changes insignificantly.

Table 2 presents the results of calculating the highest values of currents in the battery and superca-
pacitor, changes in the average load power and ranges of load current depending on the relative pulse dura-
tion s, when the supercapacitor capacitance C = 100 F and the current switching frequency f'was equal to 0.4,
1 and 10 kHz.

Fig. 5 shows the dependences of the ratio of the maximum values of pulse currents in the battery and
supercapacitor on the relative pulse duration of the currents at different switching frequencies.

From Fig. 5 and Table 2 it is evident that by changing the relative pulse duration of the pulse cur-
rents in the electrical circuit of the switch, it is possible to significantly change the ratio between the currents
in the circuits of the battery and supercapacitor, as well as regulate the power consumption of electricity in
the load.

At low relative pulse duration of pulse currents in the switch K circuit, the currents in the B circuit
are approximately 2 times higher than the currents in the SC circuit. With increasing relative pulse duration,
the currents in the SC circuit begin to exceed the currents in the B circuit, since the SC charging time in-
creases and its discharge time decreases, which increases the voltage on the SC. This causes a decrease in the
voltage difference between B and SC and the SC charge currents from B. In this case, the power consump-
tion of electricity in the load also decreases.
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due to the increase in power consumed from B.

Table 3 shows the calculations of various parameters of a combined power supply system for ETD's
engines, consisting of B and SC connected in parallel (as shown in Fig. 1), at different switching frequencies
of the switch K, capacitances SC and constant relative pulse duration s = 2.

IB max/ISC maxs> T.U.
35

3,0 N

2,5 N
2,0
1,5
1,0
0,5

0,0
1,0 1,5 20 25 30 35 40 45

Fig. S

With a decrease in the relative pulse duration of the
pulse currents, the duration of SC discharge increases, and the
duration of its charge and consequently the SC voltage de-
crease, while the currents of its charge from the B increase.
The power consumption in the load will increase, but mainly
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Fig. 6, a and 6, b show the calculated
oscillograms of L;(?), Isc(t), Lioaa(?) and Usc(t) —
currents in the electrical circuits of the B, SC
and R-L loads, as well as the voltage at the ter-
minals of the supercapacitor for two values of

its capacitance: C = 60 and 600 F.

The obtained results (Table 3) show

I_Lead, A
T
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that increasing the SC capacity by almost 7 times slightly increases the power of electrical energy transmit-
ted to the load (the power increases by only 3%). However, as can be seen in Fig. 6 @, b, with an increase in
the SC capacity, the duration of the forced (pulse) mode in the load increases by an order of magnitude due to
the increased SC currents compared to the battery currents.

The obtained results show the feasibility of further in-depth studies of the use of SCs to reduce the
weight and dimensions of the battery of ETD and hybrid electric vehicles. Since starting the engine of a mod-
ern mid-range car requires 4—7 kW of power for several seconds, and SCs are much lighter in weight than cur-
rently used Bs, the most optimal power source for electric vehicles may be a hybrid system consisting of a
smaller-capacity B and additional lightweight SCs. It should be noted that the cost of SCs, although decreasing
every year, exceeds the cost of Bs, but in terms of the number of charge-discharge cycles, SCs exceed Bs by 2—
3 orders of magnitude. SCs have also higher resistance to extreme temperatures and loads as well as they have
much higher power density (the ability to quickly release and store energy). In turn, batteries have a high en-
ergy density (the ability to store more energy per unit volume or mass). The main thing is that, unlike batteries,
supercapacitors are a source of powerful, albeit short-term, energy pulses. Accordingly, SCs are used where
high power is required for a short period of time. Batteries are a source of constant power, limited only by the
discharge current. That is why the use of hybrid power sources (B+SC) is reasonable and promising.

Conclusions. 1. The conducted studies of the modes of a hybrid power supply system for an ETD
from a battery and supercapacitors (connected in parallel to the battery) with an order of magnitude lower
total internal resistance showed additional advantages of such a system. First of all, the advantages are mani-
fested during periodic implementation of a short-term increase in the power of the ETD (in particular, when
starting to move, climbing uphill and other forced modes). In this case, the energy transferred to the ETD's
engine is taken mainly from the supercapacitors (since the currents in the supercapacitor discharge circuit
significantly exceed the currents in the battery circuit).

2. Regulation of the ETD engine power modes can be achieved by changing the frequency and rela-
tive pulse duration of forced switching of the pulse current in the engine. It should be noted that increasing
the capacity of supercapacitors has little effect on the power of energy transfer to the load during the time of the
processes considered (with an increase in capacity by almost 7 times, the power increases by only 3%). At the
same time, such an increase in capacity significantly (by an order of magnitude) increases the duration of the
forced (pulse) load mode due to increased supercapacitor currents compared to battery currents.

3. The results of the study of such hybrid power supply system for the electric vehicles show the feasi-
bility of further in-depth research in this direction. The hybrid systems can be an optimal power sources for
ETD and electric vehicles, since supercapacitors are a source of powerful short-term, pulses of energy, and
batteries are a source of constant power, limited only by the discharge current.
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Y pobomi npoananizosano nepexioni ma ycmaneni npoyecu 3a WUpomHo-iMnyIbCHO20 PE2Y08ANHS PENCUMIE CUCTe-
MU eeKMPOANCUBTICHHS eJIeKMPOMOOIIA 8i0 aKymyramopHoi bamapei ma nioKuoueHux 00 Hei CynepKoHOeHcamopis.
Ilpogedeno yucenvbHi excnepumMeHmuy Ha MAmMeMamudrii Mooeii 3aCMYnHOI eleKMpPUYHOL cxemu maxoi cucmemu Hcus-
JIeHHs 3 BUKOPUCMAHHAM NaKema npukiadnux npoepam Matlab Simulink. Ompumano 3anexchocmi éenuyun cmpymis 6
€NIeKMPUYHUX JAHYIO2AX AKYMYIAMOPHOI bamapei, cynepKoHOencamopie ma Ha8aHmMadiCents 6i0 4acmomu IMnyIbCHUX
CmpyMmis, ixHboi npoeansHocmi (8ionowenHs nepiody NOSMOPEHHs. IMNYIbLCY 00 1020 MPUBANOCMI), NAPAMEMPI6 aKymy-
nsAmopHoi bamapei ma cynepkonoencamopis. Bcmanoeneno, wo UKopucmanhs cynepKkoHOeHcamopié 3 Maium GHym-
PIWHIM ONOPOM 0a€ MOJICTUBICIG IMEHWUMU IMNYIbCHI CIMPYMU 6 €IeKMPUUHOMY JAHYI03] aKyMYIAmopHoi bamapei
eneKmpoMOOiNA 3a PAXYHOK 6CIAHOGICHHS PeHCUMIE pOOOMU KOMNIEKCHOT CUCeMU JHCUBNEHHSA, 34 AKUX CMPYMU 6
eNeKMPUYHOMY AAHYIO3I PO3PAAY CYNepKoHOeHcamopa 6y0ymy Habazamo OibuumMu 3a CmpymMu 8 1aHYI03i aKyMyasamo-
pHoi bamapei. bion. 12, puc. 6, Tadi. 3.

Knrwowuoei cnosa: cynepkoHaeHcaTop, akKyMyJIsiTOpHa Oartapesi, BHyTPILIHIA OIip, KOMIUIEKCHA CHCTEMa €JIEKTPOXKUB-
JICHHSL.
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HNOPIBHSUIBHAMN AHAJII3 IMHAMIUYHUX XAPAKTEPUCTHUK SI-MOSFET,
SIC-MOSFET TA SI-IGBT TPAH3UCTOPIB
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Pobomy npucesueno npakmuuHOMYy BUSHAYEHHIO MA NOPIGHAHHIO OUHAMIYHUX XAPAKMEPUCMUK KpemHiesoeo (Si)
MOSFET, xap6io xpemnicgoeo (SiC) MOSFET ma kpemuiceoco IGBT y paszi pobomu Ha axmugHo-iHOyKmMugHe
HABAHMANCEHHS, WO € AKMYATbHUM OJi eNeKMPOnpUBooie ma cmamuidHux nepemeoprogayis napamempis enekmpuyHoi
eHepeii. Pozenanymo OcHO6HI nepegazu ma npobiemu, Wo SUHUKAIOMb Ni0 YAC 3ACMOCYBAHHA BUCOKOUBUOKICHUX
katouis. Hagedeno memoouxy mecmy noosiunum imnyascom (Double-Pulse Test, DPT), wo € nowupenum memooom 0s
EeKCNepUMEeHmManbHo20 usHaveHHss ounamiunux xapakmepucmux MOSFET ma IGBT. Pospobaeno ma 6u2omoeénero
EKCNEPUMEHMANbHY YCMAHOBKY, 3 BUKOPUCMAHHAM SKOI 3 OOHAKOBOI Hanpyeu ma OJisi Pi3HUX cmpymie Komymayii
NPOBEOEHO MECMYBAHHs NPOYeci6 NepeKIioHanHs mpanucmopie. B pezymbmami ananizy nposedenux mecmis
nokasauo, wo 3a inwux pisHux ymos SiC-MOSFET 3abe3neuye naiivenwii smpamu Ha nepeMuKkants, uwjo pooums yei
Mmun mpaH3ucmopie Habiibwl NPUOAMHUM O GUKOPUCIAHHA Y 3ACMOCYBAHHAX 3 GUCOKOIO YACMOMOIO WUPOMHO-
imnynocnoi mooynayii. Ilokasano, wo SiC-MOSFET nomenyitino modice 3abe3neuumu 3MEHUIEHHS MepPmMEo20 Ydcy
nepemeopiosaua y nopieusanni 3 Si-IGBT, wo oae morcnugicms nOKpawumu OUHAMIYHI 81ACIUBOCIT ABMOHOMHUX
iHeepmopie Hanpyeu ma cnpocmumu abo HOBHICMIO BIOMOBUMUCSA 6I0 3ACMOCYBAHHA AN2OPUMMIE KOMNEHCayil
Mepmeoeo uacy. Pesynrbmamu uxoHaHux 00cCniOdceHb MOX’Cymb OYMu GUKOPUCMAHI NIO 4aAC PO3POOKU CUTOBUX
HanisnpoeioHUKOBUX Nepemaoplo8ayis eleKmponpueodie pisHux munie abo cmamuyHux nepemeoploeayis napamempis
enrekmpuunoi enepeii. bion. 27, puc. 13, Tabm. 3.

Knwuosi cnosa: HaMIBOPOBIIHUKK 3 MIMPOKOIO 3a00pOHEHOI0 30HOIO, TECT IMOABIMHMM IMITyJBCOM, CHJIOBA
enextponika, Si-MOSFET, SiC-MOSFET, Si-IGBT, BrpaT Ha nepeMuKaHHs, €J1eKTPOIPHUBOI, BucokouactotHa LITIM.

Beryn. CtpiMkuii po3BUTOK HaMiBIPOBITHUKOBOI IEPETBOPIOBAILHOI TEXHIKH, SIKMH BiIOYBa€THCS B
Halll Yac 3 METOI0 MiJBHUILICHHA I €HEPreTHYHUX Ta 3MEHIICHHS Macora0apUTHUX IOKA3HHUKIB, HEPO3PHUBHO
NOB'SI3aHUI 3 TOCTIHHUM BJOCKOHAJICHHSIM €JEeMEHTHOI 0a3H, a camMe CHJIOBUX HaIiBIPOBIIHUKOBUX
NpUIIALiB, sSIKi € OCHOBOIO OYyAb-5KOI TOMOJOTII cydacHOro meperBopioBada. CbOTOIHI BEIUKI iHBECTHLII Ta
JOCHIJHULIBKI 3yCHJUIS CIPSIMOBaHI Ha PO3POOKY HOBUX Ta IMOKPAILEHHA iCHYIOUMX CTPYKTYP CHJIOBHUX
MIPUCTPOIB Ha OCHOBI HAIIBIIPOBIAHUKIB 3 MHPOKOIO 3abopoHeHoro 30H010 (Wide-Bandgap, WBG) takux, sk
kap0Oin kpemHito (SiC) Ta Hitpua ramito (GaN). Enexktpuyni Ta ¢izuuni Bnactuocti SiC Ta GaN poOiars ix
MEPCIIEKTUBHUMHU MaTepialaMid Ul 3aMiHW TPaTUIlifHOrO KpEMHII0 IIiJ] Yac BHUTOTOBJICHHS HAIIiB-
IPOBIIHUKOBUX KJIIOYIB, IO 3[JaTHI IPALIOBATH 3a BUCOKHMX HANpyrax, CTpyMax Ta 4acTOTax IMIMPOTHO-
IMITYJICHOT MOJTYJISIII.

[puctpoi Ha ocHoBi WBG-HamiBOpoBiIHUKIB B EPCIIEKTHBI MOKYTh MOBHICTIO 3aMiHUTH KPEMHI€B1
(Si) IGBT ta MOSFET y BHCOKOAMHAMIYHHX NMPHUBOAAX CYyYaCHHX BEPCTATIiB, TATOBUX EIIEKTPOIPHBOJAX,
NpPUBOJIAX EJCKTPUYHHUX JITAIbHUX amapaTriB, a TaKOX B CTaTWUYHUX IIEPETBOPIOBAYaX IapameTpiB
€JIEKTPUYHOI EHeprii pi3HOr0 TEXHOJOTIYHOrO TpU3HAueHHA. Y TOPIBHSAHHI 3 KPEMHI€EBUMH HAaIliB-
npoBigHuKkaMu WBG mpuctpoi MaroTh Ha IeKiJIbKa MOPSIIKIB BUIIII IIBUIKOCTI MIEPEMHUKAHHS, 110 POOUTH X
MPUIATHAMH JJI1 poOOTH 32 BHCOKOi 9aCcTOTH IIMPOTHO-IMITYIbCHOI Momxyssmii (ILIIM), mo B cBoio depry
NPU3BOJUTH J0 3MEHIICHHS rabapuTiB MOTOYHHMX BHUPOOIB, 8 TAaKOX A0 30UTBIIEHHS MUTOMOI MOTY>KHOCTI
HaMIBIIPOBITHIKOBHX ITIEPETBOPIOBAYIB.

WBG wMarepianm MaroTh MUpHHY 3a00poHeHOi 30HHM ToHam 3 eB, sxa 3abe3medye BHCOKY
JIOTTYCTHMY HANpyKEHICTh €JISKTPUYHOTO MMoJist — 0au3bko 3 MB/cMm, 1m0 B 10 pa3iB mepeBHIy€e MOKa3HUK
KkpemHitol0 lle mae 3Mory HamiBOpOBIZHMKOBUM NPHCTPOsiM Ha ocHOBI WBG mpaimroBatu 3a BHUCOKHX
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Hanpyrax (tadm. 1). Kpim toro sk SiC, Tak i GaN MaioTh BHIYy MOOIUIBHICTh €IEKTPOHIB Y MOPIBHSHHI 3
KPEMHIEM, IO CTBOPIOE MEPEAYMOBH JUIsl iIXHBOTO BUKOPUCTAHHS 32 BUCOKOI YAaCTOTH KOMYTallii, IpHIOMy
sIBHY mepeBary MaioTb GaN-TpaH3ucTopH, Toai K 1 SiC-TpaH3UCTOPIB I8 MepeBara OinbIl 0OMEKeHa.
OKpiM €JIeKTPUYHUX XapaKTePHCTHK BAXKIMBUMH Ul CHJIOBUX HAIliBIPOBIIHUKOBUX HPHUCTPOIB € TEIUIOBI
BractuBOCTi. SiC i GaN MaroTh CYTTEBI MepeBard MOA0 TEIUIOMPOBIAHOCTI Ta TEMITEpPaTypH IUIABICHHS
nopiBHAHO 3 KpemHiem. [Ipu mpomy SiC 3ailiMae 0COOJIMBO BWTiAHY mo3uilito. KomepiiiiHo-mgocTymHi
OPUCTPOi HAa OCHOBI KPEMHIIO BXE IOCATIM MEXi, 10 BU3HAYAETHCS ENCKTPUUYHUMH Ta (PI3UYHUMHU
BJIACTUBOCTSIMH MaTepiairy, ajie meski apxitektypu, Taki sk MOSFET, Ha ocHOBi cymep-niepexony (Super-
Junction MOSFET) HaBiTh nepeBeplIyioTh MeXy Marepiany. TpaH3UCTOpU Ha OCHOBI KapOimy KpeMHiro
HaOIMKAIOTHCS IO MEX1 MOXIMBOCTEH Marepiany, IpoTe BCe i€ MalOTh MOTEHIaN A BAOCKOHAICHHS. Y
BUTIAKY 3 HITPUIOM TaNi0 CHTYaIlis 1HIA: KOMEPIIHO-IOCTYHI cuiioBi mpucTtpoi Ha ocHOBI GaN Bxke €
KOHKYPEHTOCIIPOMOKHUMH, BOHH HE TOCSITIIH JIMITY Marepianxy, IpoTe IIe BUKIMKAHO CKOPIIIe THM, IO
TEXHOJIOT1s iXymjuj BUpOOHUITBA BCE 1€ PO3BUBAETHCS Ta HE AOCSTIIA CBOET 3PIJIOCTI.

Ta6mus 1 — [TopiBHIHHSA OCHOBHUX BJACTHBOCTEH HAIIBIPOBIAHUKOBUX MaTepiaiiB

Bnactusicth Kpewmmiii (Si) Kap6in xpemuiro (SiC) Hitpup ramiro (GaN)
[[MupunHa 3a60poHeHOT
somm, eB 1.12 32 34
Honyctuma
HAIIpYKEHICTS 300 3500 3300
eﬂeKTpl/I'-IHOFO 110JI4,
(xB/cm)
[IBUAKICTH €IEKTPOHIB,
(107cM/c) 1 2 22
MoGinbuicts 1300 950 1500
CJIEKTPOHIB, (cM/B-c)
MOoOiNBHICTh TIPOK,
(eM’/B-c) 600 115 850
TemnonpoBigHICTS,
(Br/ew-K) 1.5 3.8 1.3
Temneparypa 1412 3103 2500

miasyeHHs, (K)

Bucokuii  piBeHb  PO3BUTKY

Bucoki poGoui

TEXHOJIOT11 BHUTOTOBJICHHS
. . . . TeMIepaTypu (mo | Bucoka yacToTa KOMyTalii.
OcCHOBHI TiepeBaru TPaH3UCTOPIB Ha 0a3i KpPEeMHII0 o . .
AV 500°C). [IpupatHicTs juia iHTErpamii y
TEXHOJIOTI1 Ta Ha/IIHHICTB. .

. . Bucoxka poboua | ckiaj cUCTEM Ha KpUCTaJIi.

Bucoke BiIHOILIEHHS BapTICTh
X Harpyra (1o 10xB.)

— MPOAYKTHUBHICTB.

CkiaHicTh CTPOpEHHS
HOPMaJIbHO-3aKPUTOTO
TpaHzucropa  (HEOOXiTHICTH
BUKOPHCTaHHS KaCKOJHOT
CXEMH).

HeoOximHa Benwka IUIOINA
KpHUCTaJIa ISl JOCSTHEHHS
BHCOKOi po60401 HanpyTH.

Husbka  pyXJmMBiCTBH
CJIEKTPOHIB Y KaHai
OOmMexxeHHsT poOOYOi Harpyru | 3aTBopa.

TpaH3ucTOopiB Ha piBHI #0 | CkiagHicTh
npubim3Ho 6.5kB BUPOIIYBaHHS
KpUCTaJla 3  MaJOko
KUTBKICTIO Te(EKTiB.

OcHOBHI 0ap’epH JuIst
BIPOBAJDKEHHS

Kpewmmnieri cumoBi MOSFET 3a3Buuaii npairorote Ha vactotax A0 500 k['11 1 y BiJHOCHO HU3BKOMY
niamasoHi Hanpyr (Hmwk4e 1 kB) Ta mepekpuBaioTh niana3zoH notyxkHocti 10-20 kBt. Pobotu 3 mominmenHs
noka3HukiB Si-MOSFET tpuBators. Hampuknanm, 3amis OUTbII MMOBHOTO BHKOPHUCTaHHS BIIACTHBOCTEH
kpemHito me y 1999 pomi kommanis Infineon Technologies mpencrasmma cepito MOSFET CoolMOS™
Superjunction. Ili TpaH3ucTopu A00pe MAXOAATH 3a/jIsi 3aCTOCYBaHHS B IMITYJILCHUX JDKEpPENax KUBJICHH,
AKTUBHHUX KOPEKTOpaxX Koedilie€HTa MOTYXKHOCTI Ta TOIMOJOTISAX, A€ BiAOyBaeThCS MKOPCTKE MEPEMHUKAHHS
KJIFOUiB.

IGBT tpan3ucTopH, sSiK MpaBuIo, MPAMIOTh Ha HIK4YiKH yacToTi (B Oinbmocti go 30 kI'w), ane 3a
NOPIBHSHO BHCOKOI HanpyrH (Iiama3oH npuoausHo Big 600 B mo nexinbKkoX KiIOBOJIBT), 3a0€3MEeUYI0UYH MPH
IOMY HaWBHUIII PiBHI MOTYXHOCTI Bif oamHUs KBT mo 1 MBT. IGBT mmpoko BHUKOPHUCTOBYIOTHCS Y
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CHJIOBHX CXEMaxX 4YacTOTHHX II€PETBOPIOBAYIB Ui EJIEKTPONPHBOAY, AKTUBHHUX (IIBTPIB, IMITyJbCHHX
NepeTBOPIOBaYiB MOCTiiHOT Hanpyru Tomo. IGBT TpaH3uCTOpHM BHITyCKAarOThCS Ha Hampyry no 6,5 kB
(mampuknan, IGBT-mozyne tumy SSNA 0750G650300 xomnanii ABB) ta ctpym mo 3,6 kA (SSNA
3600E170300).

SiC-MOSFET suricusiote kpemuieBi MOSFET y BucokodacrotHux (80 xl'm — 10 MI'm) Ta
BOJTHOYAC BHCOKOBOJBTHUX 3acrtocyBaHHsX. OmuuMm i3 npuknanis cydacHux SiC MOSFET e cimeiicTBO
Infineon CoolSiC 3 TpaH3ucropamu, 1o JocTynHi B kinacax 650 B, 1200 B 1 1700 B.

CygacHi GaN TpaH3UCTOpH NPAMIOIOTh HA YacTOTaxX, IO MOXKYTh CSTaTH MEKUTBKOX JECSTKIB
merarepil. [Ipy [bOMY NPaKTHYHO JOCTYITHUH KJIaC HANPYTH y OUTBIIOCTI CBITOBHX BHPOOHHKIB MPUCTPOIB
Ha ocHoBI GaN HamiBnpoBigHUKiB (Hanpukian, Infineon, Panasonic, ST, GaN Systems, Transphorm Inc. Ta
iH.) He mepeBuinye 650 B. Pazom 3 mmum 3asBneHo, mo BupoOHHKOM Transphorm Inc. 6yB po3poOienuit
nepmmid B iHgycTpii GaN Tparsuctop 3 momyctuMmoro Hampyroro 1200 B. Hapasi 3ycwmis BHpPOOHUKIB
CHpSIMOBaHI Ha TOAOJIAHHS HEOJIKiB, XapaKTepHHUX AJISl JaHWX TpaH3ucTopiB. Ha puc. 1 HaBemeHo poOoui
Jiarma3oHy 4acTOT Ta HANPYT AJISL KOXKHOTO 3 PO3IVIIHYTUX THIIIB TPAaH3UCTOPIB.

Xoda HAMBIPOBIMHUKOBI Tpuiaaan Ha ocHOBI GaN €
U A MEPCIICKTUBHUMH KOHKYPEHTaMH BKe J00pe PO3BUHEHUM IpH-
JazaM Ha OCHOBI KPEMHIIO Ta KapOily KpeMHito, IXHe MpakTHYHE
BUKOPHUCTAHHsS BUKJIMKA€ TPYIHOILi, MOB’s3aHI 3 OOMEKECHUM
niarmazoHoM poOodoi Hampyru (mpakTudHo ao 650 B), a takox
ocobiMBOCTAMU KepyBaHHs. Hamanmi B wiii poOoti mpumagu Ha
ocHoBi GaN He OyAyTh po3rIsAaTUCs B MPAKTUYHIN IJIOIHHI.

Meta podotu — mopiBHsSHHS mBHakonii Si-MOSFET,
SiC-MOSFET Tta Si-IGBT mnim dyac poboTh Ha aKTHBHO-
) ¢ IHIYKTHBHE HaBaHTaXXCHHS MUITXOM aHaNi3y iXHIX DWHAMIYHUAX

4xB

1.2xB

0.6xB

10T 10k 100k IMI' 10MI ' 100MT i

XapakTepUCTUK, OTPUMAHMX B XOAlI EKCIIEPUMEHTAJIbHUX
Puc. 1 PoGoui giama3oHu 4acTot JIOCITiKEHb.
Ta HaIpyr Buknag ocnoBHoro marepiany. UYepes CKIaaHICTDH

MaTeMaTU4YHOI MOJIeNi, fka MOoria O BpaxOBYBaTH OCOOIHMBOCTI

KOMYTaIlii TPaH3UCTOPIB y CKJIAJi peajbHOro MepeTBOPIOBaYa, 3a/Jis1 BU3HAYCHHS TUHAMIUHUX MOKA3HUKIB
MOYXHA BUKOPUCTATH MPaKTHYHHUN MiAXiA, 30KpeMa METoJl TecTy moABiiHMM iMmyibcoM (Double-Pulse Test,
DPT), sikuii € MOMUPEHUM METOIOM 3aJJ1s1 eKCIIEPUMEHTATBHOTO0 BU3HAUCHHS JMHAMIYHUX XapPaKTEPUCTHK
CHJIOBHIX €JIEKTPOHHUX IpUCcTpoiB, Takux sk MOSFET i IGBT.

3a3Buuail y TEXHIYHIH JOKYMEHTAIlil Hala€eThCsl JAeTanbHa iH(OpMAIlis MPO HAIIBIPOBITHUKOBHIA
MPUCTPIH, SKa OTPUMAHA 3a TEBHUX, MOINEPEIHHO BH3HAUEHUX TECTOBUX yMOB. OJHAaK peXHM pPOOOTH
MPUCTPOI0 B KOHKPETHOMY 3aCTOCYBaHHI MOJKE 3HAYHO BIIPI3HATHCSA BiJl TECTOBUX YMOB, HaBEICHUX Yy
nokymenTariii. Metogq DPT pae MoOXIMBiCTh BU3HAYMTH JWHAMIYHI XapaKTEPUCTUKH CHJIOBOTO
HaIBINPOBIHUKA B YMOBAaX, AKi € creuu(piuHUMH IJI1 KOHKPETHOro 3acTocyBaHHs. KpiMm Toro, nei Metoxn
Jla€ 3MOT'y EKCIEePHUMEHTAILHO OIIHUTH XapakTep MEepeXiTHUX MpOIeCiB B KOJi JApaiiBepa 3aTBopa Ta y
CHJIOBHX KOJIaX, IO OCOOIMBO BaXUIMBO IIiJT Yac po3poOKHM Ta HAJIATOKEHI CHIIOBHX NEPETBOPIOBAUIB, IO
noOymoBaHi Ha 0a3i BUCOKOMIBHIKICHUX KitouiB. DPT Takoxk na€ MOXJIHMBICTH OIIIHUTH XapaKTEPUCTHKHU
BigHOBIEHHs BOymoBaHoro miona (Body Diode).

CxeMy 3ajs BU3HAUCHHs JUHAMIYHHMX XapaKTEPHCTHK TpaH3UCTOpiB 3a MeromoM DPT, o
BUKOPHUCTaHA y TAHOMY JIOCTIIXKCHH1, HaBeIeHO Ha puc. 2. BoHa ckiagaeThCs 3 HU3bKOBOJIBTHOTO JKEpeIa

&

lanbaaHiuHo
i30NbOBAHWA
DC/DC
nepeTeopOBaY

L1

\ VDI

o C1] C2| C3|+
Owepeno E1

HUBNEHHA _—==
0C1(e—s=|d/Ic -

I~

Y

TeHepaTop Rg | Q1
iMnynecie r i _D

_— 130NBOBAHNA
| | | Ap P »>

Puc. 2 CTpykTypHa cXeMa eKIIepIMEHTAIFHON YCTAaHOBKU
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JKUBJICHHsI (TIpU3HauYeHe I JKUBJICHHA TeHeparopa IMITyNIbCIB Ta IpaiiBepa depes i3ompoBanmii DC/DC
MIEPeTBOPIOBaY), TeHepaTropa IMIyJbCiB, i3oiapoBaHoro DC/DC meperBoproBaua, IO HEOOXITHHMHA s
oprasizanii rajabBaHiYHO-PO3B’S3aHOI JBOIOJSPHOI HANpPYTH XKHUBJCHHS OpaiiBepa, a TaKOX TalbBaHIYHO
PO3B’s13aHOrO IpaiiBepa 3aTBopa. JlaHy cxeMy MOXKHA PO3IJIAIAaTH SK YaCTKOBUU BHIIAAOK (a3HOI CTiKH, B
SIKif 3aMiCTh BEpXHBOTO KJTI0Ya (TPaH3UCTOPa) BUKOPUCTOBYETHCS IO/,

Sx npaBau ctpymy HAC1 mns BumiproBanHs ctpymy kosekropa IGBT (ctpymy ctroky MOSFET)
BUKOPHUCTOBYEThCS TpaHcopmaTop ctpyMmy Tunmy PAS6322.100NLT. Ockinbku KoMyTauisi BigOyBaeThCs
JIUIIIE IBiYi 3a 9ac TECTY, MiABUIICHHS TEMITepaTypH depe3 KOMYTaIliifHI BTPaTH € HEXTYBAaHO MaJIUM, TOMY
MOJKHa 001iTHCS 0€3 BCTAHOBJICHHS TECTOBAHOTO TPAH3MCTOPA Ha pajaiaTop.

[Tix gac TecTy ABa iMIyJIbCH IMOAAIOTHCS OJWH 32 OJHHM Ha 3aTBOP TeCTOBaHOTo Tpanzuctopa Ql.
[Ipu oMy TpaH3UCTOp HABAaHTAKCHUH HA IHAYKTHBHICTH L1, sika 00MeXye MBUAKICT HAPOCTAHHS CTPYMY,
Ta (aKTHIHO POOUTH IIEH IMpollec KOHTPOIHOBAHWM. Peryioroun Hampyry JIAaHKW IOCTIHHOTO CTpyMy (3a
JOTIOMOTOI0 PeryjiboBaHOTO kepena Hampyru El) Ta TpuBamicTh mepmoro iMmynscy (3a IOIIOMOTOO
reHepaTopa IMITyJIbCiB), MOXKHA 3a(iKCyBaTH MEpexXiHi MpoIecH KoMyTallii 3a 0a)aHWX piBHIB HApYyTH Ta
CTPYMy B KIHII TEpIIOTO IMIyJILCY Ta Ha IMOYaTKy apyroro. 3BopoTHHil miox VDI 3abe3nedye muiix
NPOTIKaHHS CTPYMY Ha eTalli ay3u MiXK IMITyJIbCaMu.

Eneprii, mo Oyna 3amacena B iHgykTuBHOCTI L1 3a Wac mepmoro iMmysbcy, Mae OyTH JOCTAaTHbBO,
mo0 3a0e3MeunTH MiATPUMAaHHS CTPyMy Maike IOCTIHHMM T[] Yac TMay3d MiK IMIyJIbcaMHd, IO
3a0e3MevYy€eThCsl BAKOHAHHSIM YMOBH

v v
L 2 & tsw = & tsw 2 (1)
Al, k-1,
ae f, — Yac HapOCTaHHsA CTPyMy IO TECTOBOTO 3HAuYeHHs; k, — KoeQilieHT myibcauii cTpymy, SKHA

3a3Buyail Bubuparots y Mmexax 1~5%; V,. ta I, —poboua Hampyra Ta CTpyM BiANOBIJHO.

Uepes BHCOKY IIBHAKICTh KOMYTalii Cy4YacHHMX HAIIBIPOBITHUKOBUX MPHUCTPOIB MapasuTHI
nmapaMeTpu CXeMH MaloTh 3HAYHWH BILUTMB Ha XapakTepu NepeximHux mporeciB. Tomy 3amis miHiMizarmii
eKBIBaJICHTHOI TapayenbHOl €MHOCTI OakaHO KOHCTPYKTHMBHO BHKOHYBaTH IHAYKTHBHICTE L1 murmsxom
MOCITIJOBHOTO 3’€THAHHS KIJIbKOX HEBEIMKHX 1IHAYKTUBHOCTEH, KOXKHA 3 SIKUX Ma€ OJHOIIAPOBY OOMOTKY.

[HIIMM BaXITMBUM e€JIEMEHTOM CXeMH € OaTapes KOHACHCATOPIB JIaHKH MocTiiHOTro cTpymy C1-C3,
OCHOBHOIO 3a71a4€I0 SKOi € MiATPUMAHHS CTAJIOTO PiBHSA HAIPYTH i 9ac TECTY, OCOOIMBO IIij Yac MEepIIoro
IMIyJIbCy, KOJH BiOYBAE€ThCS HAPOCTAHHS CTPYyMy IHAYKTHBHOCTI JIO TECTOBOTO 3HAYEHHS. 3ajs
3MEHIIECHHsI EKBiBaJICHTHOTO MOCTiIOBHOr0 omnopy koHaencatopiB (Equivalent Series Resistance, ESR)
OaTapero KOHIIEHCATOPIB JOMUILHO HAOWpaTH NUBIXOM IMapajelIbHOTO 3’ €IHAHHS IEKUTBKOX OKPEMHUX
KoHJIeHcaTopiB. [Ipy 1boMy pa3zoM 3 eNeKTpoNiTHYHHM KoHaeHcatopoM (C3) o00B’SI3KOBO HEOOXiIHO
BUKOPHUCTOBYBaTH IUIiBKOBI KoHAeHcaTopu (C1, C2), ToMy 110 BOHM MaroTh 3JaTHICTh IIBUAKO BiJiaBaTH
BEJIMKi CTPYMH.

€MHICTb KOHAEGHCATOPHOI OaTapei o0upaeThes Tak, 00 0OMEXNUTH NpocaaKy Hanpyru muHua AV .,

KOJIM C€Hepris NepexoauTh BiJ KoHAeHcaTopiB go L1 mim wac mepmoro iMmynbcy, TOOTO €MHICTB
KOHJIGHCATOPa TIOBHHHA 33I0BOJIEHATH YMOBI

L-I;
24k, V)

ne k, — koe(ili€eHT mysbcalil HAMpPyTrH, SKUii 3a3BU4ail BUOHPAIOTh y Mexkax 1~5%.

, 2)

Takox miJ 9ac MPOSKTYBaHHS PYKOBAHOI MJAaTH 331 MPUAYIICHHS KOPOTKOYACHUX KOJIMBAJIBHUX
MEepPeXiMHAX TIPOIECiB IO Hampy3i Ta CTPyMy HEOOXINHO PO3MIIIyBaTH KepaMmidHi OJOKyBaldbHI
KOHJICHCATOPH B Oe3mocepeiHiii OJIM3bKOCTI 0 JaHKH i3 mociigmoBHO 3’emHanux Q1 ta VDI. Ilpaktuyno
CyMapHa €eMHICTh OJIOKYBaJIbHUX KOHACHCATOPIB MOXe OyTH PO3paxoBaHa sK

Cdec 2 100 ’ Coss H (3)

ne C,,. — eMHICTb pO3B'A3yt04oro konaeHcatopa; C = — BUXiJHA €MHICTh TECTOBAHOTO TPAH3UCTOPA.
IMopanbiie 30iJbLICHHS €MHOCTI OJIOKyBanbHUX KoHpaeHcaropiB, komu C, /C >>100, €

HEeIOUIJIbHUM, TOMY IO BOHO HE MPHU3BOAMTH OO OYIKYBAaHOIO II€ OUIbII BiAYyTHOTO MNPUAYIICHHS
KOJTMBAJIHHUX ITPOIIECIB.

HpaiiBep 3aTBOpA € 11Ie OJHUM BXKJIMBUM KOMITIOHEHTOM, PETENLHIIA BUOIp SIKOTO J1a€ 3MOTY ITOBHOIO
MipOI0 BUKOPHCTOBYBAaTH BHCOKY IIBUAKICTH mepemukaHHs WBG TpansuctopiB. Y mporeci ioro Budopy
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CIiJT 3BEpHYTH OCOONHMBY yBary Ha IKOBHH CTpyM, SKHH MOxe OyTH 3a0e3NedyeHHuil MiKpOCXEeMOIo-
IpaiiBepoM, 4ac HapocTaHHs/cramy, CTiHKicTh Mo cuHgpazHux 3aBaja (Common Mode Transient Immunity,
CMTI), a Takox piBHS HANIPYTH, IKHI MOXEe BUTPUMATH 130 ALIHHINA Oap’ep ApaiiBepa.

3aranpHUN BUTJISA €KCIIEPUMEHTAIBHOI YCTAaHOBKM HaBEAECHO HA PUC. 3. 3a peryiboBaHEe HKEPEIo
)kuBlieHHsT E1 BHKOpPHCTOBYBaBCS J1labopaTOpHUN aBTOTpaHCHOpPMATOp pazoM i3 TpaHCHOPMAaTOpOM
rajJpBaHiuyHOI PO3B’si3kKM Ta BUnpsmisdeM. CymMapHa €MHICTh KOHIEHCATOPIB JIAHKH IMOCTIHHOTO CTPyMy
ckinagae 415 mx®, mo 3abe3neuye BUKOHAHHS yMOBH (2), iHAyKTUBHICTB Apocens L1 cknanae 330 mx['H, 1m0
3abe3nevye BUKOHAHHS yMOBH (1).

Sk npaiiBep 3aTBOpa BUKOPHUCTOBYEThCS crellianizoBaHa Mikpocxema-napaiisep UCCS390ECDR],
cymapHuil omip R, B KOJi 3aTBopa (3 BpaxyBaHHAM BHYTPILIHBOIO ONOPY 3aTBOpa) Ajd KOKHOIO 3
TECTOBaHUX TpaH3UCTOpiB ckiaazae 10 Om, Hampyra BiAKpUTTA TpaH3HCTOpa cTablrizoBaHa Ha piBHI +15 B,
HaIpyra 3aKpHTTs cTadimi3oBaHa Ha piBHI -3 B. [lapamerpu cxemu mpaifBepa 3aTBopa HaBeAeHO y TabI. 2.

Taduuus 2

Tpanzucrop Si-MOSFET SiC-MOSFET Si-IGBT
IXFK52N100X | IMZ120R030M1H | NGTBSON120FL2WAG

Buyrpiwmiii omip 3atBopa R, , OM 0.5 3 Tuopmanis BincyTHs

Orip 30BHINIHBOTO 3aTBOPHOTO pesuctopa R, ., 9.5 7 10

Om

Hanpyra xepysauus V, ,, /V, -, B Veon ! Voo =+15/-3

Cymaphuii omip pe3ucropa B KoJi 3aTBopa, Om Rg = Rg o Rg =10

Hdns  peectpauii mepexigiHUX MpPOLECiB BUKOPUCTOBYBaBcs 1MppoBuil ocumiorpad Siglent
SDS1104X-U] 3i cmyroro nponyckanss 100 MI'1| ta wactororo auckperu3aiiii 1 'Bub/c.

‘Illlllllllll,l!‘ XX

N

uE ,_ Ll NabopartopHuii F
asTotpaHcdopmatop | g

Ocuunnorpad gna peecrpauii | : - ] 8| _ ]
BnepexigHux npouecis 1 . .- 3 3 i - Il
- b o L " — J !

panchopmaro|
= \@ranbeaniuHoi
PO3B'A3KK
NabopartopHuii
610K
HUBNEHHA

ecToBaHwuii TpaHzucTop’

Puc. 3 — 3aranbHuil BUIIIsL €KCIEPHUMEHTAIBHOI yCTaHOBKH

Metoauka TectyBanHs. Ha puc. 4 HaBeseHO TUNIOBY )OpPMY HAIPYTH KOJEKTOp-eMiTep (abo CTik-
BHTIK) Ta (hopMy cTpyMy KosekTopa (cToky) mix gac recryBanHg IGBT abo MOSFET 3a metomom DPT.
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Hanpyra xomnextop-eMitep (CTiK-EHTE) ".CE(DS‘F B CrpvM xomnexTopa (EMTOKY) iC(D‘s A

1000
nlr{—

800
600
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-200
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t, MKC 20 t, MKC

Puc. 4 ®opma HanpyTu KOJIEKTOp-eMiTep (200 CTIK-BHUTIK) Ta hopMa CTPyMy KOJIEKTOpa (CTOKY)
IIPU TECTYBaHHI TPaH3UCTOPa

TecT ckimamaeTbes 3 TPHOX €TAIliB: HA IMEPIIOMY €Talll Ha 3aTBOP IMOAAETHCS IMITYJIBC 3 TIEBHOIO
MOYAaTKOBOIO HMIMPHHOK, TOYHHAETHCS HAPOCTAHHS CTPYMY B 1HAYKTHBHOCTI, a OTXKE i HAPOCTAHHS CTPYyMY
KOJIEKTOpa (CTOKY). 3MiHIOIOUN IIMPUHY LBOTO IMITYJIbCY HAJalITOBYETHCS BETUYMHA TECTOBOTO CTPyMy. Y
BUIIA/IKy, TOKQ3aHOMY Ha pHC. 4, BEIMYMHA TECTOBOTO CTpyMy ckianae 40 A.

Ha npyromy erami ¢dopMyeThCcsl may3a MK IMIyJbCaMH, il TPUBAJICTh IMOBHHHA 3a0e3leuyBaTH
3aKiHYEeHHS MePEeXiJJHOTO MPOLIECY BIIKIIOUEHHS TPAH3UCTOPA, ajie Pa3oM 3 UM He OYTH 3aHaJTO BEJIUKOIO,
o0 CTPyM, KN Ha IIbOMY €Talli MiATPUMYETHCS 32 paXyHOK €Heprii B iHIyKTUBHOCTI, 10 TIOYATKy JPYTroro
IMITyJIBCY 3aJIMIINBCS MaiXKe CTaINM.

Ha TpeThoMy eTami Ha 3aTBOpP 3HOBY MOJAEThCA IMITYIbC yBIMKHEHHs. Voro TpuBaiicTh IOBHHHA
OyTH JOCTaTHBOIO AJIS 3aBEPILECHHS EPEXiAHOTO MPOIleCy BBIMKHEHHS TPaH3UCTOPA.

Ha puc. 5 nHaBemeHo Trpadiké eKCHEPHUMEHTAIBHUX MEPEeXiJHUX IPOIECIiB BKIIOYEHHS Ta
BigkmodenHs IGBT Tpansucropa 3a tecroBoro crpymy 40 A ta Hanpy3i 540 B. 1i x 3HaueHHs mpuiAManucs
3a 0a30Bi AJIs1 IEPEX0Ay 0 BiTHOCHUX BEIUYHH.

[potsc BRITHOMEHHT THAHIUCTOPA [potec BATKTONEHHA TRAHIHCTOPA
15

| | 08 | |
50 100 150 200 250 t He -200 -100 0 100 t, HC

Puc. 5 I'padixu nepexiguux npouecis BKIrodeHHs Ta BinkmoyeHHs IGBT TpansucTopa

0.5
0

3aqy1a NOpIBHAHHS ITUHAMIYHMAX BIacTUBOCTEeW Oymu oOpaHi HactynHi Tpansuctopu: Si-MOSFET
tury IXFK52N100X, IGBT tumy NGTBSON120FL2WAG] ta SiC-MOSFET tuny IMZ120R030M1H.
CratnyHi XapaKTepUCTHUKH TOPIBHIOBAHWX TPaH3WUCTOPiB 3BeAcHO a0 Tabm. 3. fAx 3BoportHiid miom VDI
BukopuctoByeTtbess SiC mion tumy IDWDI5G120C5. Bubip TpaH3ucTopiB 00yMOBIEHUH THM, 11O BOHH
MaloTh NPUOJIN3HO OJHAKOBHUH JOITyCTHMHUI pOOOYHil CTPyM Ta HaNpyTry, IO POOHUTH iXHE MOPIBHSAHHSI MK
CO000 TOLIIBHUM.

Bci tectm TpansucTopiB mpoBelneHo 3a Hampyrn 540 B, Tomy mo mel piBeHb Hampyrud €
HOMiHAJBHUM JJISl JJAHKU TTOCTIHHOTO CTPyMY NPHBOAIB Ta CTATUYHUX IEPETBOPIOBAUIB, SIKi KUBISATHCS Bil
npoMuciioBoi Tpudaznoi mepexi 380 B.

Bu3HaveHHs OCHOBHMX JMHAMIYHMX MapaMeTpiB TpaH3uCTOPiB. B pe3ynbraTi mpoBeaeHHS TeCTy
BU3HAYAIOTHCS HACTYIIHI TapaMeTpy MepeMUKaHHS.

* [TapaMeTpu BBIMKHEHHS: 3aTPUMKa BBIMKHCHHS 7 4yac HapOCTaHHS !, , 4aC BMHUKaHHA

d(on) >

€Hepris BTpaT Ha BMUKaHHA £, .
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» ITapaMeTpr BUMKHEHHS: 3aTpUMKa BHMKHEHHA f,

€Hepris BTpaT Ha BMUKaHHA £, .

(off) >

4ac CmaJaHHs [,, 4aC BUMKHCHHS [

off

Taduuus 3

Tpasanero IXPKs2\10 | | SICMOSFET Si-IGBT

P P X IMZ120R030M1H NGTB5S0N120FL2WAG

Bupobauk IXYS Infineon ON Semiconductor
MaxkcumansHa poboya Hampyra, B 1000 1200 1200
Maxcumansauii ctpym, A 3a T, =25 °C 52 56 200
Maxcumansauii ctpym, A 3a T, =100 °C 36 45 50
MaxkcumanbHu# IMIYJIbCHUH CTPYM, A 100 150 200
MaKCI/IMaHLHI/II/I onip KaHaiy y 125 4 i
BIIKPUTOMY cTaHi, MOM
Hanpyra HacuyeHHs KoJieKTop-eMitep,B - - 2,6
Jonyctuma Hanpyra KepyBaHHd, B +30 0...18 +20

Crioci6 BU3HAUEHHS YaCOBHMX MapaMeTpiB MEpEeMHUKaHHS 3 TpadikiB MepexiTHUX MPOLeciB HABEICHO

Ha puc. 6: BapianT a — ctocyerbcst MOSFET, 6 — IGBT. OcHoBHaA pi3HUIIA MONATaE y TOMY, IO 3aisd
BH3HAYCHHS dYacoBHX TmapameTpiB nepemukanHt MOSFET BHKOPHCTOBYIOTBCS BUMIPSHI 3aJIEKHOCTI
HaNpyTry 3aTBOP-BUTIK Ta CTIK-BUTIK, a s IGBT — BuMipsiHI 3aeXHOCTI Harpyru 0asza-eMiTep Ta CTpyMy

KOJICKTOpa.

Vds, V
Vgs, V

Vds

90% ..

10% ..

90% ..

10% ..

Vge, V
I, A

90% ..

10% ..

90% _ .

10% .

td(on) tr td(off)]  tf t > d(off)|  tf tdion)| 1 t
Ton | : To—f-f : Toff : Ton
a) 6)
Puc. 6 BusHaueHHs 4acoBHX NapaMeTpiB IEPEMHUKaHHS TPAH3HCTOPIB
Ha puc. 6 mosmaueno: V, - Hanpyra CTiK-BUTIK, V, — Hampyra 3aTBop-BWTIK, V,, — Hampyra

3aTBOp-eMitep, I, — CTpyM KOJEKTOpa.

c

Enepris Brpar Ha BMuKkanus £, Ta €HEpris BTpaT Ha BAMUKaHHs E,; BU3HA4aroThCS 32 HACTYITHUMH

hopmynamu:

E, = _[”ds (£)i (t)dt ,

I3

on

Eq[f = I L (t)id (Z)dt >

Loy

(4,5)

e u, (t) — 3aNeKHICTh HANPYTH KOJEKTOp-eMiTep (CTik-BHTIK), B; i, (¢) — 3amexHicTs cTpyMy Konekropa

(ctoky) Bim Hacy, A.

Pe3yabTaTn nociaigkeHHs. TecTH TpaH3UCTOPIB MPOBENEHO 3a oAHaKoBOi Hampyru (540 B) mis
OITHOTO PAy cTpyMmiB KomyTanii. [Ipy npomy A pi3HHX 3HaYeHb KOMYTOBAaHOTO CTpyMy Oyl OTpHMaHi
3AJIEKHOCTI CTPYMY CTOKY (KOJIEKTOpa) iy, = f(f), HANpPyTH CTIK-BUTIK (KOJEKTOp-eMiTep) u, . ., = f(),

HAIpPyTH 3aTBOP-BUTIK (6asa-emirep) u, , ,, = f().

B pesynbrarti nogansmoi oOpoOKu pe3ybTaTiB BUMIPIOBaHb 3a METOAMKOIO, HABEICHOIO Ha pHC. O,

6y.]'[0 BU3HAYCHO 3aTPUMKU BUMKHCHHS td(o{f)

= f(i;) Ta BBIMKHEHHS {,

on =S (i), wo nani 6yzxe noTpibHO

38011 pO3PaxyHKy 3Ha4deHHS MepTBOro dYacy. Jlis 3aranbHOi OIIHKM IIBHAKOAIl Ta EHEpreTHYHUX
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IOKa3HUKIB MPOILECY MEPeKIoYeHHs OyJ0 BH3HA4YE€HO 4ac BMHUKaHHA ¢, = f(i,), eHeprito BTpaT Ha

Bmukanns  E, = f(i,), 4ac Bumukanus ¢, = f(i,), eHeprito BTpaT Ha BumuKaumui £, =f(i,),

MaKCUMaJIbHE 3HAYEHHsS. MUTTEBOI MOTYXKHOCTI mij 4ac BMuKauua P, = f(i,), MaKCUMAalbHE 3HAYCHHS

0

MUTTEBOI MOTYKHOCTI Y pa3i BUMUKaHHA P

Sirmaxy = J () - T'padikn BIAMOBIAHUX 3aI€KHOCTEH HABEIEHO HA

puc. 7 —puc. 13.

Yac evuxanna b = fii
on

HC Enepria etpar Ha enumasna E = 1), s/l
15 T T T

T
——sicMos |
—— SiMoS :

testj=

1 ——sieeT 7

05F-----4-----4 L B L LR -
0 0
0 10 20 30 40 50 60 ltest, A 0 10 20 30 40 50 60 ltest, A
Puc. 7 I'padik 3a51e:kHOCT] Yacy BMUKAHHS Ta €HEPTii BTpaT Ha BMUKAHHS Bil KOMyTOBaHOTO
CTpyMy
Hac emasns { = f(i_,), He Enepriz etpar Ha emokass E_ = £ ). mllx
W1 2
e e T e IR
] 1
: : : — SiC
: : : — SiMOS
L Rt 1 05
—
0 R S S N B 0
0 10 20 30 40 50 60 ltest A 0 10 20 30 40 50 60 lest A

Puc. 8 I'padik 3anmexHOCTI 9acy BMUMUKAHHS Ta €HEPrii BTPAaT HA BUMUKAHHS BiJl
KOMYTOBAaHOT'O CTPYMY

3aTpHMEA VEIMKHEHHT bitom = fii,,,,). HC

140 T T T T T T 300
TP21) SR SR S SO ot SN 250
100 -3 GICMOS 1 200
8O0 f-noni g T SHMOS 150
T ——sieBT
L i e e 100 p-----4-----4
40 boee ] e
20 H 0 H H H H H
0 10 20 30 40 50 60 ltest, A 0 10 20 40 50 60 ltest, A
Puc. 9 I'padik 3a51eXHOCTI 3aTPUMOK BUMKHEHHSI Ta YBIMKHEHHS BiJl KOMyTOBaHOTO CTPyMy
Macimanene 3Ha4EHHA MUTIEROL MacimansHe 3HaUEHHA MHTIEEOL
TIOTYHOCT! TepEMHKaHHT Pox(mm‘ =1f{i,,). ¥Br TIOTYHOCT TIepEMHKAHHT POFF(ma.x‘- =fli,,). ¥Br
30 T T T 50 T T T T T
—sicMos 4ol — Sicos A
—siMos ¢ —— SiMOS : :
A ——sieBT I 30| ——SHGBT .l T
E ' ' ' 2[] TTTTTITTTTTA [ [ TrTTTTTATTTTT E """ A
10f----- dommendeeag L EELE ! : ' :
| L e e S e
0 . 0 : : : : : :
0 10 20 30 40 50 60 ltest, A 0 10 20 30 40 50 60 ltest, A

Puc. 10 I'padik 3anexHOCTI MAKCUMAIEHOTO 3HAYEHHS MUTTEBOI OTYXHOCT] BKIIIOUEHHS
Ta BIIKIIFOYEHHS BiJl KOMYTOBaHOT'O CTPYMY
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Tpouec srmouerns i=f{t), Ampu, I_ =20 A

£

oY TP : — SIiIC-MOS
{ — Si-MOS
0 Hmmad o oo T ——SHGBET ]
sl : : : H : :
-50 0 50 100 150 200 250 t, HC
[ponec srmoderns u=f(f), Bopi, I_ =20 A
600 T : : T
500 [ S —— SiCMOS
400 f-------m -4k - - oo
KL R e R R R
200 f--m-mmm e e
100 f-------re R oA
0 - :
-50 0 50 100 150 t, HC

Tpouec simemouenns =f{t), Ampu, I_ =20 A

30

20 punee

-10

50 0 50
Mpousc eimxmodenns u=ft), B mpu, I

800

600

400

200

£

100 150 200 250 t, mHe
=204

—— SiC-MOS
- ——SiMOS
—— SiIGBT

100 150 t, HC

Puc. 11 IlepexinHi mponecu BKIFOYESHHS/BiKIIIOUSHHS TPAH3UCTOPIB HpH cTpyMmi 20 A

Iponec exmoyenHs =f{(t)

Ampu I_ =404

7 T T 1
R L e
1) E R S S S
20 [i-mmmed - de e
T RN/ A N SiC-MOS |
P SiMOS
0H A SHGBT 7
-10 H H H H H H H
£0 0 50 100 150 200 250 t mc
Nponec xmouenns u=f(t), Boprn, I, _ =40 A
600 . .
o = S SiC-MOS
: SiMOS
400 ------- SiIGBT
300}~ R . . T S I
200} -------- . 55 T St SOCEEEER EESRE
100 f-------- s w. R T e S
0 H =
50 0 50 100 150t e

50
40
30
20
10
0
-10

50 0 50

g00

600

400

200

0

50 0 50

Tponec simmoverns =f(t), Ampu, I =40 A

100 150 200
Iponec eimxmrodennd u=1f(t), B mpm. I

est WA

100 150 t,

Puc. 12 IMepexiaHi nmporecy BKIOYCHHS/BIIKITIOUCHHS TPAH3UCTOPIB Ipu cTpymi 40 A

3 nopiBHAHHS TpadikiB Ha puc. 7 — 13 BCTaHOBIIOEMO, IO 3a iHIIMX PiBHUX ymoBax Tecty SiC-

MOSFET 3a0e3nedye HaWIIBUAIIE BUMUKAHHS Ta BAMUKAHHS.

Taxox He IUBIYUCH HA T€, 1[0 MAKCUMaJIbHE 3HAYEHHS MUTTEBOI MOTYKHOCTI IEPEMUKAHHS Y pa3i
BigkmoyenHss y SiC-MOSFET 0Oinbmie, 3aBAskd MEHIIOMY CyMapHOMY 4Yacy BUMHKAHHS, NPU LLOMY
3a0e3MeuyloThCsl HaiMeHI BTpaTH Ha BMuUKaHHA Ta BuMHKaHHA. SiIC-MOSFET mae HaliMeHIIi 3aTpUMKH
BBIMKHEHHS Ta BUMKHEHHSI, 1110 Ja€ MOXKJINBICTh 3HAYHO 3MEHIITUTH MEPTBHI yac B (ha3Hiil CTiiIl iHBEpTOpA.

Cain BiIMITUTH KOJHMBaJbHUN XapaKTep IMepexiJHuX MpoleciB nepeMukanss. [Ipu 4omy ynmM OiTbII
MIBUJKOIIIOUMN TPaH3UCTOP, TUM Oiblile BUpa)KeHA KOJIMBAJIBbHICTh (301JIbIICHHS MIBUIKOIIT IepEeMUKaAHHS

301IBIIIYE YACTOTY Ta aMILTITYAy KOJMBaJIbHHUX IEPEXiTHUX MPOIIECIB).
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Tponec ermodennd =f(f). Ampu. I_ =60 A Tponec eimmroenns i=£(t), Ampu, I =60 A
80 T

T
'
'
'
'
a

SiC-MOS
°0 At &0 ; Si-MOS
a0l SR S 40} SHGET

204 : - ] N N —————,

— SiC-MOS
0 R A e Of-eeeei -
: : : : SHGBT : : : :
ool : H H H : : 20 H : H :
50 0 50 100 150 200 250 t, He -50 0 150 200 250 t, He
Tponec ermoyerns u=f(f), Bopi, I_ =60 A Tpouec simemovennd u=f(t). Bopn. I_ =60 A
600 T T T T 800
500 -------mmmes
600
400 f-------mmm-e-
300 f-------- S TRl SO LR LRt R 400
200 f---mmm ey e
200
100 f-------- i L CEE b, EE LRt LD
0 : - 0
50 0 50 100

10 t, HC -50 0 50 100 150 t, HC
Puc. 13 INepexiaHi nporiecy BKIIOUEHHS/BIIKIIIOYEHHS TPAH3UCTOPIB P cTpyMi 60 A

Takox Benuke 3HaueHHs di/dl Pa3oM 3 NApasUTHUMHU iHAyKTHBHOCTSMH CIIPUUYUHSE BUKU]] HATPYTH

Mij] Yac BUMUKAHHS KJII04a SIK 11e BUIAHO Ha puc. 11 — puc. 13. Lle#t pakT HeoOXiTHO BpaxOBYyBaTH Yy MPOLEC]
MPOSKTYBAaHHS JAPYKOBAHOI IUIATH 3 BUKOPUCTAHHSIM BHCOKOIIBHJIKICHUX KIIOYIB (HEOOXiTHO MaKCHMalIbHO
3HIDKYBAaTH TIMapa3WTHI 1HAYKTHBHOCTI), a TaKOX 3acTOCOBYBAaTH CHA0OepHI Kojia 3aIsl OOMEKEHHS
nepeHanpyr. JlogaTKoBO Ciif BIAMITHTH, II0 Yac BUMHKAHHS 3MEHIIYETHCS Pa3oM 31 301IbIIECHHSIM
KOMYTOBAHOTO CTpyMy. lle MOsSICHIOEThCS HIBUANIMM BUBEACHHSM HOCIiB 3apsy 3 akTHBHOI obOnacti (1e
ocobnmuBo BaxumBo it IGBT, ne po3cMokTyBaHHS HOCIIB y ApeiioBoMy mIapi BU3HAYAa€E Yac BUMHUKAHHS),
MPUCKOPEHUM po3psaoM mapa3utHux emHocted y SiC-MOSFET Tta Si-MOSFET, mo B cBoro uepry
MIPUIIBUAIIYE TPOXOKEHHS TPAH3UCTOPOM TaK 3BAHOTO T1aTo Mijuiepa Iij] yac BAMUKAHHS TPaH3UCTOPA.

BucHoBKH. BUKOpUCTOBYIOYH METOJ] TECTY MOABIHHUM iMITYJIECOM, MPOBEIEHO EKCIIEPUMEHTAIEHE
TEeCTyBaHHS TUHAMIYHUX BIACTHBOCTEH TpaH3ucTopiB TphoxX TUIIB: Si-MOSFET tumy IXFK52N100X, SiC-
MOSFET tuny IMZ120R030M1H Ta Si-IGBT Tty NGTB50N120FL2WAG.

3a pe3ysbTaTaMu aHalli3y eKCIepUMEHTabHUX AaHuX nokasaHo, mo SiC-MOSFET y nopiBHsHHI 3
kpemHaieBumu MOSFET Tta IGBT mae meHmii BTpath Ha BKIIOYEHHS Ta BIIKITIOUEHHS, IO CBOIO Yepry
poOUThL Iel THI TPAH3UCTOPIB HAWOLIBII TMPUAATHAM JJIsi BUKOPUCTAHHS Yy 3aCTOCYBaHHSIX 3 BHCOKOIO
YacTOTOI0 KoMyTamii KiarouiB. [IpM mboMy 3aBISKM HaMEHIIMM 3HAYCHHSM 3aTPUMOK BUMKHEHHS Ta
YBIMKHEHHS 3’ SIBJISIETHCSI MOYIIMBICTh 3MEHIIIMTH 3HAYEHHSI MEPTBOTO Yacy y (as3Hiil cTiiii iHBepTopa.

3 anami3y rpadikiB MmepexiTHUX MPOIECiB KOMYTAIlii CTpyMy HaBaHTaKEHHS BCTAHOBIICHO, 1110 y pasi
Bukopuctandst SiC-MOSFET BoHM MaioTh HaHOIIbII KOJMMBAaJbHUN XapakTep, OCOOIMBO TepeximTHui
MPOIEC HAMPYTH CTIK-BUTIK, SAKUW MiJ 9ac BIAKIIOYEHHS Ma€ BUKUM, IO € TUM OUTHIIUM, YAM Oinbie
KOMYTOBaHUH CTPYM.

ITokazana Bucoka mBuakodiss SiC-MOSFET Hamae MOXIJIMBOCTI 3MEHIIUTH MEPTBHHA 4Yac y
nopiBHsHHI 3 Si-IGBT, 110 ga€ 3Mory MigBUIIKATH TOYHICTH BiAMPAIIOBAHHS BUX1IHOI HAPYTH aBTOHOMHHX
IHBEPTOPIB HANPYTH (MOXKHA CIIPOCTUTH 200 BiJIMOBUTHCS BiJ aNTOpPUTMY KOMIIEHCAIlii MEPTBOTO 4acy), a
TaKOXX TIOKa3HHUKH SIKOCTI CHCTEM BEKTOPHOTO KEPYBaHHS ABUTYHAMH 3MIHHOTO CTPyMYy, IMOOYZAOBaHMX Ha iX
OCHOBI.

Pe3ynbpTaT BUKOHAHWX AOCHIKEHB IMiITBEP/UKYIOTh AOIiIbHICTE BukopuctanHs SiC-MOSFET B
CHJIOBIM YaCTWHI CyYaCHHX EIICKTPOIPHUBOIIB PI3HUX THIIIB Ta CTATHYHUX IIEPETBOPIOBAYIB IapaMeTpiB
EJICKTPUYHOT €HEPTii, 1110 MPAIFOIOTh 3 MiABUILIEHOI YaCTOTOK KOMYTAIlii.
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COMPARATIVE ANALYSIS OF DYNAMIC CHARACTERISTICS OF SI-MOSFET, SIC-MOSFET
AND SI-IGBT TRANSISTORS

S.M. Kovbasa, Yu.V. Verbovyi, Ye.V. Kolomiichuk
National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»,
Beresteyskyi Ave., 37, Kyiv, 03056, Ukraine.

E-mail: skovbasa@ukr.net, yurii.verbovyi@gmail.com, kolomijchyk@hotmail.com.

This work is dedicated to the practical determination and comparison of the dynamic characteristics of silicon (Si)
MOSFET, silicon carbide (SiC) MOSFET, and silicon IGBT when switching an active-inductive load, which is the most
used mode of operation in electric drives and power converters. The main advantages and challenges associated with
the use of high-speed switches in real applications are discussed. The methodology of the Double-Pulse Test (DPT), a
widely used method for experimental determining the dynamic characteristics of MOSFET and IGBT is presented. An
experimental setup for conducting this test was designed and manufactured. The transistors were tested under identical
voltage conditions for different switching currents. The analysis of the experimental data has demonstrated that, under
equal conditions, SiC-MOSFET provides the lowest switching losses, making it the most suitable for applications which
demand high-frequency PWM. It is shown that due to the lowest turn-on and turn-off delays (compared to other types of
transistors considered) SiC-MOSFET can potentially reduce the converter's dead-time, this fact, in turn, improves the
inverter's dynamic performance and simplifies or even eliminates the need for dead-time compensation algorithms.
References 27, figures 13, tables 3.

Keywords: wide bandgap semiconductors, double pulse test, power electronics, Si-MOSFET, SiC-MOSFET, Si-IGBT,
switching losses, electric drive, high-frequency PWM.
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BIIJIMB MATHITHOI'O 3B’SI3KY MIK IIAPASUTHUMMU IHAYKTUBHOCTAMMU
KOHJIEHCATOPIB HA 3TACAHHSI, IKE BHOCUTH ITIPOTU3ABAJTHUMA ®LIBTP Y
HECUMETPUYHY 3ABAJY

B.K. 'ypin'*, xann. Texn. Hayk, O.M. FOpuenko'**, 0oKT. TexH. HayK,

B.B. HiJIiHCLKHﬁZ***, KaH]I. TeX. HayK
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Poszensanymo ennue macHimuo2o 36°A3KY MIidC NAPASUMHUMU THOYKMUBHOCMIAMU HECUMEMPUYHUX KOHOEHCaAmopie
npOMuU3a8aoreo Pinbmpa Ha pieeHb HeceH020 HuM 32acanHs. Tlokazana 3anedcHicmb 6HeCeH020 inbmpom 32ACAHHHS
CMpYyMy HecUMempuyHoi 3a6a0u 8i0 MASHIMHO20 38 SI3KY MIdC NAPASUMHUMU THOYKMUBHOCAMU KOHOEHCAmopis, aKd
3MIHIOEMbCA O WleCmu PI3HUX CNOCO0I8 83AEMHO20 PO3MAULYBAHHS NIIBKOBUX KOHOeHcamopis. IIpoananizosano pisHi
CNOCcobU 83AEMHO20 PO3MAULYBAHHS NAP 080X HECUMEMPUYHUX KOHOEHCAmopie 0OuH 8iOHOCHO 0OHO20 HA OPYKOBAHIll
niami npomu3aéadro2o Gitempa. 3pobieHo NOPIGHAIbHULL AHALI3 6HECEHO20 PilbMPOM 32ACAHHS O] PI3HUX CNOCODI8
po3mauysanuss yux Kowoencamopie na niaami. Haoamni npakmuuni pexomeHOayii no 63a€MHOMY PO3MAULYBAHHIO
NAIBKOBUX KOHOEHCAMOPI8 Ha OPYKOBAHIN NAAMI, 3A608AKU SKUM MOJICHA 30LNbUWUMU GHeCeHe (DITbMPOM 32ACaAnHs Os
cmpymy HecumempuuHoi 3aeaou, 6 dianasoni yacmom 6io 150 kl'y 0o 30 MI'y, na 10-20 05 3anesicno 6i0 sidcmani ma
63AEMOPO3MAULYBAHHS MIIC YUMU KOHOeHcamopam. bioi. 27, puc. 9.

Knrouoei cnosa: xoHnneHcaTop, KOHIyKTHBHA 3aBa/la, MarHiTHHUA 3B’530K, €JIEKTpOMeEpeKa, IIPOTH3aBaHUI (HLIbTD.

Beryn. Sk Bimomo [1, 2] mpHCTpoi CydacHOI NMEPETBOPIOBAIBHOI TEXHIKM TE€HEPYIOTh BUCOKHUI
piBEeHb HEYMUCHHX eJeKTpoMarHiTHuX 3aBaj (EM3) B mmpokomMy niamaszoni yactor Big 150 k' mo 1 I'Ty ta
BUILIE y BUTJIAAI KOHAYKTHUBHUX 3aBaJ 1 B HABKOJUILIHE CEPEOBHIIC Y BHUIJISAAl €NEKTPOMArHiTHUX IOJIiB.
OpHMM i3 TAXOMIB O 3HW)KCHHS PIBHIB €NEKTPOMArHITHUX 3aBaj] BiJi BUCOKOYACTOTHHX TPAH3UCTOPHHUX
NEPETBOPIOBAYIB € BHKOPUCTAHHS M’SKOT KOMYyTallii epeMHKaHHS TPaH3UCTOPHHUX KiouiB [3-8], Takox
PO3IMOBCIOJIKEHE 3aCTOCYBAaHHS aKTUBHHX CHJIOBHX IMpoTH3aBagHMX (inbTpiB [8, 9] Ta iHmMX cnoco6iB
3MeHIeHHs 3aBaj [9-11]. Haiimommpenimmm criocobom 3HMKeHHs piBHI EM3 3anumaeTbcs BUKOPUCTAHHS
npotu3aBagHuX (GiuTbTpiB. OCHOBHUMH TIOKa3HHKAMH TPOTH3aBaTHOTO (PiIbTpa € 3racaHHs, sSKe BHOCHTH
GINBTp y CUMETPUYHY Ta HECUMETPUYHY 3aBaJIM, @ TAKOXK YACTOTHHUH Jiana3oH, y ssIkoMy QuUIbTp e(peKTHBHO
npaigtoe [10]. OOuaBa 3a3HaveH1 TOKA3HUKU 3HAYHOIO MIipOIO 3aJIeKaTh BiJl BIaCHHUX 1 B3AaEMHUX Mapa3suTHUX
nmapameTpiB QUIBTPYIOUNX eJIeMeHTIB [12—14].

B3aemHi mapa3uTHi 3B'S3KM Ta METOAM iX 3MEHIICHHS y NMPOTH3aBaJHHUX (QUIBTpax Ui CHUIOBHX
TIEPETBOPIOBAUIB KIFOYOBOTO THITY ONMUCAHO y pobortax [12-24]. 3okpema, y nmux poOOTax MpoaHaIi30BaHO
BIUIUB BJIACHUX Ta B3Aa€EMHHUX Iapa3UTHUX 3B’A3KIiB MK KOMIIOHEHTaMH BHCOKOYAaCTOTHOTO (¢inbTpa i
JIOBEJCHO HETAaTUBHHWH BIUIMB IMX 3B’S3KIiB Ha 3TAacaHHS, K€ BHOCUTH (UIBTP I CHMETPUYHOI Ta
HECUMETPHUYHOI 3aBaj y fMiana3oni yactoT Bix 100 k[ o 30 MIm.

Ane Ha BiAMIHY BiJ BHINE TMEpeNi4eHUX PoOIT aBTOpH IIi€l poOOTH TOKa3alu BIUIMB B3a€EMHOTO
Mar”iTHOTO 3B’S3Ky MDK Napa3UTHUMH IHIYKTHBHOCTSMH KOHIEHCATOPIB IS KOHKPETHUX THITIB
KOHJICHCATOPIB Ta MIECTH PI3HUX BHIAJAKIB iX MPOCTOPOBOTO PO3TAlIyBaHHS HA JAPYKOBaHIM IUIATi, & TAKOXK
NOKa3aHUil SKICHUW BIUIMB Pi3HOI BiACTaHi pO3TallyBaHHs IIMX Hap KOHIEHCATOPIB Ha BHeceHEe (iIbTpOM
3aracaHHS Ta BiJICTaHb, Ha SIKIH I1ef MarHITHHUH 3B'SI30K MepecTae BIUTMBATH Ha BHECCHE (PLIBTPOM 3racaHHs.

MeTo10 pod0TH € TOCITIHKEHHS BILUTUBY MAarHiTHOTO 3B’SI3KY MiX MMapa3uTHUMHU 1HAYKTHBHOCTSIMH
TUTIBKOBUX KOHAEHCATOpiB Ha PiBEHb BHECEHOTO (DiIbTPOM 3racaHHs IJisi CTPyMy HECHMETPUYHOI 3aBajiu.
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Taxi mocnmimKeHHS MPOBOIMINCS 32Ul BCTAHOBJICHHS
HAWOUIBII TPAaBUIBHMX BIJCTAHEH MIX BHBIIHUMH
KOHJIeHcaTopaMd (3 TOYKH 30py €JIeKTPOMArHiTHOI
CYMICHOCTi) Ta 3ayisi IX TPaBUIBHOTO B3a€EMHOTO
po3TamyBaHHS Ha JAPYKOBaHIM IUIaTi 3  METOIO
301IBIICHHS] BHECEHOTO (PITbTPOM 3racaHHs.
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= Civerpuina sasasia HHHX QiabTpiB. [IpakTH4HI ZOCTiAKEHHS IPOBECHI Ha

B Seiti s Hecumerpuuna 3aBaga VI

OITHIN 13 PO3MOBCIOKEHUX CXEM eIEeKTPOMEPEIKEBOTO
Puc. 1 poTHU3aBagHOTO PiIBTpa, 300paxeHoro Ha puc. 1. Taky
TUTIOBY CXEMY 4YaCTO BHKOPHUCTOBYIOTH JUIS 3MCHIICHHS
KOHAYKTUBHUX CHUMETPUYHOI Ta HECHMETPUYHOI 3aBaji
Leys B niama3oni gactot Bix 150 xI'n mo 30 MI'n. Sk Binomo
y cepTu(ikoBaHUX NPOTHU3aBaAHUX (ITBTPax BHPOO-
Revi Co R HUKA 3000B’s3aHi BUKOpHCTOBYBaTH IuIiBKOBI MKII
o KOHJIEHCATOpH 3 KiacoM enekrpobesnexku X1, X2 abo
KOHJIeHCcaTOopu Kkiacy Y1, Y2, 110 MarwTh MiIBUIICHY
CTYIIHb EJICKTPOOE3NEKH, IMOXKEKOOE3MEKH, a TaKOoXK
BUTPHUMYIOTh BIUTUB BHCOKOBOJBTHHX MIKPOCEKYHIHHX
Cyq IMITyJTBCIB 3 aMInIiTymoo Bim 2,5 kB g0 5 kB B
Reys Reys 3aJeKHOCTI Bif kiacy. OCKUIBKH Ha TeMepillHii dvac
ceprudikoBani SMD kongencaropu tuny X1 abo X2
BHPOOJISTE€ HEBEIHMKA KiTBKICTh (hipM BUPOOHHUKIB TAKHX,
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o2 Ak kommanii Vishay, Murata, Kemet a6o EPCOS, mi
= SMD koHeHCATOpU MAKOTh AyXKEe OOMEKEHY JIHIHKY 3
Puc. 2 BUOOpY HOMIHAJIiB KOHIEHCATOPiB, MAaKCHMajlbHa

EMHICTDh SIKUX B cepeiHboMy ckiagae no 30 HD, mo
YCKJIQAHIOE IXHE 3acTOCYBaHHS Yy MpPOTH3aBagHUX (QiIbTpax, € TaKoi Majoi €MHOCTI MOXe OyTH
HEJOCTaTHRO. Buxomsum 3 1UUX MIipKyBaHb, TOJANbII JOCT/PKEHHS TPOBENEHI Ha IUTIBKOBHX
KOHJIEHCaTopax TUIly X2.

Ha puc. 1 Cy; i Cy, — KOHACHCATOPH MK (DasHUM 1 HYJHLOBHM MPOBOIAMH, SIKi 3aCTOCOBYIOTh JIJIS
3HIKEHHS PiBHS cUMeTpU4HHX 3aBall, Cy; 1 Cy, — KOHACHCATOPH MiX (Pa3HUM IPOBOAOM 1 KOPITyCOM Ta MiX
HYJIOBHM IIPOBOJIOM 1 KOPITYCOM, SKi 3HIKYIOTh PIB€Hb HECUMETPHUIHHX 3aBald, a Lcy; 1 Loy, — OOMOTKH
JBOIIPOBITHOTO CHMETPUYHOTO JAPOCENs I 3HIDKEHHS PiBHS HECHMETPUYHOI 3aBaam (Mix (azHuUM i/abo
HYJILOBUM ITPOBOJIOM 1 KOPITYCOM).

BumiproBaHHsT BHeceHOTO (iNBTPOM 3racaHHs A CTPyMy HECHUMETPUYHOI 3aBajd MPOBOIMIIUCS
BIJIITOBITHO 3a CTAaHAAPTHOIO METOIWKOI0, ommcaHoro y [25]. Ilim dac mpoBeneHHS BUMipIOBaHHL (ha3Hi
JpOTH Ha BXOJi Ta Ha BHXOJI HpoTu3aBaaHoro ¢Qimprpa Oynu 3akopoyeni. Ha puc. 2 HaBeneHa cxema,
OTpUMaHa 3 puC. 1, 3 ypaXyBaHHSIM BIIACHUX Ta B3a€MHUX MMapa3sUTHHUX MapaMeTpiB KOMIOHEHTIB (iibTpa.
Ha it cxemi He BpaxoBaHi koHaeHcatopu Cy; i Cy, MPOTH CUMETPUYHHX 3aBajl, SKi I 9ac CTaHAAPTHOTO
BUMIpIOBaHHSI PIBHSI HECUMETPUYHOT 3aBaJll MOTPiOHO 3aKOPOUYBATH.

Ha puc. 2: M;; M> — B3aeMHI MarHiTHi 3B’3KH MK Tapa3UTHUMH iHAYKTUBHOCTSIMA HECUMETPHYHHUX
KOHZIEHCATOPIB; R cys.cys — AKTUBHUIA OIIp BUBOJIB HECUMETPUYHUX KOHJEHCATOPIB, a L cys.cys — NApa3UTHI
IHAYKTUBHOCTI HHX KOHIEHcaTopiB. [lpocenb ¢inbTpa HaBeNeHO IHAYKTUBHICTIO Lcy 3 TapasUTHOIO
Mi)KOOMOTKOBOIO €MHICTIO C 1 aKTHBHHM OTIOPOM OOMOTOK R;.

Po3paxynox mazHimnozo 38°a3Ky Mixc HecumempuuHumu Koundencamopamu. 11106 mposectu
pO3paxyHOK MAar”iTHOTO 3B’s3Ky MiXK IapaMH HECUMETPHYHUX KOHACHCATOPIB, ACTAILHO PO3TISHYTO
BHYTPIIIHIO CTPYKTYPY KOHCTPYKIIi IUTIBKOBOTO KOHIEHcaropa THIy X2 (BHYTPIIIHS CTPYKTypa SIKOTO
mokaszaHa Ha puc. 3 a, 6). 3 puc. 3 a, 6 MOXHa TOOAYUTH, IO JUIS MPOCTOTH PO3PAXYHKY MArHiTHOTO 3B'SI3KY
MK Tapa3uTHAUMH IHIYKTHBHOCTSIMH TaKWX JBOX KOHIEGHCATOPIB KOKEH 3 HUX MOXKHA 3aMiHHATH
NpPSIMOKYTHHM TIPOBITHIM KapKacoM, SIKUi XapakTepu3ye HOro MapasuTHY iHIYKTHBHICTB.

Ha puc. 4 nokasani napu 3 aBox kouaeHcatopiB Cy; — Cy; 1 Cy, — Cyy, pO3TallIOBaHUX MAPAICIBEHO
OIIMH BIJIHOCHO OJHOTO Ha TIEBHIH BiJICTaHI X 3 TEOMETPUYHHMH po3MipaMu KOHHeHcaTtopiB a i b. Ha
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Meraaisonana mosinponizerona TIPUKIIATL KOHJIeHCaTOpa Cy, (puc. 4) BisyanLHO
naipka MPOJIEMOHCTPOBAHHH NUISX MOUIMPEHHS! MarHiTHOTO
;/ MOTOKY @, SKWUH TpoTiKae yepe3 KOHIACHCATOP

o B CTPYMY HECUMETPHYHOT 3aBa/H icyy.

Jns po3paxyHKy MapasuTHOTO MarHiTHOTO
3B’SI3Ky 3acTocoBaHo Bupas (1), ommcanmii y [26]
Ul BUMAAKy MAarHiTHOTO 3B’A3Ky MDK JBOMa
mapajgebHO  PO3TALIOBAHUMH  NPSIMOKYTHHUMH
paMKaMH 13 TOHKOTO TIPOBIMHHMKA IMJIIHIAPHYHOT

bopmu
M:’%{a-h{mdzj+b-]n(b+dzd‘j+2(D—d] —-d, +x)}'(1)

\ MeraunizoBani /

KOHTAKTH

Hikkn
KOHJAeHcaTopa

V4 a+D x b+D x
e y, =4x-107 — MarHiTHA TIPOHUKHICTH BaKyyMy, a

di, d», D — xoedillieHTH, $SKi BU3HAYAIOTHCS

BHPA3aMH:
d =Va’+x"; (2)
d, =\b" +2*; 3)
D=A+a*+b*+x*. 4)

HapH KOHI[eHcaTopiB CY] — Cy3 1 CYZ - Cy4
Puc. 4 (puc. 4) Oynu CHOPOIICHO TIOKa3aHI Yy BHUIIIAIL
MpSIMOKYTHHX PaMOK, a TakKOXX IOKa3aHO TIeoMe-
TPUYHY JOBXHHY Ta BHCOTY KoHAeHcaTopiB Cy; —
Cyy, BIIMOBITHO, 1I€ @ 1 b CTOPOHH TIPSIMOKYTHHX PaMOK.

Sxmo y (1) migcTaBUTH THIIOBI TEOMETPHYHI PO3MipH BUXIAHUX IUTIBKOBUX KOHAeHcaTopiB (22 nF,
310 VAC, kmac X2, komnanis Vishay, a = 13 mm, b = 11 mMm) i 3agaTtu BincTtanb Mixk HUMHU x=30 MM, TO
MMCIs pO3paxyHKiB OTPUMYEMO, IO MArHITHUH 3B'130k Mikx HuMH M = 0,067 H[H. A y BUNaaxKy
po3TallyBaHHs KOHIEHCATOPIB BIPUTYJ OJWH JO OJHOTO 3rigHO 3 (opmyrnoro (1) B3aeMHHH MarHiTHUR
3B'I30K MiXK HUMU 30UTbIIATECA 10 6,8 HI'H, TOOTO Maibxke B 100 pasis.

Ilpakmuuni 0ocnidicenna enaugy NApa3umHoz0 MAZHIMHO20 36’A3KY MIidC HeCUMEmpPUUHUMU
KOHOeHcamopamu Ha pieeHb GHECEHUX 3aead y npomusaeaonumy ¢pinempi. Ilin dyac TPOCKTYBaHHS
MIPOTH3aBaTHOTO (PiBTpa 3aBXKIH MOTPIOHO BpaxOBYBaTH CTPYM BUTOKY MiXK CHJIOBOIO JIIHIEIO Ta KOPILYCOM,
KU Oe3rmocepeiHh0 Oy/le BU3HAYEHO CyMapHOK EMHICTIO HeCMMETpU4YHHX KoHaeHcaTopiB Cy; — Cy,, sKi
BIJIITOBIAIOTH 3a 3HIKEHHS PiBHA HECHMETPHUYHOI 3aBaj. 3a3BUYail OOMEXEHHS CTPyMy BHUTOKY [27] mis

R V7T . eJIeKTpoanaparypi  CTaHOBHTh  HE
T [P T i v 6inpmie 3,5 MA. ToMmy Ha migcrasi
o OpOTO  Ha  TMPAaKTHYHOMY  eTarmi
JOCII/DKeHb BHUOpaHO KOHJIICHCATOPH
emuictTio 22 H®, (3HaYeHHSA TaKoi
€MHOCTI JTa€ 3MOTY HE ITepPEeBHIIyBaTH
JOMTYCTUMH 3HAYEHHSI BUTOKY CTPyMY
3,5 MA MDK CHIOBOIO JIHIEIO Ta
KopirycoM (ifbTpa).

Somngs-tiormsl 1 __SelingsEMC

[IpakTrani JTOCITIKEHHS
MAarHITHOTO 3B’SI3Ky MK MMapasuTHUMU
IHIlyKTUBHOCTSIMH HECUMETPUYHHX

KOHJICHCATOPIiB TIPOBE/ICH] IS TITiBKO-

BUX KOHJICHCATOpPIiB 3 MOJINpOIIijie-

HOBOMW i3omsmiero (22 nF, 310VAC,

k1ac X2, 13x11x5 wMm. kommaHii
100 0x 1.00M 10.00M @0 .

£ «- Vishay).

Puc. 5 3a11 MpakTHYHOI IMEpeBipKH
BIUIMBY MAarHiTHOTO 3B’SI3Ky MDX IBO-
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Ma KOHJEHcaropamMu OyB NOOYIOBaHWI NPOCTUH MaKeT 3 JBOX 3TalaHuX BUIIE MOJIMPOMIIIEHOBHX
koHaeHcatopis Tuny (22 nF, 310VAC, 13x11x5 MM., kitac X2, komnasii Vishay) 3 MOKIHMBICTIO BiiaJIeHHS
IUX KOHJCHCATOPIB Mija yac BuMipiB BuximHoi AUX Takoi HeCKIaJAHOI CXeMU pUC. 5 TpaBopyd 3Bepxy. Ha
rpadiky pHUC. 5 IMoka3zaHa 3aJeXHICTh BHXIJHOI HAmNpyTH BiJl 4acTOTH (10 BEPTUKAIBHIN OCi MO3HAYEHO
piBEHb BUXITHOTO CHTHAY IO 3HAXOIUTKCS B Mexkax Bix 7 mo 107 nb/mMkB, a mo ropu3oHTanbHil — 9acToTa
B Mmexax Bix 150k['m mo 30MI'm) Ha pucyHky 3eieHa IiHisS BigoOpakae AUX Ui BUMAIKY, KOJH
KOHJICHCATOPH PO3MIIICHI BOPUTYIT OJIUH JIO OJAHOTO, (hi0JECTOBOIO — JIJIsl BUTIAJIKY, KOJIH BiJICTaHb MiXK HUMH
CTAaHOBUTHL 15 MM., a yopHOIO — /I Bimcradi B 30 MMm. Buxomsiun 3 anami3zy nux rpadikiB, MOXHa 3pOOUTH
BHUCHOBOK TIPO CHJIbHY 3aJICKHICTh MarHiTHOTO 3B’SI3Ky MiX IMapa3uTHUMHU iHAYKTHBHOCTSMHU KOHJICHCATOPIB
Bl BigcraHi Mixk HUMH Ha dacToTax Bix 200 k't mo 30 MI'n, sxa 3sMiHroeTses Ha BiacTadi Big 0 1o 30 MM B
cepeqapoMy Ha 25 n1b — 30 nb a6o Big 18 mo 32 pasm.

3ams Toro mob MepeKOHATUCS Y BINIMBI MarHiTHOTO 3B’ 3Ky MK MapasuTHUMHU 1HAYKTUBHOCTSIMH
JBOX HECHMETPUYHUX KOHJICHCATOPIiB HA BHECEHE (DIIBTPOM 3racaHHs, moOyT0BaHUI MaKeT MPOTH3aBaIHOTO
(hinpTpa 3rimHO cxemu puc. 1 (puc. 6), Ha IKOMY TIPOBOIMIIHCS JOCTIKEHHS (pUC. 6, @ — BUA 3BEpPXY, pUC. 6,
6 — Bux 3HU3Y). [lpykoBaHa 1urata ¢iasTpa po3TamioBaHa B METAIEBOMY KOPITYCi 1 3aKpHBaJIacs METAICBOIO
KPHIIKOIO sl 3a0e3MEeUYeHHs] paji-TepPMETHYHOCTI, TpHUIIaloBajacs 10 METaleBUX CTIHOK KOpIycy 3
CepeIMHM, SIKi MarOTh €IEKTPUYHUI KOHTAKT 3 TapaMH HECUMETPHUYHUX KOHAECHCATOPIB 3TiIHO cXeMH puc. 1.

BumiproBaHHs BHeceHOro (QiIbTpOM 3racaHHS IJIs HECHMETPUYHOI 3aBafyl IPOBOJWINCS 3a
CTaHIAPTH30BAaHOI0 METOJMKOI0 BHMIPIOBAaHHS pIBHIB  €JIEKTPOMATHITHHX 3aBaj, OIMCAHOIO Yy
MDKHapOAHOMY CTaHAapTi [25]. J{ns BUMiproBaHHS piBHs 3racaHHs CTpPyMY HECHMETPUYHOI 3aBaau (imbTpa
BUKOpHCTaHU# aHamizatop cnekrpy HAMEG HM 5014-2 i3 BOyZoBaHWM TpEKiHI-T€HEpaTOpOM Ta
JTOMAaTKOBHMM 30BHIITHIM ITiICHITIOBaYeM, SIKH Ma€ BUXiMHWUW piBeHb miacwieHHs 130 nb/MkB y miamazoni
gactot 150 x['i1 — 30 MI'1 (puc. 7).

3a 1€ K METOIUKOI TMPOBEICHO MOCHTIKEHHS BIUIMBY MAarHITHOTO 3B'S3KYy MK Mapa3uTHUMHU
IHIYKTUBHOCTSAMHU Tap koHaeHcaTopiB Cy; — Cy;, Cy;z
— Cy; I8 UIeCTH  BapiaHTIB ~ B3a€EMHOTO
po3TallyBaHHS IMX TMap, a came: [apaleNbHo,
B3a€MHO TEPIEHIUKYISAPHO, mix kyTtoM 180° omwmH
BITHOCHO OJIHOTO, TEPEBEPHYTI OJUH BIJIHOTOCHO
OHOTO, HA PI3HUX CTOPOHAaX JPYKOBAaHOI IUIATH
BEPTHKAIILHO OJIMH JI0 OJTHOTO Ta TOPU30HTAIBHO, 5K
rmokasaHo Ha (puc. 8, a — €).

Ha ocHoBI aHamni3zy oTpUMaHUX pPe3yibTaTiB y
Burisai rpadikie AYX s BapianTtiB @ — @ puc. 8
3po0JICHO  BHCHOBOK, IO 3MiHA  ITOJOKEHHS
HECUMETPUYHUX KOHJICHCATOPIB OJUH BIAHOCHO
OJIHOTO HISIK HE BILTUBAE Ha 30UTBIICHHS BHECCHOTO
3racaHHs MPOTU3aBaTHUM (HiTbTPOM (BEpXHI YOPHUIA
1 cuHilt Tpadik Hakmamucs — puc. 9). 3 mectu
3alpONOHOBAaHUX BapiaHTiB, HalKpalle cebe moxka3as
BapiaHT 0, 3a SKOTO KOHJICHCATOPH
PO3TamIOBYBaIMCA HA PI3HUX CTOPOHAX IPYKOBaHOI
IUIATH, a AOPDKKU JPYKOBaHMX IIAT MK HUMH
BUCTyHalli B poni expaHy. Takuii BapiaHT
pO3TalIyBaHHA JBOX KOHJIGHCATOPIB  ITiJBUIIHB
piBeHb BHeceHoro ¢ineTpom 3racanHs Ha 10 b
AT Eilir (3enmenwii rpagik puc. 9). Tpoxu ripie nokaszas cede
BapiaHT e, 6 nb (poxkeBwii rpadik puc. 9).

Takox TPOBEJAEHO JOAATKOBHM eKCIepu-
MEHT, SIKMi TOJNSTaB y IOCTYIOBIM 3MiHi BijcTaHi
Mix napamu napasenbHo PO3TaIIOBaHUX
koHmeHcatopoiB Cy; — Cy;, Cy; — Cy, (BimcTaHb
iXHBOTO B3aEMHOTO PO3TAIlyBaHHS 3MiHIOBAJIACS B
Mexax Bim 0 MM 10 50 MM 3 kpokoM 5 Mm). Ilicns cepii BUMiproBaHb Ta aHaNli3y OTPUMAaHUX Pe3yJbTaTiB
3po0JeHO BHUCHOBOK, M0 30iiblIeHHS BiacraHi Oimbmme HiK Ha 30 MM MK JBOMa TNapaneiabHO

Puc. 6

Puc. 7
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Puc. 9

PO3TalIOBaHUMHU HECUME-TPHYHUMHU
KOHJCHCATOpaMH  HE  MNPU3BOAMTH  JIO
3MEHIICHHS B3a€MHOTO MAarHITHOTO 3B’S3KY
MIX HHUMH i, K HACNIJIOK, HE CIIOCTEePIraeThCs
30UTBITICHHST BHECEHOTO (DUTBTPOM 3TacaHHS
oinpir Hixk 20 nb (4epBoHMIA HIDKHIN Tpadik
puc. 9).

Tlomaneinl  JOCHIIKEHHS IOKa3aiu,
[0 TOTO CaMOT0 PE3yJIbTaTy MOXKHA JIOCATTH Y
pasi po3TallyBaHHs KOHACHCATOPIB HA Pi3HUX
CTOpOHAaX APYyKOBAaHOI IJIaTH Ha BifacTaHi 15
MM. lle MO)KHa TOSICHUTH eKpaHyBaJIbHUMU
BJIACTHBOCTSIMH JIOPI)KOK JIPYyKOBAHMX ILIAT.

PesynbraTi moCHiKeHb MOKA3aJIH, 1110
301IBIIEHHS BiJCTaHI OJWH BiJ OJHOTO IBOX
HECHMETPUYHUX KOHJEHCATOPIB Ha Tiati Bij 0
mo 30 MM gae 3MOTY 3MEHIIUTH MarHiTHHUM
3B’S30K MIX IXHIMH MMapa3suTHAMH 1HTyKTHB-
HOCTSIMU JI0 MIHIMAJIbHO MOXKJIMBUX 3HAYCHb,
3a SKUX LIeld HeraTUBHHN eeKT He Mir OyTu
3adikCOBaHMIA CHEKTpOaHalizaTopoM. B Kib-
KiCHOMY CITiBBIAHOITICHHI PO3HECCHHS KOHICH-
caTopiB Ha BijactaHb Oumbine 30 MM OIMH BiX
OJTHOTO Ja€ MOKJIUBICTH 301JBIIUTH 3racaHHs,
sKe BHOCUTH (PimpTp, mo 20 nb B miama3oHi
gactoT Bigx 1 MI'm go 30 MI'u. Takox crae
OYCBUJHO, MO0 KOHJCHCATOPH 3 MEHIIOI0
Mapa3uTHOIO iHAYKTHBHICTIO MATUMYTh MEHII
3HAYCHHS B3a€MHOI IHAYKTUBHOCTI, a II¢
03Hayae, 10 BiJICTaHb, HA SKili Oyje MOMITHHI
B3a€MHUH MarHiTHHUH 3B’ S30K, Oy/ie MEHIIIOIO.

BucHoBku. Y Xoai TpOBEICHHS
MPAKTHYHOTO  EKCIEPUMEHTY BCTaHOBJICHO
HACTYITHE.

1. MarniTHuit
Mapa3suTHUMHU IHIYKTUBHOCTSIMH
HECUMETPUYHUX  KOHJICHCATOPIB  3MCHIIIYE
3racaHHs HECHMETPUYHOI 3aBaji, BHECEHOTO

3B’ 130K MIXK

MPOTHU3aBaAHUM QiTBTPOM B miama3oHi yactoT Bix 150 kI’ o 30 MI .

2. IIpoctuii 1 ehekTUBHUI CIIOCIO 3MEHIIUTH Napa3UTHUN MAarHITHUH 3B’ 430K MK 1HAYKTHBHOCTSMH
KOHJ/ICHCATOPiB HECUMETPUYHUX KOHJICHCATOPIB € 301IbIIEHHS BiJICTaHl M)k HIMH JI0 BiJICTaHi, Ha Kl 1ei
3B’S30K HE BIDIMBA€ Ha 30UIBIICHHS 3TAacaHHsS, BHECEHOTO NPOTH3aBaAHMM (GIIBTPOM. 30Kpema, s
wtiBkoBux MKII kounencaropis 22 H® ~250 B knacy X2 komnanii Vishay us Binctanb craHoBmiaa 30 MM.

3. Skmio Ha IpyKOBaHil MIaTi HeMae MOXJIMBOCTI PO3HECTH KOHICHCATOPU OJIMH BiJIHOCHO OJIHOTO,

TO JOUITBHO IX pO3TAIIOBYBAaTH HA PI3HUX CTOPOHAX APYKOBAHOI IUIaTH Ta 3aKIACTH

eKpaHYyIOUUil Iap y BUMIISI JOPIKKU IPYKOBAHOT IJIaTH.

MDK HUMH

4. SIK110 KOHACHCATOPH 3HAXOMATHLCS Ha OJHIM CTOPOHI APYKOBaHOI IUJIaTH Ta HA OJHIH BiACTaHI Mixk
CBOIMH T'€OMETPUYHHUMH [IEHTPAMH, TO TXHE B3a€EMHE TOJIOKCHHS (MapayenbHe, MEepIeHAnKyIIpHe abo Mmif
KyTOM) HE BIUIMBAE€ Ha 3MiHY MAapa3WTHOT'O MarHITHOTO 3B’S3Ky MiX HHUM i, K HACIIJOK, 3MiHy BHECEHOTO

3racaHHs MPOTU3aBaIHOTO (BiIbTpa.

Pobomy euxonano 3a deporcasnum npoekmom 2023.04 «Hayxa 0na 3miynenHs 060poHo30amuocmi
Yrpainu» 3a memoro 2023.04/0033 «llpucmpiii ona egpexmusnoz2o 3axucmy Kibepingpacmpykmypu 6i0
Kibeppo36ioku ma Kibepoiil npomueHuxay, niompumanoco Hayionarvuum ¢ponoom docrioxcens Yrpainu.
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INFLUENCE OF MAGNETIC COUPLING BETWEEN PARASITIC INDUCTANCES OF CAPACITORS OF
DIFFERENT TYPES ON THE DAMPING OF COMMON MODE INTERFERENCE INTRODUCED BY AN
RFI FILTER

V.K. Gurin', O.M. Yurchenko', V.V. Pilinsky2

"Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine, E-mail: yuon@ied.org.ua.
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Beresteiskyi Ave., 37, Kyiv, 03056, Ukraine.

The influence of magnetic coupling between the parasitic inductances of Y capacitors of an RF1 filter on the level of the
filter insertion loss was studied. It is shown that the magnetic coupling mentioned above significantly worsens the
attenuation introduced by the filter at frequencies from 150 kHz to 30 MHz. Mutually perpendicular, parallel, and end-
to-end arrangement of capacitors relative to each other was analyzed as one of the methods of reducing the magnetic
coupling between parasitic inductances of Y capacitors. It is shown that an increase in the distance between the said
capacitors increases the attenuation introduced by the filter into common mode noise in the frequency range of 150 kHz
to 30 MHz by 10 to 15 dB. References 27, Figures 9.

Keywords: capacitor, conducted noise, magnetic coupling, power grid, RFI filter.
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THE INFLUENCE OF BRUSHLESS MAGNETOELECTRIC TACHOGENERATOR
SIGNAL PULSATIONS ON THE SERVO SYSTEM TUNING
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The paper is devoted to the study of operating modes and features of tuning of a servo system containing a brushless
magnetoelectric tachogenerator in the angular speed control loop of an executive motor. Features of tuning of the in-
ternal loop of angular speed for compensation of electromechanical time constant taking into account pulsations of the
tachogenerator signal are studied. Dependences of the signal ripple coefficient at the tachogenerator filter output, the
values of the signal ripple swing in the angular speed loop and the effective current value on the parameters of the sys-
tem operation mode are given. The influence of the system tuning parameters on the performance indexes of angular
speed control is studied. The approach to tuning of the servo system taking into account the parameters of the angular
speed loop while providing a given stability margin in phase is considered. The results of studies of the servo system
are given. References 16, figures 15, table 1.

Key words: servo system, brushless magnetoelectric tachogenerator, tuning of automatic control system, phase stability
margin, signal ripples.

A feature of the development of some electromechanical servo systems is that the actuating motor
often drives a mechanism with a relatively large moment of inertia. As a result, to compensate for the rela-
tively large electromechanical time constant of the motor with the control object, it is necessary to tune the
inner loop of the servo system with a motor angular speed sensor [1-4]. Such sensors are subject to certain
requirements.

Nowadays, in many cases, DC collector tachogenerators are used as angular speed sensors [5—10].
The disadvantages of such tachogenerators are caused by the presence of mechanical commutators, which
limits the resource of their operation, causes voltage drop and pulsations on the rotating mechanical contact.
To partially eliminate these disadvantages, the plates of mechanical contacts are made of an alloy containing
95% silver. The use of DC tachogenerators makes it possible to obtain an isolated analog voltage signal pro-
portional to the angular speed of the rotating motor.

At the same time, to eliminate mechanical contacts on the rotating rotor, brushless designs of tacho-
generators with permanent magnets on the rotor are developed and used, in which a constant analog signal is
obtained by means of an electronic circuit of rectification of phase alternating EMFs of the stator winding
[11-13]. The problem in the development of such brushless tachogenerators is the presence of pulsations of
the output rectified signal due to the peculiar form of the phase alternating stator EMFs. One of the directions
of overcoming this problem is the choice of such a form of EMF at which the output ripples are minimized.

The influence of the pulsations of the angular speed sensor signal should be taken into account when
tuning the angular speed control closed loop to compensate for the electromechanical time constant of the
motor and mechanism, as well as when tuning the entire servo system. Preliminary studies have shown that
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the presence of pulsations in the tachogenerator signal due to relatively large values of the angular speed
controller gain leads to the appearance of pulsations of the current and torque of the motor. To reduce these
pulsations, an additional first-order low frequency filter must be introduced in the speed control loop. And
this, in turn, leads to deterioration of the dynamic characteristics of the servo system. Thus, the factors affect-
ing the tuning of the servo system are the values of the pulsations of the tachogenerator signal and other vari-
ables, the value of the smoothing filter time constant, as well as the criteria for tuning the angular speed con-
trol loop and the external control loop of the rotation angle.

The purpose of the paper is to determine the relationships between the values of the time constant
of the tachogenerator signal filter and the parameters of the angular speed and motor shaft rotation angle con-
trollers to assess the influence of these parameters on the tuning the servo system and the quality of regula-
tion, taking into account the presence of pulsations in the signal of the brushless magnetoelectric tachogen-
erator (BMT).

The main material and research results. The BMT is generally an m-phase AC electric machine
[14, 15]. Fig. 1 shows a three-phase system of stator winding EMFs, which in the simplest case are described
by sinusoidal functions

e,=k,;0sin0; e, =k, 0sin(0-2n/3); e. =k, osin(0-4n/3), ea
(1-3)
where k,; ® are constant coefficient and angular speed of rotation of

the generator rotor; 0 is electric angle of rotation of the rotor shaft,
which is defined as 8=pwt, where p is number of pole pairs of the rotor;

€B

¢ is time.

To form an analog voltage signal proportional to the angular J
speed of the rotating motor, a three-phase bridge active rectifier based
on controlled keys with double-sided conductivity, such as MOSFETs,
is used (Fig. 2). The conduction intervals of the controlled keys are
marked with the letter NV in Fig. 1. In this case, the output signal of the
tachogenerator rectifier at each repeatability interval of 60 electrical de-
grees is described as a sum of two phase EMFs, e.g. at the interval N=61
two variables are summed — e, and e;. Six transistors S1...56 (Fig. 2) are

numbered according to the sequence of their turning on. The two-digit 30 90 150 210 270 330 390 450 510
number N indicates the numbers of the pairs of transistors that are in the Fig. 1
conduction state.
¢ S1 ‘,ESSJESSS To evaluate the quality of the tachogenerator signal, the
2 pulsation coefficient can be used, which can be calculated by
81}7 simple formulas based on the signal parameters uz¢ or the induc-
@ [] R.  tion distribution curve b in the tachogenerator air gap
éc _ —
5 =100 Ya " 10020 = (B +ba) )
u, . tu . 2b,, + (b90 + by, )
e/ fso/ s E&
where ., Unmin, are maximum and minimum values of the signal
urg; bso, bsy, boy are relative values of the induction b distribution
Fig. 2 curve (Fig. 3) in the air gap of the tachogenerator at 30, 60 and

90 electrical degrees at the first quarter of the half-wave of the
EMF curve. The table the parameters of two variants of induction distribution curves in the air gap. The first
variant corresponds to the sinusoidal form, and the second variant corresponds to the form at the value of the
ripple coefficient equal to one.

; 3 H- 2
variant b30 bgg bg() kp[, % U.t]% | I .U:l) } i
1 0,5 0,866 1 7,176 0.6 | [)E‘)g 7 B
0.4 ),
2 0,95 | 0,9947 1 1 03 ] 0.85 - 6, deg
o 08 ———F—
0 20 40 60 80 30 40 50 60 70 80 90
Fig. 3

46 ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 5



In this paper, a tachogenerator with the output signal according to the second variant is used in the
research of the servo system. To model the tachogenerator, the relative signal u 7, normalized in such a way
that its average value is equal to one, is used. The signal variation curves u 7 at sixty-degree repeatability
interval are shown in Fig. 3. Relative normalized signal u 7 is determined by the formula

*

g =l U, » (5)
where u,, is average value of the tachogenerator output signal uz¢ (Fig. 1).

The structures of servo systems are known and, as a rule, they contain an inner loop closed by angu-
lar speed and an outer loop to regulate the rotor rotation angle. To study the operation modes of the servo
system, we will use the mathematical model of the motor, which corresponds to the model of a DC collector
motor or, with some assumptions, to the model of the electric drive structure “brushless permanent magnet
motor - voltage inverter”

L4 Ri—esu, e=u'k o; 790 _yoy o 42, (6-9)
dt dt dt
AM =M-M,; M, =M, sign(0);  M=k,i, (10-12)

where i, e, u, are motor current and EMF, as well as the voltage in the DC link of the voltage inverter or the

rotor of the collector motor; u ., is modulating function of EMF with a unit mean value, which takes into ac-

count the ripple EMF; R, L are active resistance and inductance of the motor; £, is motor torque coefficient;

J is moment of inertia on the shaft of the motor rotor; AM, M, M; are dynamic torque, motor torque and me-
chanical load torque; M;; is mechanical resistance torque; o is a rotor rotation angle.

On the basis of equations (6-12) we write down the motor transfer functions
i(p) _ YR | op) _ 1 o(p)_ Vk, (13-15)
um(p)—e(p) T, p+1 AM(p) Jp um(p) T, p+1

where Ty, Tr are electromechanical and electromagnetic time constants.
Finally, Fig. 4 shows the structural diagram of the servo control system consisting of the executive

mo-tor, the BMT and its output signal filter, the angular speed and angular position controllers of the motor
rotor. It can be noted that the structure of the system does not have an internal current control loop. It will be
shown be-low that the value of the electromagnetic time constant of the brushless motor with permanent
magnets, which is used in the system, is significantly less than the value of the time constant of the tacho-
generator filter. Therefore, the electromagnetic time constant of the motor will not affect the main operating
mode of the servo system. In this case, there is no need to correct and consider the current loop.

e Hc ku: 4
“Ru ”r{ N{-J 1 f M l @ ] o
I.;E‘r\.r[ p} R : km "‘ : _> _J —>
I.p+l1 e £
M L —
— €
“]"f ] *
}VF (Ju] < ”]"(I klf'(.r' 4
H’)S'rz.(p) s
Fig. 4

Let us supplement the description of the closed loop automatic motor angular speed control with
formulas for determining the mismatch u,(p) and tachogenerator signal uzs(p), as well as transfer functions
of the angular speed controller W, (p) and tachogenerator filter Wg(p),

uUw(p):ua(p)_uFBm(p); “Tc(p):u;ckmm: (16, 17)
ua)(p) kCa)(TCmp+1) uBFw (p) kF
WeolP)= = ; W.(p)= = ; (18, 19)
W)= p D)= ) T
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where u,, ( p) is the rotor angular speed reference signal, which is the output signal of the PI-angle control-
ler; u,, (p) is the feedback signal at the filter output; k., , T, are the gain and time constant of the PI-

controller; k,., 7, are the gain and time constant of the filter at the tachogenerator output; k,; is the gain of
the tachogenerator. Note that the signal at the output of the tachogenerator is determined taking into account
the previously obtained relatively normalized modulating signal u,, accordingly to the form of the real ta-

chogenerator signal. Thus, the pulsations of the tachogenerator output signal are taken into account.
The outer loop of the servo system is formed by feedback from the shaft rotation angle sensor

Wi, ( p) of the actuating element of the mechanism and the rotation angle controller W, ( p). In this paper,

we will limit ourselves to the consideration of a system with second-order astatism with a PI rotational angle
controller. The external loop is described by the equations
Uyy (p):uRoc (p)_uFBa (p); (20)
ke (T p+1
( ): ua(p) _ Ca( co P )’ Wsa(p):uBFu(p): kSon , (21,22)
y, (P) P a(p)  Teup+l

where u,, (p) is the rotation angle reference signal; k., , T}, are the gain and time constant of the rotation

/4

Co

angle PI-controller; kg, , T, are the gain and time constant of the rotation angle sensor.
To compensate for the relatively large value of the electromechanical time constant, it is assumed to
be equal to the time constant of the angular speed PI controller 7, =7,, , then we write the transfer function

of the closed loop angular speed control in the form of

o(p) _ k,

u,(p) T'p*+28T,p+1’
where k , T}, & are the gain, time constant and damping coefficient of the second-order link. In this case, the

(23)

parameters of the transfer function (23) are determined by the following equations

ko= r= |tfale (24, 25)
kTG kF kC © kT G kF

For a stable oscillating link, the condition 0<& <1 is true. Thus, the tuning of the second-order con-

trol system (23) and the value of the transfer coefficient of the angular speed PI controller under the condi-
tion T, =T,, is determined only by the values of the damping coefficient & [16] and the filter time constant

T, at the tachogenerator output

kep = 26)
4& TF kTG kF
Then the gain of an open loop of angular speed control is defined as the product of all gain of the
loop
kOLS(n = kakTGkF /km : (27)

Due to the relatively large value of the moment of inertia on the actuator shaft, the pulsations of the
tachogenerator signal will practically have no effect on the character of change of the angular speed and rotor
angle. Therefore, in this study we are interested in the parameters of the tachogenerator output signal, the
signal at the output of the tachogenerator filter, the signal at the output of the angular speed controller and
motor current. That is, at this stage we will study the tunings of the closed loop angular speed, which is in-
ternal to the servo system. At the same time, we can vary the values of filter time constant 7, and damping

coefficient &, as a result of which we can determine the value of angular speed controller gain k., and the
time constant of PI controller is already determined and set in the condition 7., =T7,, .

Parameters of signals at the output of the tachogenerator are presented in Table, and for further stud-
ies we choose the best of them, i.e. the second variant. To evaluate the quality of signals in the system we use
such parameters:

— signal pulsation coefficient at the output of the tachogenerator filter
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kpp=—-"""L, (28)

where Au,, u,, are pulsation swing of the signal at the tachogenerator filter output and the average value of
this signal;
— relative values of signal pulsation swing at the tachogenerator filter output and at the angular speed
controller output
. 100A » 100Au
F = —uF ’ Auw = ©
UF 3000 U

wmax

Au : (29, 30)

where Au, is the pulsation swing of the signal at the output of the angular speed PI controller; U,y , U,

are values of the tachogenerator signal at the nominal speed, equal to 3000 rpm, and the maximum value of
the voltage at the controller output;
— relative value of motor current ripple swing

Ai" =100Ai/1,, , (31)
where Ai is current ripple swing; /,, is nominal current value. To estimate the magnitude of a direct current

that has pulsations, the current effective value is used, the magnitude of which in this case will differ from its
average value;
— relative value of the motor current effective value

I, =1001, /1, , (32)
where 1 of is the current effective value.

First, we study the properties of a single tachogenerator with a first-order filter (19) at the output,
which rotates at a given and constant angular speed. Fig. 5 shows the dependences of the pulsation coeffi-
cient kpr of the signal at the filter output, as well as the relative magnitude of the pulsation swing Aus on the
rotation speed at three values of the filter time constant 7= — 0.01; 0.02 and 0.04 s. All characteristics in Fig.
5 and in the figures below for these
three values T of the time constant are
designated respectively by numbers
from 1 to 3. Fig. 5 shows that the refer-
ence value of the pulsation coefficient
of 1% is maintained only at the lowest
0,02 - rotational speed, and as it increases, it
0,01 n,rpm  decreases significantly due to the influ-
0,00 - ence of the low frequency filter. All

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 further studies will be carried out at
Fig. 5 these three values of time constant 7.
Next, let's perform an example
of calculation of operation modes of the angular speed loop, the input of which is supplied with a constant
speed reference signal at {=0,7 and three values of the filter time constant. For the example calculation we

L ke, % 0,08
0,07
0,06
0,05 -
0,04

0,03

0.8

0.6

0.4

n, rpm

have chosen a motor with the following parameters: rated power — 180 W; maximum rotation speed — 3000
rpm. In addition, the motor model (6-12) and the system is characterized by the parameters:

k,=0,08594 Vs, L=454.10"Hn, R=0,10hm, I,=12A, U,m=15V, U,. =27V,

wmax

ft",.f_- , % 0.08 A,r,r;_ ,% TE = 4,54 10_4 S.
0,8 0.07 (7 Fig. 6 shows the dependences
0,06 - of the pulsation coefficient k.. of the
00 0,05 1 signal at the filter output and the
0.4 0,04 1 relative values of the ripple swing
0 :ii:; 2 Au,. on the rotation speed n, but for a
2 nrpm - o1 3 n, rpm tachogenerator that operates in the
0 —— 0.00 complex of the servo system (Fig. 4).
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 N this study, the EMF curve is
assumed to be perfectly smooth, i.e.,

Fig. 6
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the instantaneous values of the
modulating EMF function u, are

equal to unity. Most noticeable in
these figures is the difference of the
graphs in the region of small values
of rotation speed. This difference
arises due to the influence of
tachogenerator pulsations on the
rotational speed pulsations, since at
low frequencies the filtering
capabilities of the system are
weakened.

Fig. 7, a, b shows the de-
pendences of the relative values of

the signal ripple swing Au_ at the

output of the angular speed PI con-
troller on the rotation speed n for two
variants of calculation of the proc-
esses in the inner loop of the servo
system. These variants differ in the
representation of the EMF perfectly
smoothed (Fig. 7, a) and taking into
account the EMF signal ripples (Fig.
7, b), which are possible in the case
of controlling a brushless permanent
magnet motor supplied from a volt-
age inverter with the transistors'
states switched on at intervals with
an angular extent of 120 electric de-
grees. The modulating EMF function

u, in the case of sinusoidal form of
alternating EMFs of the stator wind-
ings of the brushless motor has the
form presented in Fig. 3 (variant 1).
Comparison of Fig. 7, a, b shows
that possible EMF pulsations in the
system loop practically do not affect
the magnitude of signal pulsations at
the output of the motor angular speed
controller.

Fig. 8 shows the depen-
dences of the relative magnitude of
the current ripple swing Ai" and the

relative effective current value I:f
on the rotation speed n at smooth (a,
c¢) and pulsating (b, d) forms of
EMF.

Fig. 9 show the dependences
of the relative magnitude of the cur-

rent ripple swing Ai" and the relative
effective current value I; on the

magnitude of the mechanical load

Texn. enekmpoounamuxa. 2025. Ne 5



torque M,, under the smooth (a, ¢) and

pulsating (b, d) forms of EMF, and under
the condition n =500 rpm .

Fig. 10 shows the dependences of
the previously mentioned relative values of

the signal ripple swing Au:, at the output
of the tachogenerator filter, the signal ripple
swing Au, at the output of the angular

speed controller, the relative magnitude of
the current ripple Ai , relative effective
current value I; , as well as response time

t, and overshooting o from the damping

coefficient value & at perfectly smoothed
EMF, rotation speed #n =500 rpm and three

given values of filter time constant 7, —
0,01; 0,02 and 0,04 s.

Fig. 11 shows the dependences of
the gain k,, , of the open loop of angular

speed control and the time constant 7 of
the second-order link (23) on the value of
the damping coefficient & at three given
values of the filter time constant 7, —0.01;
0.02 and 0.04 s.

Thus, as a result of studies of the
angular speed loop, the time constant 7; of
its transfer function (23) can be determined,
and the gain & is known because it is de-

termined by the angular speed feedback
parameters. Now we can write the transfer
function of the open loop servo system in
the form of

kOLSa(TCap+1)
TP p* + 28T, p+1)(Ty, p+1) p°
, (33) 05 055 06 065 07 05 055 06 065 07

Fig. 11

Wors (p) = (

where korsa = kcikoksa 1s the gain of the
open loop system.

For the transfer function of the open loop system (31), the amplitude and phase frequency character-
istics can be obtained

2 2
A(o0)= kosa 1+ Teu® ;A (0)=20logA4(0); (34, 35)
o 142770 (262 1) - o' 1+ T 0"

(P((D) =-n—arctgl o+arctg?. o—arctg

26T ®

2.2 °
(O]

(36)

1
The condition for tuning a stable control system is to provide a sufficient phase stability margin y, at

the cutoff frequency o, [16]. The stability margin v, in phase is determined on the basis of the dependence
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2T o
T{Z(DZ :

(37)

y(®)=n+¢(0)=—arctgTy, o+ arctgl,, »—arctg 1

Ensuring sufficient phase stability margin y is possible by selecting a certain ratio of time constants
T, and T, under the condition 7y, < T} <T,. In this paper, three values of the filter time constant 7, —

0.01; 0.02 and 0.04 s — were taken for the speed loop studies, and for further development of the servo sys-
tem we take the smallest of these values. Then at three values of damping coefficient § — 0,5; 0,6 and 0,7 cor-
respond to the values of oscillating link time constant 7, — 0,01; 0,012 and 0,014 s, from which we also

choose the smallest value — 0,01s. Since the main focus of the paper is on the influence of the tachogenerator
signal on the system tuning, we do not take into account the time constant 7, of the rotation angle sensor
here. This is true if this value is more than an order of magnitude smaller than the time constant 7; .

It is known that for second-order astatic systems the static error of the input signal processing and
the error on the first-order derivative are equal to zero, and errors on derivatives of higher orders are in-
versely proportional to the gain k,,, of the open-loop system. Therefore, the criterion for tuning the servo
system can be considered as obtaining the largest value of this coefficient under the condition of ensuring an
acceptable phase stability margin y,. In recommendations on tuning of control systems it is usual to choose
the value of phase margin y¢ from the range of values 30...60 degrees.

60 ~_ A1, dB Fig. 12 shows the family of de-
), deg pendencies y(o®) (37) for £=0,5,
P T.=0,01s, 7, =0,01s and four values

we 1., —0.04; 0.06; 0.08 and 0.1 s, which

60 7, deg
40 |
20

w, 57!

20/ 20/ .
_ . are designated by numbers from 1 to 4.
& el For each of these dependencies, for a
B0 -60| given desired value of the phase margin
£ : 700 o : 0 10 vs=30grad, it is possible to deter-
Fig. 12 mine the cutoff frequency wc, the value

of which determines the position of the
amplitude frequency characteristic 4, (co) Then it is possible to determine the gain k,,,, of the open-loop

servo system at the cutoff frequency using the formula
L 01427202 (262 -1) - Tl 1+ T 0

OLSo. — W
1+ T, 00

Fig. 12 shows the amplitude and phase frequency characteristics at 7,,, =0,04s, k,,, =994,9 and

(3%)

vs =30deg . Studies have shown that for a family of phase characteristics at a given value of the phase sta-
bility margin, it is possible to choose such a ratio of time constants 7., and 7;, at which the maximum value
of the gain k,,, is achieved.

Fig. 13 shows the dependences of the gain k,,, of the open-loop servo system and cutoff frequency

o¢ on the value of the time constant

!'-OLSr‘)

Y070t SO T | TCa of the PI controller at the time

constant 7, =0,01s of the angular

'l

& speed control loop and a given stabil-

ity margin in phase ys = 30 deg, from
which it is possible to determine the
maximum value of the gain
ks, =1005,7 at the cutoff fre-

quency ®,.=52,36s" and time
constant 7., =0,0425s. And such

gain maxima £k, can be deter-

600

400 - _ ............... oo _____ 30

200 _................é,...............',...............E...............,;.....
r 10

| carS
0 T T T T 0 T T T T
0,035 0,05 0,065 0,08 0,095 0,035 0,05 0,065 0,08 0,095

Fig. 13
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mined for any value of time constant 7} .
In further studies of the servo system we assume such its parameters: 7, =0,01s, k,, =1005,7,

T., =0,0425s . Let us study the operation mode when the input reference signal of the system is given as

Uy, (1) =a,sin(2nf,1), (39)
where a,, f; are amplitude and frequency of signal oscillations.

The error of processing of such a reference signal by the system will also be described by a periodic
function

e, ()=, (1) (1), (40)
is similar in form to (39), but its sinusoidal form may be distorted due to the tachogenerator signal pulsations
and also due to the effect of dry friction torque when the motor rotation direction is changed. Therefore, the
amplitude of the equivalent sinusoidal variable that describes the error of the reference signal (39) can be
determined to estimate this error. Then, based on the effective value of the error variable (40), we can deter-
mine its equivalent amplitude

fa =280, - (1)
To evaluate the characteristics of the operation mode we use such parameters:
— relative amplitude of the equivalent sinusoidal variable of sinusoidal form, which corresponds to
the error of the processing of the reference signal €, (t) ,

. 100¢,,

(42)

— is the effective current

40 value 7, at the oscillation pe-
33 riod of the reference signal.
30

Fig. 14 shows the de-

e pendences of the relative equiva-

20
15
10

lent amplitude & and the

amax

effective current value / s on the

oscillation frequency of the sig-
nal f; at @;=3,33 rad and
M, =0. Fig. 14 shows also the

179 dependences of the same pa-

}2 rameters on the value of the me-

14 chanical resistance torque M, at

"""""""""""""""""""""""""""""""" 13 f,=0,4Hz.

12 Fig. 15 shows the plots

! : | 1(1) of instantaneous values of the

0.63 1 § MoN o L : variables of the servo system
0.625 . ‘ R m‘ 5 ‘ ; ‘ ~ (Fig. 4) when operating the input

0 03 06 09 12 0 03 06 0o 12 signal (39) at M, =0,2Nm,
where we can see the influence
of the tachogenerator signal rip-
ples, which is most evident for the stator current and motor torque variables.

Conclusions. The parameters for tuning the motor angular speed control loop are the tachogenerator
filter time constant and the damping coefficient. Using this time constant allows signals pulsations in the
loop to be reduced, and selecting the damping coefficient value allows a stable angular speed loop to be set
up. In this case, the electromechanical time constant of the motor and mechanism is compensated, the angu-
lar speed controller gain is determined, as well as the gain and time constant of the second-order oscillatory
link, which describes the angular speed loop and is an internal link in the servo system.

The condition for tuning stable servo system is the criterion of a sufficient phase stability margin at
the cut-off frequency. As a result of tuning the servo system by varying the time constant of the angular posi-

Fig. 14
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tion controller, the maximum value of the open-loop servo system gain was determined, at which the mini-
mum value of the input signal processing error can be obtained.

T . . : . o, V 20, @, rad/s ,
I VY~ YWY Y YWY Y /
0 s
0.9 ! r s \/ \/
0 s Ls 20
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Fig. 15

As a result of the studies, families of dependences of the signal pulsation coefficients, signals pulsa-
tion swing relative values and the current effective value, as well as other indicators on the angular speed and
torque of the motor were obtained. It was shown that even insignificant pulsations of the tachogenerator sig-
nal due to the relatively large value of the gain of the open angular speed control loop lead to the appearance
of noticeable pulsations of other signals in the servo system. The influence of the angular speed loop damp-
ing coefficient on the system indicators was also studied. The obtained dependencies allow us to evaluate the
impact of changes in the parameters of the servo system on its operating mode and make a compromise deci-
sion on the choice of values of these parameters to obtain satisfactory control quality.
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BILJIUB NIYJIbCAIIIA CUTHAJTY BE3BKOHTAKTHOI'O MATHITOEJIEKTPUYHOI' O
TAXOT'EHEPATOPA HA HAJIAIITYBAHHS CJAIAKYIOY0i CHCTEMHA
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Pozenanymo pesicumu pobomu ma 0cobaugocmi HATAWIMYBAHHSL CIIOKYIOUOI cucmeMmit, Wo MiCmums Oe3KOHMAaKmMHUl
MASHIMOENeKMPUYHUTL MAX02EHEPAMOP 68 KOHMYPI Pe2yl08aAHH KYMOGOI WEUOKOCMI 8UKOHABY020 08ucyHa. Jocui-
02ICEHO 0COOIUBOCNT HALAUIMYBAHHSA GHYMPIUHBLO20 KOHMYPY KYMOB0I WEUOKOCHI 34051 KOMReHCcayii elekmpomexa-
HIUHOI cmanoi wacy 3 ypaxysawuam nynvscayii cueHany maxoeenepa. Hasedeno zanesxcnocmi xoegiyiecnma nynvcayii
CUSHANY Ha 8uUx00i inbmpa maxozeHepamopd, 8eIUYUH PO3MAXy NYIbCAYill CUSHANIB Y KOHMYPI KYyMOGoi weuoKocmi
ma Oirou020 3HAUEHHS CIPYMY 8I0 napamempis pescumy pobomu cucmemu. JocnioxceHo eniue napamempis Haraumy-
BAHHA CUCeMU HA NOKAZHUKU AKOCMI pe2ynto8aHHs KYmoeoi weuokocmi. Pozenanymo nioxio 00 HaniauimyeanHs ciio-
KYIO4OI cucmemu 3 YpaxyeaHHsIM Napamempis KOHmypy Kymoeoi weuoxocmi nio uac 3abe3neyents 3a0ano2o 3andacy
cmitikocmi no ¢asi. Hageoeno pesynomamu docniodcens cuiokyouoi cucmemu. bion. 16, puc. 15, Tadmn. 1

Knrwowuoei cnosa: cninkyroua cucrema, 0€3KOHTAKTHUI MarHiTOGNEKTPUYHUN TaxoreHepaTop, HaaIITyBaHHS CUCTEMH
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Y pobomi nasedeno memoouxu ma mooeni po38 a3aHHs 3a0ay NIAHYSAHHS PEXCUMIE (DYHKYIOHYBAHH MIKDOMEDPEXCi.
OcHosHa yine onmumizayii — MiHimMizayis apmocmi ereKmpoeHepeii, 3aKynieHoi y eneKkmponocmadaibHuKd. 3a60aHHs
NIOMPUMKU CIAHY 20MOBHOCMI YCMAHOBKU 30epedceHHs eHepeli upiuyemocsa po36 A3aHHAM 000amKo8ux 3a0ay on-
mumizayii ma nooaemucs cucmemoro oomedxcerv. Haseoeno yinoosy gpyuxyito 3adau onmumizayii ma cucmemy pieHsaHb
banancie enekmpoenepeii. Pospobneno mamemamuuny mMooens iMimayii pejcumie QyHKYIOHY8aHHs YCMAHOBKU 30epi-
2aHHA eHepeii AK OCHO8HO20 3ac00Yy DANAHCYBAHHA NOMOKI6 eHepeii 6 Mikpomepedxci. Po3pobreno mamemamuyny mo-
denw imimayii pyHKYitl KOHMPOIIO NOMOKIE eHepaii 8i0 COHAYHOI CManyii AK OCHO8HO20 3ac00)y Hepe2Ylbo8aHOI 2eHepa-
yii’ enekmpoenepeii ¢ mikpomepedici. Po3pobneno mamemamuyny mooenv po3e sizanHs 3a0ayi MiHIMI3ayil eumpam Ha
3aKynienio eirekmpoenepeii 3a0s 3a6e3neyents Cmany 20mogHOCHI MIKpomepedici 00 i3016068an020 pesicumy. Po3poo-
JIEHO Mamemamuyiny Mo0eib PO368 S3aHHSA 3a0aui MIHIMI3ayil eumpam Ha 3aKynienio eleKmpoenepeii 0l 61ACHO20
eIeKMPOCNONCUBAHHS MIKpomepedici. Pospobieno memoouxy oyinku o0cseie pesepsyeanws eHepeii, HeoOXiOHOI O
NIOMPUMKY  KPUMUYHO20 eNeKMPOCNONCUBAHHS 8 130/1b0BAHOMY pedicumi. Po3pobreno memoouxy komniekcHozo
PO38 A3aHHA 3A0aY NIAHYBAHHS PeXNCUMI8 (DYHKYIOHYBAHHS eHepeemUuyH020 YCMamKy8aHHs mMikpomepeoici. Hagedeno
NPUKIAO PO3PAXYHKIG HA BUKOHAHHS 3A80AHb NIAHYBAHHI PedCUMie YHKYIOHY8aHH:A MiIKpomepedci. 3a pe3yibmamamu
PO3DAXYHKIB NPOAHANI308AHO 0COOIUBOCHI (DOopMYBaHH: DanaHcie enekmpoerepeii 6 mikpomepeoxci. bidmn. 25, puc. 5.
Knwwuosi crosa: mikpomepexa, IIaHyBaHHs PEXKHUMIB, JIOKAJIbHA €HEPreTHYHA CHCTeMa, PO3MOJILIeHI eHepropecypeH,
BIZIHOBIIIOBaHI JKepeJsa, yCTaHOBKa 30epiraHHs eHepril.

Beryn. CroroiHi OTHUM 13 BOXKJIMBUX HANPSIMIiB PO3BUTKY EIEKTPOCHEPTETHKH Y KPaiHU € PO3BUTOK
TEXHOJIOT1H PO3MOALICHOT reHepalii Ta CUCTEM YIPaBIiHHS JIOKaJbHUMH €JIeKTPOSHEPTeTHYHUMHU CUCTEMa-
mu. Posnopsmxennam Kabinery MinictpiB Ykpaini (Big 18 mumusa 2024 p. Ne 713-p) cxaneno Crpareriro
PO3BUTKY poO3MoijeHoi reHeparii Ha mepiog mo 2035 poky i 3aTBepHKEHO OTepallifHAN TIaH 3aX0iB 3 i1
peamizanii y 2024 — 2026 poxkax [1]. o mineii Ctparerii BigHeceHa MoJepHi3allisi MepexeBol iHPpacTpyKTy-
PH, 30KpeMa CTBOPEHHS MIKpOMEpEX Ha NMPHHLHIAX “‘po3yMHHX Mepex’. HeoOXimHICTh BIpPOBaIKEHHS
MiKpOMepek Takok BU3HaueHa y [1mani 3axomiB 3 peamizamii KoHmeniiii BUpoBamKeHHS “pO3YMHIX MEpex’’
B Ykpaini 10 2035 poky [2]. BaximBo, mo 10CBia BUKOpUCTaHHS TexHouorii Smart grid [3], B meprry uepry
MikpoMmepex [4], Tae MOKIUBICTH chOpMYyBaTH OCHOBH YCTPOIO Ta LiIel eKCIuTyaTalii MiKpoMepex, BUKJIa-
neHunx y cepii cranmaptiB IEC TS 62898, nanpuxiaz, [5, 6]. KpiM Toro, yI0CKOHATIOETECS HOPMATHBHO-
mpaBoBa 0a3a YKpaiHCHKOI €IEKTPOSHEPTCTHKH Y HANPSAMKY BpaXyBaHHS HOBITHIX TEXHOJOTIH (DYHKITIOHY-
BaHHS JIOKAIbHUX €IEKTPOCHEPIeTHYHMX CUCTEM, HanpukKnam, [7, §].

VY HayKoBilf i TeXHIUHIN JiTepaTypi MPUCYTHS BENWKA KibKICTH IMyOJiKaIiii, MpUCBIYEHUX BHPI-
MIEHHIO Pi3HUX MPOOJIeM MPOEKTYBAHHS Ta eKCIIyaTtaii MikpoMepexk. Y [9] mocmimkeni Ta kiacudikoBaHi
TEXHOJIOT1] MIKpOMEPEK 3a THITaMHU TEXHOJOTTYHHX MPOIECIB Ta MUIIMH eKcIuTyaraiii. TexHiqHi mpodiieMu
YIpPaBIIiHHS PeXUMaMHU MIKpPOMEPEXK pO3TISAHYTI, Hanpuknaz, y [10]. IlopiBHsuibHMI aHaNi3 cTpaTeriii npu-
HWHATTS pillleHb Ta METOJIIB iIXHHOTO BHUPIIICHHS TSI CHCTEM YIIPaBIiHHS CHEPTIi€0 B MIKpOMEPEKi Tpe/cTa-
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BieHo B [11]. Crparerii ympaBiiHHS i KOHTPOIIO PEXHMIB MiKpOMepexki po3risHyTo B [12]. YnopaBmiHHS
peXUMaMU MIKPOMEPEXKi 3 peryjibOBaHUMU JKepenaMu eHeprii qociimkeHo B [13]. B [14, 15] mocnimkeni
NEepPCIEeKTUBY HAaJaHHS MiKpOMEpEeXaMu TOCIYT PEryIOBaHHS PEXHUMIB y CUCTEMaxX PO3MOALTY.

3HayHa yBara y HayKOBHX IyOJiKalisix NPUAUILETHCS MaTeMaTUYHOMY anapaty AJsl MOJEIOBAHHS
nporeciB 'y Mmikpomepexi. Hanpuknan, B [16] mpoanamizoBaHi Ta kiacu(ikoBaHI METOIU MOJEITIOBAHHSI
PIBHOPIAHMX CHEPTETUIHHUX pecypciB MikpoMepeski. B [17] 3ocepemkeno yBary Ha cHCcTeMaTH3aIlii METOIIB
OTITHMI3aIlii, TII0 BUKOPHUCTOBYIOTELCS JJISI BUPITIICHHS TPOOJIeM YIIPABIIIHHS CHEPTIiEI0 B MIKPOMEPEKI.

Mogzeni 3MiIIaHOTO HiJIOYHCENFHOTO JIIHIHHOTO MPOrpaMyBaHHA IJ1sl pO3B’I3aHHS 3a/1a4 [UTaHyBaHHS
PEXUMIB MIKPOMEPEXK 32 EKOHOMIYHUMH 1 €KOJIOTIYHIMH KPUTEPIsIME ONTHMI3alii po3risiHyTo B [9]. B [18]
HaBEICHO OTJIS METO/IB MOJICITIOBAHHS Ta YIPAaBIIHHS PeXUMaMH MiKpoMepexi, a y [19] — imiTamiiiHi Mo-
neni 3a koHmeniero «System of systems». B [20] po3riisHyTi CTOXaCTHYHI METOIH 1 MOJAEII IIaHyBaHHS,
eKCIUTyaTarlii Ta yIpaBIiHHSI peKUMaMA MiKpOMEPEKi.

[Ipu npoMy y myOmiKalisix HeIOCTaTHBO YBaru NpUALISIETHCS GpopManizalii MEeTOAIB 1 MoJieNiell KOM-
IJICKCHOTO TIAaHYBaHHS PEXUMIB MIKPOMEPEK IS BHUPIMICHHS HAWOUTBIN aKTyadbHUX I YKPATHCHKUX
€JIEKTPOCHEPTETUYHNX CUCTEM 3aBJIaHb MiATPUMKH CTaHy TOTOBHOCTI MIKPOMEPEXKi JI0 130IbOBAHUX PEIKH-
MiB YHKIIOHYBaHHS T4 ONTHMAIBHOTO BUKOPHCTAHHS HasiBHUX €HEPreTHUHMX pecypciB [21].

Metoio cTaTTi € OmMC PO3POOJICHHMX MAaTEeMaTUYHUX MOAEIEeH 1 METOIMK PO3paxyHKIB IS
pO3B’s3aHHS 3a/lad IUTAHYBAaHHS ONTHMAIbHUX 332 CKOHOMIYHHUMH KPUTEPissMHU TpadikiB (yHKITIOHYBAHHS
E€HEPreTHYHOT0 YCTaTKyBaHHS MIKpOMEpEXi 32 YMOB MiATPUMKH CTaHy TOTOBHOCTI JI0 130JbOBAHOTO PEIKH-
My Ta JOTPUMAaHHS TEXHOJIOTIYHUX OOMEKEHb.

KoHuentya/jJbHi 0CHOBH MoJeJI0BaHHs. MaTeMaTH9HI MO TMpHU3HAYCHI 11 BUKOPUCTAHHS B
3a7iayax IJIaHyBaHHS PEKUMIB MIKPOMEPEK, B SIKHX, 3a KIIacU(iKalieto [5], MoeTHyOThCS B OCHOBHI HiJi:

— MIiJBUIICHHS HATIHHOCTI Ta 3a0€3MeYeHHs CHePTroNOCTa4YaHHs Ui BCiX a00 YaCTUHU CBOIX HAaBaH-
Ta)XEeHb IIITXOM i130JIbOBAHOTO PEXKUMY poOoTH (1ibk A 1o [5]);

— 3HIDKCHHS BapTOCTI €NEKTPOCHEPTii, CIOXKHUTOI KOPUCTYBAYaMH MIiKpOMEPEXKi, Y PEXKUMI ITiJKITI0-
YeHHS OO CHCTEeMH PO3MOAUTY ILIIXOM ONTHMi3alil TaKWX aKTHBIB, SIK: YCTaHOBKHM 30epiraHHs eHeprii
(Y3E), nucrieruepu3oBani HaBaHTakeHHs Ta reHeparopu (1iib C 1o [5]).

3rimHo 13 BU3HAYCHHSAMU B [7], 3MaTHICTE 3a0€3MeTyBaTH KUBJICHHS BIACHOTO €IEKTPOCIIOKUBAHHS
TIOBHICTIO YM YaCTKOBO B 130JbOBAHOMY BiJl CHCTEMH PO3MOALTY PEKUMI € 000B’SI3KOBOIO BJIACTUBICTIO MiK-
pomepexi. OCKITBKM B 130JbOBAaHOMY PEXHMI Ta B PEXUMI MiAKIIOYEHHS OO CHCTEMU PO3MOALTY Wi
VIIPABIIHHS MPUHITUIIOBO Pi3HATHCS, B MeXax ImyOikamii GyHKIii MikpoMepeki oOMeXeHi TBOMa OCHOBHU-
MU 3aBAaHHAMH: MJTPHUMKa CTaHy TOTOBHOCTI 0 pOOOTH B 130Ib0BAaHOMY PEKHMI Ta palliOHaIbHE BUKOPH-
CTaHHS JOCTYIHHUX €HEPreTHUHHX PECYpCiB 3alUIs1 3MEHILIEHHS BUTPAT Ha 3aKyIIiBIIO eJleKTpoeHeprii. B 3a-
Javax IUIaHYBaHHs peaiizalisi 000X MOCTaBJIEHUX 3aBAaHb HOJATae y po3B’s3aHHI BIANOBIAHUX 3aiady: 3a-
Oes3IeueHHsT MiKpOMepeXi eHepreTHIHUMHI pecypcaMu B 00csATaxX, MiHIMaIbHO JOCTaTHIX IS pOoOOTH B i30-
JHOBAHOMY PEKUMI, Ta ONTHMi3awis rpadikiB GyHKIIOHYBaHHS €HEPreTHYHOr0 yCTaTKyBaHH MiKpOMepexi
3 METOIO 3MEHIICHHS BAPTOCTI 3aKyIiBIIi €IEKTPOCHEPTil U1 BIaCHOTO CIIOKUBAHHS.

MarematnaHi Momeni chopMOBaHi ISl THIIOBOI MiHIMAJIEHOI CXeMH MiKpOMepexXi, B sSKii 3a0e3rme-
YyeThCs BUKOHAHHS 000X 3aBJaHb, a caMe: HAsBHICTh IHBEPTOpA, JO SAKOT0 MiJAKIIOUEHI HEeperysbOBaHE
kepeno enekrpoeneprii (Hanpuknaa, CEC), Y3E Ta BHoKpeMIieHa JiHis I )KUBJICHHS KPUTUYHOTO HaBa-
HTAQXCHHS B 130JIbOBAHOMY PEeXuMi. Takwii MiHIMAIBHUHA CKJIAJ]] €HEPTCTHIHUX aKTHBIB MIKpOMEPEkKi JTae
3MOTY 3BECTH 3aJauy MiHiMi3allii BapTOCTi CIIOKUTOI €HepTii A0 3a1aui MiHiMi3allii BapTOCTi eNeKTpOeHeprii,
KYIUICHOT B €J€KTPONOCTavyaIbHHUKA.

B MaTemarnuHiii Mozeni po3paxoByrOThcs BTpaTtu eHeprii B Y3E, ocKinbku iXHI 3HAYEHHS TTIOMITHO
BINTUBAIOT Ha OOCSTH JOCTYIHHX CHEPropecypcCiB y IpoleAypax peaiizarii 3amad yIpaBIiHHSI PeKHMaMH
MikpoMmepexi. s po3paxyHKiB BTpaT €Heprii B iHIIOMY YCTaTKyBaHHI MiKpoMepeKi HeoOXijHa JeTanbHa
iHpOpMaLis 100 CXEMH eNEeKTPUYHUX 3’ €AHAHb 1 3aCTYIHUX CXEM €HEPreTHYHOI0 YCTATKYBaHHSI, a TAKOX
MOJICITIOBaHHS EJICKTPUYHUX PEKHUMIB, III0 BUXOIHUTD 32 MEXi OKpeCIIeHo1 y myOsikarii Tematuku. Tomy st
MaTeMaTHYHOT MOJIeTIi BUKOPHCTAHO MPUIYIICHHS PO HaOIMKeHe BpaXyBaHHsS BTPAT €HEPTil y cXeMi eJleK-
TPUYHUX 3’ €IHAHb IXHIMHU yCepEIHEHUMHU 3HAUYCHHSIMH B CyMapHUX 00CSTax eleKTPOCIIOKUBAHHS.

HaBeneni y myOumikamii MaTemMaTHYHI MOJENi peaizyloTh MPOLEAypH TUIAHYBAaHHS I MOOYIOBH
rpagikiB eKOHOMI4YHOI AucneTdepu3anii Ha 100y Hamepen (3rigHO i3 Kiacudikaiieo B [6]), 0 MalOTh pea-
J30BYBaTHCS CUCTEMOIO €HEPreTUYHOTO MEHEKMEHTY MikpoMmepeski. [InanoBi rpadiku cerMeHTyIOThCs 1Mo
OKPEeMHM PO3paxyHKOBHM IIepiojiaM, 03Ha4eHUMH B [22] sk iHTepBaiy yacy B 60 XBHIMH. 3a MOTpedn OibIn
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TOYHOTO BpaxyBaHHS 0COOJIMBOCTEH TEXHOJIOTIYHHUX MPOIIECIB Y MiIKpOMEPEXKi 3aCTOCOBYIOTHCS OLITBIIT KOPO-
TKi THTEepBaJH Yacy.

HinsoBa ynkuia ta 6anancu eHeprii B Mikpomepe:ki. PeryiroBaHHs peXKUMiB €HEPreTHYHOTO
YCTaTKyBaHHSI MIKpOMEpEekKi 3[IHCHIOEThCA 3 METOI0 MiHiIMi3allii BUTpaT Ha 3aKyMiBIIO eJNeKTpPOeHeprii y
HOCTavaJIbHUKA

24
Min(GF) = Z(c;;w Ve VlghEC) , (1)
h=1

e C;" — miHa KymiBIIi €IEKTPOEHEPril y elIeKTPOnocTayalbHUKA B PO3PAaXyHKOBHH mepion /4, (2/xBt-rox);
V" — 3MiHHa omTuMi3allii, 06CATH OTPUMAHOI i3 CHCTEMH PO3NOMiNY €JIEKTPOEHEpTii B pO3paxyHKOBHil
nepiox A, (xBr-rom); Vlffc — 3MiHHa onTHMIi3allii, o0csaru oOMexeHHs HeperyiaboBaHoi reHeparii CEC B

po3paxyHkoBuii iepion 4, (kBr-rom).

Lina 3aKkymiBii eJeKTPOCHEPTil y eIeKTpOoIIocTadyanbHUKa PO3PaXOBYEThCS HA €Talli MiArOTOBKU JI0
HpOLEeTypPH ONITHMI3allii 3 BUKOPUCTAHHSIM IOTOJMHHHUX 3HaYE€Hb BAPTOCTI €IEKTPOCHEPTii Y CETMEHTI PUHKY
«Ha o0y Hamepem»

Cm=CM + TN+ T + M" :Vh =[1.24],

ne C;™ —uinum y cermMenTi puHKy «Ha 106y Hanepeny y roguny 4, (2/kBrron); T°" — tapud na nepemauy

T°° — tapud nHa posmozxin enexrpoeneprii, (2/kBt-romn); M" — mapska enekr-

enexTpoeHeprii, (&/kBt-rom);
porocradanbHuka, (&/kBt-rox).

dopmMyna po3paxyHKy LiHHM 3aKyIMiBIi €JIEKTPOCHEPrii y eNeKTponocTadaJbHUKa BU3HAU€Ha Hai-
OLIBII PO3MOBCIOKEHUM Y KOMEPLIHHNX yroJax o0 eJEKTPONOCTaYaHHS Ha PO3APiIOHOMY PUHKY €JIEKT-
poeHeprii YkpaiHu nMpaBHIOM HiHOYTBOpEHHs. 3a moTpedu (hopMyra po3paxyHKy ILiHH 3aKyIiBIi €IeKTPO-
eHeprii 3MiHIOETHCS 3TIHO 13 YMOBaMH YHHHOTO JOTOBOPY 13 €JIEKTPOIIOCTAYATbHUKOM.

HinsoBa ¢yskmist (1) BukopucToBye (yHKIIO mTpadiB 32 HECKOMIICHCOBAaHUHA NPOQIIUT Hepery-
nmroBanoi renepariii CEC. OcHoBHe npuzHadeHHs mrpaduoi ¢hyHkiii B (1) monsrae B 03HaUYeHHI HEHYJIBOBHX
E€KOHOMIYHMX BTpAT BHACJIZIOK HEMOBHOTO BHKOpHCTaHHs 3reHepoBanoi Big CEC enekrtpoeneprii. OOme-
xenHs renepanii CEC peanizye cucremMa ynpaBiiHHSI MIKPOMEPEXi 3a CUTHAIOM NP0 HasIBHICTh HECKOMIICH-
COBAHOTO MPOGIIUTY HEPETyIHLOBAHOI TeHeparrii.

Cucrema piBHSHB 0allaHCIB €JIEKTPOCHEPTil B MiKpoMepexi

I/'hCP +VY3E _VY3E _VRCJIIEC :I/hMM _V'hCEC Vh=[124], (2)

dch, i ch,h

Ccp . . o . o
ac Vh — 3MIHHa OIITHMI13allll, o0csTru OTPHUMAHO1 13 CUCTEMHU PO3NOALTY CJICKTPOCHEPI1l B PO3PAXYHKOBUU

nepion A, (kBrron); Vi,C — 3MiHHa onTuMmizalii, 06csTH oOMexeHHs HeperyiboBaHoi renepaiii CEC B

po3paxyHkoBuii nepion &, (KBT-ron); V.o , Vey, — OOCSTH €leKTPOEHEPTii Bi/INOBIIHO 3apsKaHHs Ta PO3-

psykanns Y3E B pospaxynkosuit mepiog 4, (kBrron); VM — o6csr enekTpocnokupanHts B MiKpoMepexi y
pospaxyHkosuii nepion h, (kBr-ron); V,*¢ — obear Biamycky enextpoeneprii Bix CEC B po3paxyHKOBHit
nepiox A, (kBt-rox).

MaremaTuuna moaeab Y3E. Martematnuna moxens Y 3E mpu3HadeHa Qi iMiTaIlii TEXHOIOTIIHAX
MPOIIECIB B TaKii YCTaHOBII ISt
BMKODHMCTaHHs y HpOLEaypax ., Ha gynryii 6anancis o

.. K K

MONIYKY ONTHMATBHHX rpadikiB enekmpoenep2ii y Mikpomepeoci
(YHKIIOHYBaHHSI CHEPreTUYHO-

KoHTpomas pexnumin

ro yCTaTKyBaHHS MiKpOMEPEKi. byuxuionysanus ¥V 3E

OYHKIIOHAIEHHY ~ CTPYKTYpPY v

MmaTematwyHoi  mogeni  Y3E DyHKIIis 00cATIB Kontponar noTyxHocrtel OyHKIIis 00cATIB

HaBEJICHO Ha puc. 1. ) 3apsAIKaHHSL 3apSIKAHHA/PO3 PAIKAHH P O3 PAIKAHH ST
VY maTteMmaTH4Hid Mone- Yy YWy

i MiKpoMepexXi BHKOPHCTOBY- H OyHKIiT BTpaT eneKTpoeHeprii H

JOTBCS 3HAadEHHA OOCATiB 3aps- 4>| KoHTpoJI1b 00CATy HAKONIMYCHOT eHeprii |<—

JUKaHHA Ta po3pakanHd Y3E y

BY3JIl M’ €THAHHSA IO iHBEPTO- 4>| Kontpons pentabenbHoi ekciuryaTanii Y3E |<7

a. O0csru 3apsamKaHHs Ta po3- ‘ B .
p PR p Puc. 1. ®dyHKIIOHATIBHA CTPYKTYpa MaTeMaTH4yHOi Mojeni Y3E
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psmkanas Y3E moparoTbes y MaTeMaTHUHINA MOJIETl MIKpOMEpEeKi IBOMa BiIOBITHUME 3MiHHUMHU OITHMI-
3al1ii, sSIKi BUKOPUCTOBYIOTHCS B PIBHSIHHSX OaNaHCIB eJEKTpOeHeprii MiKpoMepeki, a iXHi YuCeNbHI 3HaueH-
HS BIATOBial0Th 3HAYEHHIM €HEpTii 3apsily Ta po3psiay, OTpUMYBaHHM 3aC00aMH MOHITOPHHTY Ta KOHTPO-
JII0 peXUMIB iHBEpTOpA.

IToganns pexumiB pyHkmionyBanHa Y3E mBoMa 3MiHHMMH ONTHMI3aIlii Ta€ MOXIJIHBICTH BPaxoBy-
BaTH Pi3HY CTPYKTYpY BTpaT €Heprii y pekuMax OYiKyBaHHS, 3aps/DKaHHS Ta PO3PsKAHHS HAKOIHYyBada
e”eprii. J{ns cymicHOCTI 3 piBHSHHSIMU OajJaHCiB €HEpTii B MIKpOMepesKi MPOLeCH 3apsIyKaHHs 1 po3psIKaH-
HS TOHAIOTHCA OOCSATaMH EJIEKTPOSHEeprii 3a MPHUIYMICHHS PO PIBHOMIPHY TMOTYXKHICTh 3apsKaH-
HS1/pO3PSIKaHHS HAKOITMYyBaya MPOTATOM PO3PaxyHKOBOTO MEPioy yacy.

OyHKIIOHANBHI ~ XapaKTepHuC-
THKH BTPAT €HEprii B Pi3HUX pexUMax :
¢dyukmionyBanusa Y3E BimoOpaxeHi Ha
puc. 2. ®ynkuis BTpaT eneprii B Y3E
y PeXUMI 3apsDKaHHs HOpPMYy€EThCS Ha
OCHOBi1 JBOX XapaKTEPHHUX PEKUMIB
(yHKIIOHYBaHHS HaKOMHUYyBaya:
BTPaTH €Heprii y peKuMi OuiKyBaHHS
(camopospsin Y3E) Ta BTpatn eHeprii y
PEXUMI 3 MAKCHMATBHOIO MOTYKHICTIO
3apsDKaHHS.  AHamoriuHo  (QyHKIis
BTpar eHeprii B Y3E y pexumi po3psi-

A Bmpamu eHepeii 8 Y3E, KBm-200

Y3E 2@ e_——__Gax
AVdch ,max 7

N OyHKYIT AiHiGHUX xea épy:m'( ZZ X s
N empam p s
N smpam

! pYE - T T Ty T T T yY3E
JoKaHHS (POpMY€EThCS Ha OCHOBI JBOX dch,max idle ch,max >
XapaKTePHUX PEXUMIB  (YHKIIOHY- Po3padwcarHa Y3E, kBm-200 O 3apadncanHa Y3E, kBm-200
BaHHSA HAKOIIM4YyBada: BTPaTH EHEPril Puc. 2. ®dynxuii BrpaT eneprii B Y3E

Yy PeKHUMI OUiKyBaHHS Ta BTPATH €HEP-

ril y pexXuMi 3 MaKCUMaJIBHOIO TOTYXKHICTIO po3psimxkanHs. JIiHilHI XapakTepucTHKH BTpar eHeprii B Y3E
JA0Th 3MOTY CIPOILIEHO OLIHUTH 00’ €M (akTnuHo HakonnueHoi eHeprii B Y3E min ac po3B’sa3aHs OKpeMHX
3a/1a4 IJIaHyBaHHS PEXUMIB MiKpoMepexi

AW Y3 (yV3E 4V3E V3E | 4V3E Achiix
chyh ( chyh ) = Apsch(n) "V ehh ASch(n) = " T5V3E
T vh=[1.24], 3)
AWY3E (VY3E) — AV . VY3E AVE _ AI/dZ}?fnax
dch,h dch,i | T “7ASdch() dch, ASdch(n) — V3E

dch,max

ne Vo8, V3% — sminmi onTuMizanii, o6csATH BiAMOBIIHO HakoMMYeHHs Ta Biamycky exeprii Y3E 3a pospa-

XyHKoBHil nepion &, (xBt-ron); V., -

ch,max

— oOcsr HakonnyeHHs eHeprii B Y3E B yMoBax MakCUMalbHOI MOTY-

V3E

AKHOCTI 3aps/DKaHHS NIPOTATOM PO3paxyHKOBOro nepiopy A, (kBr-rom); AV, ~ — BTpaTu eleKTpOEHEprii B

YMOBAaX MaKCHMANbHOT OTYKHOCTI 3apsKaHHs MPOTATOM PO3PaXyHKOBOTO mepiomy 4, (kBT-rom); Vo =~ —

dch,max
o0Ocsr Biamycky eneprii 3 Y3E B yMoBax MakcMMallbHOT MOTY>KHOCTI PO3PSIXKAHHS IPOTATOM PO3PaxyHKO-
BOro Tepiony /4, (kBT-ron); AV,>X — — BTpaTH eneKTPOEHEpTii B yMOBaX MaKCHMAbHOI TIOTYKHOCTI po3psi-

dch,max
JOKaHHS IPOTSITOM pO3paxyHKOBOTO nepiony 4, (kBr-rox).

Jliniviai ¢yskuii BTpaT eHeprii B Y3E (3) matoTh 3MOTy BUKOHATH OI[iIHOYHE MOJIEIIOBAHHS PEKUMIB
MIKpOMEPEXKi 13 3aCTOCYBaHHSIM METOIIB JIIHIHOTO TIporpaMyBaHHs. [IpoTe, K oKa3aan eKCIIepUMEHTATb-
Hi po3paxyHKH, OiJIbIII TOUYHE BpaxyBaHHS BTPAT €JIEKTPOCHEPTil B Pi3HUX pexknMax (yHKUioHyBaHHS Y3E
JOCSITAEThCSl BAKOPUCTAHHAM KBaIPaTUYHUX (QYHKLIN BTpat

2 2 AV E
V3E V3E _ 4Y3E V3E V3E _ ch,max
AI/Vch,h (Vch,h ) - AASch(2) : (Vch,h ) AASch(Z) - viE \2
( ch,max )

Vh=[1.24]. 4)

2 2 AVE
A W V3E vV V3E _ AY3E . VV3E A V3E _ dch,max
dch,h dch,h — “TASdch(2) dch,i ASdch(2) — V3E 2

( dch,max )
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BuxopucranHs kBagpaTH4HUX (PYHKIIH BTpaT enekTpoeHeprii (4) 3yMoOBIOe MoTpedy y 3acTocy-
BaHHI METO/IB HEMiHiiHOT (30KpeMa KBaJpaTU4HOT) ONTHMI3allil B 3a7ja4ax MOJENIOBaHHS PEKUMIB POOOTH
mikpomepexi. [Ipu 1poMy QyHKIIT KBaIpaTHUHUX BTpaT €HEprii, K MokazaHo y [23], m0AaTKOBO NaroTh
MOJKJIMBICTh BUPIIIUTH MPOOJIEMy HECKIHUEHHOI MHOXKHHH PO3B’S3KIB Yy 3a7jadyaX ONTHMAIBHOTO PO3MOJILTY
00MEKEHOT KIJTBKOCTI PECYPCiB 3 EKOHOMIYHIUMH KPUTEPISIMH ISl TIEPIOAIB 3 OTHAKOBOIO PUHKOBOIO IIHOTO.
O6csr HakormyeHoi B Y3E eHeprii HalIpHKiHIII JOBITBHOTO PO3paxyHKOBOIO Tepioy yacy / i3 Bpa-
XYBaHHSIM KBaJpaTHYHUX (PYHKIIIH BTpaT eHeprii po3paxoByeThCs 3a HOpMYIIOI0
h
W =W (VA v = AW (V2 - am () - amE )i =[L24]), )
k=1

beg

ne W,.* — obesar nakonmuenoi B Y3E enextpoeneprii Ha mouatok 106w, (kBrron); V', Vel, — obesru

. . . 2
eJIeKTPOCHEePTii y mepioan k BIAMOBIAHO 3apsypkaHHsA Ta po3psmkanas Y3E, (kBt-ron); AWCﬁE(VCﬁE) ,
2 tee ee . . .
AWXSE (V;Zfi) — (yHKIIT KBa[paTUYHUX BTpPAT eHeprii (4) y mepioau k BiAMOBIIHO 3aps/pKaHHS Ta po3ps-

mxanns Y3E, (kBrrox); AW, — Brpatu eneprii B Y3E y crani ouikyBaHHsS HPOTSIOM PO3paxyHKOBOTO
nepiony k, (kBt-roxm).
Cucrema oOMeXeHb TSI KOHTPOJIO 00caTiB HakonmmdeHoi B Y3E enekTpoeHeprii HanpuKiHIl po3pa-
XYHKOBOT'O TIE€Pioy /1 Ma€ BUTIISA
W < <Wwr i Vh= [1..24] , (6)

min, A work

ne W' — MiHiManbHUI piBeHb HAKONIMYEHHS eNeKTpoeHeprii B Y3E HanpuKiHIi po3paxyHKOBOTO Hepiomy

min, s

h, (xBt-rom); W.** — po6oua emuicTs HakonmuyBaua eHeprii B Y3E sk 100yTOK 3HaUeHb HOMiHAJBHOI €M-

work
HOCTI Ta HOMIHAJILHOI TIMOWHHA po3psay, (kBT-roxm).
B maTtemaTuuHii MOjeN BpaxoBaHO, IO B OKpEMHHU Iepion 4acy y By3mi npuenHanus Y3E mo in-
BepTopa Ppi3MyHO MOXKIUBHIA MOTIK EHEPTii JHIIe B OMHOMY HaNpPsSMKY — HAKOIIMYESHHSI SHepTii, BIAMYCK eHe-
prii un o4ikyBaHHs (HyJIbOBE 3HAYCHHS IIOTOKY)

(Vi =0V =0) v (Va3 > 0 AVl = 0) v (Vo =0Vl > 0):Wh=[1.24]. (7)

B [24] norpumanHs ymMoBH (7) peati3oBaHO BUKOPUCTAHHAM TpadiB y HTbOBIH QyHKIIT
24
2
V3E V3E V3E V3E
PE™™ =R 'Z(Vch,h _Vdch,h) >
h=1
V3E

e Rpf

— xoedirieHT mrpadis 3a HEMOTPUMaHHS yMOBH (7).

BukopucranHs 3anpornoHoBanux B [24] mTpadHux GYHKILIN J03BOJSE MIHIMI3yBaTH PO3MIpPHICTD Ta
00YHCITIOBAJIbHY CKIIAIHICTD MOJEN iMiTallil peskuMiB poOOTH Mikpomepexi. [IpoTe 3anponoHoBaHui miaxiza
BHMara€e BUKOHYBAaTH eMITipUIHUH Tia0ip koedimmieHTiB mrpadiB 1Id TEXHIYHUX XapaKTEPUCTHK SHEePTeTHY-
HOT'O YCTaTKyBaHHS MiKpoMepeKi Ta piBHS pUHKOBHX IiH. [Ipn oMy ymoBa (7) Moke MOpYUTyBaTHCS IS
JEHHUX TOJMH JT0OH 13 3HAYHUMH 00csraMu MpoQilUTy COHSAYHOI reHepalii Ta HU3bKUMH PUHKOBUMH IliHa-
mu. Tomy HaBenena y [24] maTeMaTH4HAa MOJENb PO3BHHYTAa LUISXOM peaji3amii JOJAaTKOBUX OiHApHHX
3MIHHUX, SKAMH BH3HAYAIOTHCS PEKUMH 3apsDKaHHA 1 po3pskaHHs HakonmnayBada Y3E Ha piBHI KOHTPO-
nro pexxumiB pynkuionysanus Y3E (puc. 1)

0< IsCh)** + IsDch,”* <1
Vool —IsCh)>® V320 <0 :Vh=[1.24], (®)

ch,h ch,max

Vawy — IsDch)*® V2328 <0

dch,max
ne IsCh*®, IsDch)*® — 3minHi onTuMizalii, OiHapHi aTPUOYTH PEKUMIB BIAMOBIHO 3aps/UKAHHS 1 PO3PS-
h h
TokanHa HakonmuyBada Y 3E, (Boolean).
JlomaTkoBO Ha piBHI KOHTPOIIIO pexkuMiB (yHKImioHyBaHHSA Y3E peamizoBaHo cuUCTeMy OOMEKEHb

JUIs BiJICIKAaHHS MHOKMHH HEIHTYITHBHUX PO3B’A3KiB 13 HyJIbOBUMHU 00CSTaMU 3apsaKaHHs/PO3PSIKAHHS 3a
HEHYJBOBHX aTpUOyTax BiAIOBITHUX PEKUMIB

IsCR V2% —y¥% <0 h=[1.24] 0
IsDeh)™ -y e <ot T

dch,min
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e V.28 V3" _ miHiManbHI 3Ha4eHHs OOCATIB Bi/IMOBITHO 3apsA/UKAaHHA i PO3PSIKAHHS HAKOMHYYyBaua

ch,min dch,min
Y3E, (xBt-ron).

HeintyiTiBHI po3B’S3KH 13 HYJIBOBUMH OOCSTaMH 3apsKaHHs/PO3PSAHKaHHSI 32 HEHYJIHOBUX aTpH-
OyTax BiJIOBIHUX PEXKHUMIB MOXYTh BHHUKATH JJIsl THX PO3PAXYHKOBHX MepiofiB, konu Y3E 3HaxoauThes
y cTaHi O4iKyBaHHs 0€3 3apaKaHHs Y po3psaKaHHs. [Ipu npoMy MiHIManIbHI pO3paxyHKOBI 00CATH BiaO-
BIZTHO 3apspKaHHA 1 po3pskaHHs HakonnuyyBaua Y3E B (9) 3amaroTe MeTonuuHy MOXHOKY MaTeMaTH4HOL
MOJeli, a caMe — MiHIMajbHI PO3PaxyHKOBI1 3HA4YE€HHS OOCATIB 3apsKaHHSA/PO3PSKAHHSA HAKOIM4YyBaya
V3E, ki ciix BBaXaTH HEHYJIbOBUMH. [Ipu nbomy moenHane 3actocyBaHHA (8) 1 (9) rapaHTye oTpuMaHHS
HYJIbOBUX 3HaY€Hb OOCSTIB 3apsIKaHHA/Po3paKkaHHs HakonuuyBaya Y3E 3a Hy/lbOBHX 3HAa4€Hb BiIIOBiA-
HUX OiHapHUX aTpUOYTIB.

3 orysiy Ha 3Ha4YHI iIHBECTHUIIIHI BUTpATH Ta OOMEXEHUH pecypc HUKIIB 3apsny/po3psay Y3E He-
00XiJHO TOJAaTKOBO KOHTPOJIIOBATH PEHTAO0ENBHICTh eKcIuTyaTalii ycraHoBKH. OOMeXeHHsl peHTa0eIbHOCTI
ekcrutyatanii Y3E mpotsrom noou BI/I3Haqa€TLc;1 SIK

24
SO~ I ) P RO Y+ SO 2 B (10)
h=1

ne C..t — pi3HUIA 1iH HAKONMYEHOI i BiJMyIIEHOI €IeKTPOEHEPTii, KO0 3a0e3MeuyeThcsl peHTabeIbHa

excrutyaranis Y3E, (2/kBrron); BY." — BUTpaTH Ha MiATpUMKY o6caris Hakonuuenoi B Y3E eneprii, nocta-

THBOT 317151 3a0€3MEeUYCHHS CTaHy TOTOBHOCTI JI0 130JIbOBAHOTO PEXUMY (DYHKIIIOHYBaHHS MiKpoMepexi, (&);

chiE(CEC) 3MiHHa omrTuMizamii, o0csar 3apsmkanas ¥Y3E Bin npodinurty renepariii CEC y po3paxyHKoBuit

nepion 4, (kBr-ron).

JHeranizoBaHuii ONMMC MPHHIUIIB PO3pPaxyHKy okpeMux cknafoBux (10) HaBemeHuil y HacTymHHX
po3ninax myOmikarii.

PizHuns wiH 3a1/14 3a6e3neyeHns peHTadeabHoi ekcmyaTtamnii Y3E. Ockinbku y Momeni iMiTarii
¢ynkuii  Y3E BUKOHyeThCS OLIHKAa €KOHOMIYHOI JOLUIBHOCTI peamizamii (QyHKOiH 3apsakaH-
HS1/pO3pSIKaHHS IS 3a/1ad PEryJIIOBaHHS PEKUMIB MikpoMmepexki, To ans (10) 34iiCHIOETECS TTPUBEIEHHS

BaptocTi Y3E 10 HOpMaTUBHOTO ITUKITY 3apsit/po3psia
V3E
Cost = COStfull
le = NygE ’
norm

ne Cost,," — BUTpATH Ha 3aKyMiBJIIO, BCTAHOBIEHH: i o6cyrosyBanns Y3E, (2); N — nopmosana Kinb-

KiCTh MUKITIB 3apsia/po3psn Y3E.

Burona Bix BukopuctanHs Y3E ajis perysiroBaHHS PEXUMIB MIKpOMEPeKi (hOPMYEThCS 3a paxXyHOK
Pi3HUILI y BapTOCTiI HAKOMWYEHOI Ta BiAMyLIeHoi eaekTpoeHeprii. [Ipu npomy ciig 3Baxkatu, 1o B MaTeMaTH-
YHIl MOZeINi BPaxOBYIOTHCS SIK 3aBJaHHS MiHIMI3aIlii BUTpaT €IEKTPOEHEprii B yMOBaX CHHXpOHi3alii i3
CHCTEMOIO PO3TOITY, TaK 1 3aBIAaHHS MIATPUMKH CTaHy TOTOBHOCTI JO 130JJbOBAHOTO PEXUMY. TakuMm 4u-
HOM, AKIO Y3E He BUKOPUCTOBYETHCS AJIsl ONTUMI3allii BUTPAT Ha MOKPHUTTS BIACHOTO €IEKTPOCIIOKUBAH-
HS, TO CHCTEMa YIPAaBIiHHSI MIKpOMEpexi 3AIMCHIOE JIHIIE HAKOMWYEHHS €IeKTPOSHEPTil A MiATPUMKH
CTaHy TOTOBHOCTI IO i30JIbOBAHOTO PEXHUMY. BiAmMOBiMHO MiHIMANBEHWUN PiBEHb BHUTOAM, HEOOXIMHUN IS
komrieHcanii BapTocTi Y3E, oliHioeThes 3a o0csaramu BiAmycky enekrpoeHeprii Bix Y3E Ha moTpebu pery-
JIFOBaHHS PEXXHUMIB MIKpOMEpeKi

V3E V3E
ovFE _ Costgy Cost,, (11)
f.dch V3E V3E T 177 V3E
VVnom DOD Nl’lOl‘l’l’l WllOm DOD
E . .
ne W.>F — HoMiHaibHA €MHICTh HAKOMMYyBaya Y3E, (xBrron); DoD, . — HOpMOBaHa BUPOOHUKOM IJIH-

OuHa po3psay HakonnuyBaua Y3E.

Crig 3ayBaKuUTH PI3HUIIO Yy BU3HA4eHi TepminiB Buroaw anst Y3E i mns mikpomepexi. PozpaxoBana
no (11) pizHuns 1iH BUKOoprcTOBYEThCs Yy (10) st po3paxyHKy MiHIMAIBHOTO (TPAaHUYHOTO) 3HAYCHHS BU-
TOJH, SIKOI0 KOMIIEHCYETHCS CO0IBapTiCTh OJHOTO LUKIY 3apsin/po3psn Hakonuuysada Y3E. ExoHoMiuHMI
edekr Big Bukopuctanas Y3E y BupimeHHi 3aBIaHHA MiHIMi3alii BapTOCTI 3aKyIiBIIi €leKTPOeHeprii o1li-
HIOETHCS K PI3HUILI po3paxoBaHuX 1o (1) 3HaUEHB IS ABOX CIICHAPIiB YIPaBIiHHSA peKUMaMU MiKpoMepe-
ki 6e3 BukopucranHs Y 3E Ta i3 Bukopucranusam Y3E.

Mopens KOHTpOJIIO 00csTiB Bignmycky enextpoeneprii Bin CEC. IlepunHa MeTa ekcruryaTamii
CEC monsrae y TOKPUTTI BIACHOTO €JIEKTPOCIIOKUBAHHS B MikpoMepexi. [Ipu mboMy BBaKaeThCs, 0 Ha/I-
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JIMIITKOBA TeHEepallis He MOXke OyTH BiIIyIIeHa B MEPEXKyY, TOOTO B YMOBaX yKpaiHCHKOTO 3aKOHO/IABCTBA BIac-
HHK MIKpOMEpEeKi He € aKTUBHUM CIOXHBadeM, a BUkoprctoBye CEC 3a71si TOKPHUTTSI BIACHOTO CIIOKUBAHHSI.
VY ronunu npodinuty rerepanii CEC Hagnumku eixekTpoeHeprii MoxiauBo 30epertu B Y3E misa Bukopucras-
Hs B iHIII roguHU 100u. He ckoMIeHCOBaHMiT BIACHUM €IeKTPOCIIOKUBaHHM 1 3apsypkanasM Y 3E npodinut
redepartii CEC HeoOximHo mpumycoBo oboMexuTr. O0csarn mporao3oBadoro npodinuty rereparnii CEC pos-
PaxOBYIOThCSI Ha €Tarli MiArOTOBKH J0 MPOLECY ONTUMI3aIlil
CEC MM . 1,CEC MM
Vi =V >,
. 177 CEC MM
0:V, "<V,
Toxi cuctema oOMexxeHb I KOHTPOIIIO 00CSTiB Biamycky enekTpoeHeprii Big CEC
VY3E(CEC) + VCEC — VCEC
h,h R, Pr,h
o ’ ' ivh=(1.24]. (12)

V3E Y3E(CEC)
Vch,h - Vch,h 20

CEC _
VPr,h -

:Vh=[1.24].

Cucrema oomexxens (12) dopmaiizye i3ndHy CyTHICTh TaKoi 3MIiHHOI ONTHMI3alii K 00cCsT 3apsi-
mxaaas Y3E Big npodinury rerepamnii CEC. Lg 3miaHa € ckiaamoBoro o0csriB npodiuty renepariii CEC, a
TaKOX € CKJIaZ0BOI0 00csTiB 3apsamkants Y3E. 3a ymMmoBaMu QyHKIIOHYBaHHS MIKPOMEPEKi BIJITYCK €JIEKT-
poeHeprii y cucteMy posmnoniny 3adopoHenwid, 1 Haamuiukn rerepanii CEC Butie o0csary BIacHOTO CIIOXKH-
BaHHS HEOOXimHO (hi3mdHO 0OMeExyBath 1Mo Hyisl. Tomy Hakommuaysanwii B Y3E mpodinut rerepamnii CEC
BpaxoByeThes B (10) 3 HyIbOBOIO BapTICTIO.

®opmanizoBane noganus Gynkuii ynpasininas CEC (12) npusHaueHe nuiie AJis1 MOJEIIIOBAHHS pe-
JKUMIB MiKpOMEpPEeXi 3 ofHIM iHBepTOpoM, 110 skoro minkmrodeHi CEC ta Y3E. fkmmo B MikpoMepeki eKCILTy-
aTYIOThCS KUTbKA JDKEpel TeHepallii eleKTPOCHepTii y Pi3HUX By3JIaX 3aCTYITHOI CXeMH, HEOOXiTHO BUKOHATH
JOAATKOBI 3aX0/M 3 BU3HAUCHHS Ta popmaizauii mousTts 3apsmkanasa Y 3E npodinutom renepaunii CEC.

MeTtoauka oumiHKH 00cATIB eHeprii, HeoOXiTHUX I 3a0e3NeYeHHA CTAHY T'OTOBHOCTI 10 i30-
JbOBAHOI0 Pe:KUMY. SIKIIO CHCTeMa eHEPrOMEHEIKMEHTY MIKpOMEpeXi BUKOHY€ JIMIIE 3aBAAHHS MiATPH-
MKW KPUTHYHOT'O HaBAHTAKEHHS B 130JIbOBAHOMY PEXHMi, IOLIBHO 3a0e3MeuyBaTH TEXHIYHUH MaKCUMYyM
HakonuueHHst eHeprii B Y3E. Taka crpareris excrutyaranii Y3E 3a0e3neuye MakcuMizamito 4acy migTPUMKH
Ta MOYJTHBOCTI 301TBIIICHHS OOCATIB €JIEKTPOCTIOKUBAHHS B 130JJbOBAHOMY PEKUMI. SIKIO TOAATKOBO BUKO-
HYETBbCS 3aBAaHHS ONTHMi3alii poOOTH €HEPreTUYHOr0 YCTaTKyBaHHS MIKPOMEpEkKi 3 METO MiHiMizamii
BapTOCT] 3aKyMiBJl €IeKTPOSHEPTii, TOUIIBHO MIATPUMYBATHU JIMILIE AESKUH MiHIMATbHUNA OOCST HaKOIHYe-
Hoi B Y3E eHeprii 3a/ui MATPUMKH KPUTHYHOTO HABAaHTAXKEHHS HA 33aHUH 4ac 130JIbOBAHOTO PEKUMY.
Toni BUBUTEHEHA €MHICTh HakomudyBada Y3E BHKOPHUCTOBYETHCS 331 BHPIMICHHS 3aBIaHHSA MiHIMI3amii
BUTpAT Ha 3aKYIIiBJIIO €IEKTPOCHEPTii.

Jnst K po3paxyHKOBHX TEPiOIiB 130JIbOBAHOTO PEXUMY €JIEKTPOCIIOKUBAHHS KPUTHYHOTO HAaBaHTa-
JKeHHs 3a0e3medyeThest HakommueHoto B Y3E enepriero Ta renepartieio enekrpoereprii B CEC. Toxi minima-
TpHUAR 00csT HakonwueHHs eHeprii B Y3E ans mepiofay / modaTKy i30Jb0BAHOTO PEKUMY TPHUBATICTIO K
NEepioiB OLIHIOETHCS 38 HACTYITHOIO METOAMKOIO.

1) [TokxpurTs kputnaaOTO HaBaHTaxeHHA Biff CEC B mepion / i307160BaHOTO PEXUMY
CEC , 1,CEC MM .
VitV Vg <01,

MM | 1,CEC MM .
V(Kp),h V- V(Kp),h >0

SPP2CL
Vh =

Vh=[1.24],

ne V,*¢ — npornososannii o6¢sr renepauii CEC y nepiox &, (kBrrox); V), — nporsososanuii obesr ene-

Kp),h
KTPOCIIOKUBaHHS KPUTUYHUM HaBaHTKEHHAM y Tiepion 4, (kBtropm).
2) O6csr Hakonm4aeHoi B Y3E eHeprii, SKuil BUIUTIETHCS IS TIOKPHUTTS MOTPEO €IEKTPOCITOKUBAHHS KPH-
TUYHOTO HABAHTAKEHHSA y NEPioJl /1 130JIb0BAHOTO PEXKUMY

Wk = (Vo =V ) (1+ Aoy ) + AW 1 Vh=[1..24].

ip.h (xp),h ASdch(ir) idle

3) Minimym HakonmueHHst Y 3E y mepion 4 mo4artky i301b0BaHOTO PEKUMY TPHBAicTIO K mepiofis
h+K-1

= W Vh=[1.24].

min, p..k
k=h

4) Minimym HakonmueHHst Y 3E y kiHmi nepiony 4
W =W — AW, 328 :Vh=[1..24].

min,/ min,i

5) 3nauenHs obcsry HakonnueHoi B Y3E eHeprii Ha nmoyatky 1o0u
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WY3E=Min(Max(WY3E(“)— o (1= Ay );0)s Min (W05 + v, -(1+AZ§ih<n>);W”E)), (13)

beg min,[1] ch,max ASch(ir) min,[1] dch,max work

ne WM _ miniMym Hakonuuernns Y3E s i30150BaHOT0 pesxxuMy Ha nouatky no6u (A=1), (kBr-rox).

min,[1]
6) MinimanbHu#t oOcsr HakonudeHoi B Y3E Ha mepion 4 s BUKOpHCTaHHS B 0OMEXKEHHAX HMOTOJUHHOTO
KOHTPOJTIO (6)
Y3E _ 177 Y3E() V3E V3E |, _
= Y- +K - AWy :Vh=[1.24]. (14)

min, s min,/ beg

3a CIiIBHOTO BUKOHAHHS 3aBIaHb MIATPUMKN KPUTHIHOTO HABAHTAKEHHS B 130JIbOBAHOMY PEKUMI Ta
ONTHMi3allii pOOOTH EHEPreTHYHOTO YCTaTKYBaHHS 32 CHHXPOHHOI pOOOTH MIKpOMEpEXKi i3 CHCTEMOIO PO3MO-
Ity 3HaueHHs o0csary HakormmieHoi B Y3E eHeprii Ha mouatky no0u (iKCyeThCs 3a pe3ylbTaTaMH pO3paxyH-
kiB 1o (13). 3ams omiHkM MiHIMaTRHEX 00csTiB HakonmueHOi B Y3E eneprii y (K—1) kiHIeBUX mepioiB 1001
i MiHIMaNTBHOTO 00CsTY Hakonm4yeHoi B Y3E eHeprii HarmpukiHLi MoToYHOI 100K (SIKUH JOPIBHIOE MiHIMAIILHO-
My o0csry HakonndeHoi B Y3E eneprii Ha modaTKy HacTyIHOI JOOM) BUKOPHCTOBYIOTBCS IPOTHO3M UIS Bif-
TIOBiTHOI KUTBKOCTI PO3PaxyHKOBHX MEPIOJiB HACTYNHOI 100u. B okpeMux BHUIagkax JOMyCTUMO B pO3paxyH-
KaxX BUKOPHUCTOBYBATH IIPOTHO3HI 3HaUeHHs (K—1) po3paxyHKOBHX MEPi0O/IiB MOTOYHOT JOOH.

Butpatn Ha HmiATPUMKY CTaHy IOTOBHOCTI 10 i30Jb0BaHOro pe:kumy. HaBenena matematudHa
MOJIeNTh Ha OCHOBI IIboBOi PyHKmIi (1) i cucrem obmexensb (2) — (6), (8) — (10) ta (12) npuzHaueHa st
MoOYyIOBH ONTHMANLHUX TpadikiB (QYHKIIIOHYBAaHHS EHEPTeTUYHOTO YCTAaTKYBAaHHS MIKpOMEpEexki, TOOTO
PO3B’s3y€ 3aqady ONTUMI3AI] PEKUMIB MIKpOMEPEXKi 3a KpUTEpieM MiHiIMi3allii BApTOCTI 3aKyIIiBJi €J1eKT-
poeHeprii. 3aa4a MiATPUMKA CTaHY TOTOBHOCTI J0 130J1hOBAHOTO peXuMYy (DYHKI[IOHYBaHHS MIKpOMeEpexi
PO3B’A3y€ThCS TOAATKOBUMH PO3paxyHKaMH. Pe3yapTaTi TakKuX po3paxyHKiB BUKOPHUCTOBYIOTHCS Yy ITPOLECi
onrumizamii B cucreMax obmexxenb (6) ta (10). o ckimanoBux, siki po3paxoBYIOTHCS Mepe PO3B’sI3aHHIM
3agadi moOynoBH ONTHMaNbHUX rpadikiB (YHKUIOHYBaHHS EHEPreTHYHOrO YCTaTKyBaHHS MIKpOMEpEXi,
HaJIOKHUTh PO3PaxXyHOK BUTPAT Ha MIATPUMKY CTaHY TOTOBHOCTI /IO 130JIbOBAaHOTO PEKUMY. 331l pO3paxyH-
KiB 3[IIHCHIOETBCS IMITAallisl PEXUMIB EHEPreTHYHOTO YCTAaTKyBaHHS MiKpOMEpeKi B YMOBAxX, KOJU BUPINIY-
€THCS JIUILE 3aBJAHHS MiATPUMKH CTaHy TOTOBHOCTI JI0 130JbOBAHOTO PEKUMY poOOTH Oe3 onTumizamii BU-
TpaT Ha 3aKyIiBJIIO €JIEKTPOEHEPTii JJIs MOKPHUTTA EJNEKTPOCIOXKMBAHHS. B Takux ymoBax 3IiHCHIOETBCS
3apsypkanas Y3E 3amis 3a0e3nedeHHs 3adaHUX MiHIMATBRHHUX 3HA4YeHb OOCSTIB HAKOIMMYEHOI €Heprii, aje
BIJIITYCK €TIEKTPOCHEPTii HE 3/IIHCHIOETHCA.

ImiTaniss yMOBM BUKOHAHHS 3aBAaHHs MiATPUMKH TOTOBHOCTI JI0 130JIbOBAHOTO PEKHUMY pealliz3yeTh-
CsT 03HAYCHOI0 MaTEeMAaTHYHOIO MOJIEIUTIO 13 MiTh0BO0 dyHKITiE0 (1), cuctemamu ooMexeHs (2) — (6), (8), (9)
i (12) 6e3 ymoBu 3abe3nedyeHHs peHTadenpHOl ekciuryaraiii Y3E (10) Ta i3 101aTKOBUMH YMOBaMH 3a00po-
HU BiJIIycKy enektpoeneprii Bix Y3E

IsDch)™ =0:Vh=[1.24]. (15)

3a pe3ynbpTaTaMu ONTHMI3aLil pO3paxoBYEThCS 3HAUEHHS BUTPAT HA MIATPUMKY CTaHy TOTOBHOCTI /10

130JTOBAHOTO PEKUMY
24

B = hZ:,(VCK,iE AT RO (16)
sIKE BUKOPUCTOBYETHCS B YMOBI 3a0e3meueHHs peHTabenbHol excrutyaranii Y3E (10).

MeTtoauka NJaHyBaHHS pe:kMMIB (pyHKIiOHyBaHHA Mikpomepexi. HaBenenuil MatemaTnuHmit
amapaT BUKOPHCTOBYETHCS i/l Yac TUTAHYBaHHS PEeXUMIB (DYHKI[IOHYBAaHHS MiKpOMEPEXKi 31 CHIBHUM BHKO-
HaHHSM JIBOX 3aBAaHb: MIATPUMKA TOTOBHOCTI MIKpOMEpEXi 10 poOOTH B 130IbOBAHOMY PEKHMI Ta ONTHMi-
3allis BUKOPUCTAaHHS HasBHUX E€HEPTeTHYHHX PECypCiB 33Ul 3MEHIIEHHS BUTPAT Ha 3aKyMiBIIO €JIEKTPO-
eHeprii B yMOBaxX CHHXpOHi3aIlii MiKpoMepexi i3 cucreMoro posnofiny. llociaimoBHICTs mponenyp miaHy-
BaHHS 33]U1s1 BUPIIIEHH [10CTaBJIEHUX 3aB/IaHb HACTYIIHA.

1) Honepeonsi niocomoexa 0anux. BUKOHYeThCS 30ip Ta CTPYKTYpYyBaHHS JaHUX, HEOOXITHUX JUIS
BUKOHaHHs po3paxyHKiB. J{o BXigHUX naHux BigHOCAThCS: TexHiuHI Xapakrepuctuku CEC 1 V3E, npornosu
€JIEKTPOCITOKMBAHHS B MIKpOMepexki (y TOMY YHCIi IIPOTHO3M 3HAYEHb KPUTHYHOTO HABAaHTAXEHH:), TIPO-
rHo3 Biamycky enekrpoeHeprii Bix CEC Ta mporao3u pHHKOBHX IiH. 3IiHCHIOIOTHCS PO3PaxyHKH apryMeH-
TiB MaTeMaTUYHOI MOJIEJI, SIKi BAKOPUCTOBYIOTHCS SIK HE3MiHHI KOe(illieHTH y Mpolecax OnTHMi3aii.

2) Pospaxynxu obcszie pesepsis enepeii Ha RiOMPUMKY CIaHy 20mo8HOCHI 00 i301b08AHO20 PeiCU-
Mmy. Po3paxyHKN BHKOHYIOTBCSI TI0 HaBEIEHIH Y BIAMIOBIIHOMY PO3IiJIi ITyOJTiKaIlii MeToAuIIi. 3a pe3yJbTaTa-
MU po3paxyHkiB 1o (13) BuszHauaeThcs o0Ocsar HakonudeHoi B Y3E eHeprii Ha mouarok modu, a mo (14) —
MiHIMaJbHI 00CATH HAKOTIMYEHHS SHEePTii 10 BCIM PO3paxyHKOBHUM IIepiojaM 1o0u.
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3) Pospaxyuku eumpam Ha RiOMPUMKY CIAHYy 20MOBHOCMI 00 i301608aH020 pedcumy. IMITyeThCs
(yHKIIOHYBaHHSI MIKpOMEPEXKi 13 oMoBHEHHsIM 3apsay B Y3E Ta 3a00poHOI0 BiIyCKy eNeKTpOeHeprii Bij
VY3E. Bukonyerscs npoueaypa OnTHMi3alii pesKUMiB MiKpoMepeki 13 minboBoto gyHkmieto (1) Ta cucrema-
Mu obmexenb (2) — (6), (8), (9), (12), (15). 3a pesynpraramu ontuMmizaiii mo (16) po3paxoByeTbcs cyma
BHUTpAaT HA MATPUMKY CTaHY TOTOBHOCTI JI0 130JIbOBAHOTO PEKHUMY.

4) Onmumizayisn pesrcumie yHKYIOHYBAHHS EHEPLEMUUHO20 YCMAMKY8AHHS MIKpoMepedici. BUKOHY-
€ThCS MIPOIEAYPa ONTUMI3AIIT PEKUMIB MiKpoMepexki 13 1iIboBor (yHKIie (1) Ta cucreMaMu 00OMEXeHb
(2) — (6), (8) — (10), (12). 3a pesyapTaTaM¥ ONTHUMI3aIlii OTPUMYIOTHCS Tpadiku peryoBaHHs pexkuMiB Y3E
Ta 3aKYIIBJI eJICKTPOCHEPTii y eJIEeKTPONoCTaYaIbHUKA.

pukaag po3paxyHkiB. Y Nmpukiaai po3paxyHKiB BUKOPUCTaHO CXEMY MIKpOMEpeXKi i3 OJHUM iH-
BepTopoM, 0 sikoro migkiaroueHi CEC moryxnictio 80 kBt ta Y3E i3 miTiif-ioHHIM HaKONMUYyBadeM €MHiC-
TI0 40 kBT'To Ta HOpMOBaHOO TIIMOMHOIO po3psaay 0,9. KputndaHe HaBaHTaKEHHS MIKPOMEPEXKi JKUBUTHCS
BiJl okpeMoi JiHii iHBepTopa. Bukopucrano perpocnekTuBHy iHpopmarito 3a 27.07.2024, a came: GpakTH4Hi
rpadiku BIacHOTO eiekTpocroxkuBanHs i renepamnii CEC, a Takox BapTicTh enekTpoeneprii y cermenti PJIH
(orpuMmana Ha odimiitHOMy calTi orrepaTopa pUHKY). i mbOTo THS XapaKTepHi 3HAYHI TPODIIUTH TeHepa-
uii CEC Ta 3HM)XEHHS PUHKOBHX I[iH y JeHHI rojuHu. [loeHaHHS TaKMX YMHHUKIB Ja€ 3MOTY JOCIIIUTH
0c001MBOCTI (PYHKIIOHYBaHHSI MiKpOMEPEXI 3a Pi3HUX 30BHIIIHIX YMOB. 3a/Jis BUKOHAHHS MPOLIEAYP ONTH-
Mi3aIlii BUKOpHCTaHO mporpamMHi 3acodu Gurobi [25] sk HanOyaoBy no cepenosuina Microsoft Excel. I'padi-
K enekTpocrnoxusanHs ta reHepaiii CEC BizoOpaskeno Ha puc. 3, a.

Ha iaTepBani 3 9:00 no 15:00 cnoctepiraerbes npodiuut renepanii CEC ans pobouoro HaBaHTa-
JKEHHS 3 MKOM MpodinuTHUX NOTykHOCTeH 3 11-01 mo 13-Ty roamHM BKIFOYHO. J[i1st TOTY)KHOCTEH KpUTHY-
HOTO HaBaHTaxxeHHs TpodiruT reHepartii CEC Buamkae 3 8:00 qo 20:00. BHacaigok 3Ha4HOTO MPOGIIUATY
renepanii CEC MiniMansauii 3amac HakonwdeHoi eneprii B Y3E A miaATpUMKH i3071b0BaHOTO PEKUMY MiK-
poMepexi JOpiBHIOE HYIIO Ha mpoMikky 3 8:00 no 16:00. HoboBuii rpadik MiHIMATFHUX 3amaciB eHeprii B
V3E nns miATpUMKH CTaHy TOTOBHOCTI IO OCTPIBHOTO PEXUMY BiIoOpakeHU! Ha puc. 3, a.

3a pe3yabTaTaMy ONTUMI3allii CTaHY TOTOBHOCTI MikpoMepesxi chopMOBaHO rpadik MOMOBHEHHS 3a-
psany Y3E Ha migTpuMKy 3amacy €MHOCTI 10 OCTPIBHOTO peXuMy, BinoOpaxeHuil Ha puc. 3, 0. [Ipouenypu
noroBHeHHsI 3apsaay Y3E 3ammaHoBaHI Ha TOIWHU HIYHOTO Ta JEHHOTO MiHIMyMiB PUHKOBHX IiH. 3HAYEHHS
cymapHoi 3a 100y BapTocTi monoBHeHHs 3apsay Y3E s miaATpuMKH cTaHy TOTOBHOCTI MiKpOMeEpexi 10
poboTH B i301160BaHOMY pekuMi 1t oomeskenns (10) nopisatoe 0,75 rpH.
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MiniMansHMI 3anac eHeprii B V3E Yac, rox

Pobode HapaHTaKeHHA
C—IlonorHeHH: 3apany Y3E Ha 13071650BaHHI

- K[JIITII"—IHE.‘ HaBaHTaXECHHA
PEexEHIM

Bimmyck CEC ..
—— PunaxoBi HIHA
a 0
Puc. 3. [lpuknan pe3ynbrariB po3B’s3aHHs 33124 3a0€3eUeHHs 3aracy eHeprii Ha MATPUMKY
OCTPIBHOTOPEXXUMY MIKpOMEPEKi

OnuH 13 BOXJIMBUX PE3YJIGTATIB PO3B’SI3aHHS 3a/ad IUIAHYBaHHS PEXUMIB MiKpoMmepexi — rpadik
¢ynkuionyBanns Y 3E, BinoOpaxkenuii Ha puc. 4, a.

Cucrema ynpaBiliHHS €HEPreTHYHUM YCTaTKYBAaHHSAM MIKpOMEpeKi Mae 31iHCHUTH ITOTIOBHEHHS 3a-
psany Y3E y roguHu HIYHUX MiHIMyMiB pHHKOBHX ITiH JIO TTOBHOTO 3aIlIOBHEHHS POOOYO0i €MHOCTI HAKOITHTY-
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Bada 36 kBTron. Hakonuuenns eHeprii B Y3E BHKOPHCTOBYETHCS ISl YACTKOBOTO MOKPUTTS €IEKTPOCHIO-
JKUBAHHS Y TOAMHU PAaHKOBOTO MKy €JIEKTPOCIIOKUBAHHS 1 PAHKOBOTO MKy PHUHKOBHUX IiH. Tak MpoTsArom
nepioay 3 6:00 no 9:00 peanizyerbest po3psmkanas Y3E i3 3MeHIICHHSIM 00CATiB HAKOMUYECHOI eHeprii 110
MIHIMAJIBHOTO PiBHS, HEOOXITHOTO JJISl MIATPUMKH CTaHy TOTOBHOCTI JI0 OCTPIBHOTO PEKUMY MIKPOMEPEKi.
Ileprmmii UK 3apspKaHHs/po3psamkanas Y 3E 3yMOBIIOETHCS BUTO/I0I0, OTPUMYBAHOIO BiJl Pi3HHUII PUHKO-
BUX I[iH Y HiYHI Ta paHKOBi roauHu 100u. ['padik pexxumiB pyHkuionysanus Y3E y 1li TOIMHHA KOPETIOETHCS
3 rpadikoM PUHKOBHX LiH 1 HE KOPETOETHCS 3 rpad)ikoM eJIeKTPOCIOKUBaHHS B MIKPOMEPEXKI.

VY mepiox 3 9:00 mo 12:00 peamizyerbes 3apsmkanas Y3E Bin npodinuty renepanii CEC. Hakonu-
YeHi y 1el mepiog oOcsTH eNeKTPOCHEPrii BUKOPUCTOBYIOTBCS Ha MOTPEOH eJIeKTPOCIIOKHBAaHHS MiKpoMe-
PEXi y TOIUHH BEYipHHOTO MaKCUMyMYy PUHKOBHX WiH. pyruidl nuKn 3apsaxanns/po3psupkanas Y 3E 3ymo-
BIIIOETHCS BUTOJIOI0, OTPUMYBAHOIO BiJl Pi3HHMIN MiXK PUHKOBHMH I[iHAMH y BEUipHI TOAWHU 100U Ta mpodi-
IINTOM TeHepallii 3 HyJI-0BOIO IIHOIO Yy MeHHI roamau a00u. I'padik pexumiB yskmionyBanas Y3E y mi
TOJMHHU KOPENIOEThCA 3 TpadikaMu [iHM HAKOMMYYBAHOI €HEPTii 1 He KOPEII0ETHCS 3 TpadikoM eleKTpOoCHo-
JKUBAHHS B MiKpOMEPEKi.

Hapemri, Ha puc. 4, 6 HaBelleHO IUIAHOBHH Tpadik MOCTaYaHHS €IEKTPOSHEPTii Bi €JIEKTPOIIOCTa-
yanpHuka. 3a BincytHocTi CEC 1 V3E y cnoxkwuBava rpadik mocrayaHHs eJIeKTPOCHEPrii criBmajaTHMe i3
rpagikom enekrpocnoxkuBanHs. Y mikpomepesxki i3 CEC ta Y3E rpadik noctauyaHHs eleKTpoeHeprii 3MiHIO-
€THCSI, TIEPEIyCiM, ITiJ BIUTMBOM KOMIIeHcaIii 00csriB enexTpocnoxuanns reHepaiieto CEC. Excruryarartis
CEC Hajasa MOXJIMBICTh 3MEHIIIUTH BUTPATHU Ha 3aKyHiBIIO einekTpoeHeprii Ha 24,9%, a Y3E — na 5,7%.
BimnocHo HeBenukuid BIuinB Y3E Ha rpadik eneKTponocTayaHHS MIKpPOMEPEXKi MOSICHIOETHCS MOPIBHSIHO
HE3HAYHOI0 EMHICTIO HakomuuyBada Y3E, BumineHoro ans ontuMizarii rpadikiB 3aKymiBiIi eleKTpoeHeprii
Ta 0OMEKeHHAMH peHTabenbHo1 excinryaraiii Y 3E.
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Puc. 4. [Ipukian pe3ynbTariB po3B’si3aHHS 33/1a4 MiHIMI3allil BaApTOCTI 3aKyMiBJIi elIeKTPOeHeprii

Ha puc. 3 i 4 BimoOpaskeHO pe3ynbTaTH po3B’si3aHHS 33a7ad IJIaHyBaHHS (YHKIIH MiKpoMepexi y Ji-
THIA TIepioj, SKUH XapaKTepHu3yeThCs 3HAYHUMH oOcsramu mpodimury rerepamii CEC. Jlns mopiBHSHHS
PO3TIISIHEMO pe3yJIbTaTH PO3B’A3aHHS 3ajad TUIaHyBaHHs (YHKIIH MiKpoMepeKi y 3MMOBUH Tiepiof 3 BiICY-
tHicTI0 podinuty reHepanii CEC. Ontumanbhi rpadikn GyHKIiOHYBaHHS MiKpoMepexi, copMoBaHi Ha
OCHOBI peTpocCIeKTHBHOI iH(popMartii 3a 26.02.2025, HaBeneHo Ha puc. 5.

Hesznauni o6csiru renepanii CEC naroTh 3MOT'y KOMIIGHCYBATH JIMIIIE HEBEIHKY YacTKy OOCSTIB CIO-
KUBaHHS enekTpoeHeprii. ToMy rpadik 3akymiBii eHeprii y eleKTponocTadalbHHKa 3arajoM BiAMOBigae
rpadiky eIeKTPOCIIOKUBAaHHS B MIKPOMEPEXKi 1 He3HAYHO 3MEHIIYETHCSI B OKpeMi TOJIUHH 00U (puc. 5, a).

I'padixu dpynkmionyBanas Y3E (puc. 5, 6) MaroTh 1Ba IIUKITH 3apsKAHHS/PO3PSIKaHHS TTPOTATOM
JI00H, MpoTe JOCTYIHA €MHICTh HAKONWYyBada BUKOpPHCTaHA He y MOBHiHM Mipi. 3apsmkanus Y3E y Hiuni
roguHu 106u i3 HesHauHuMu oOcsiramu (0.01 kBTron y mepmri Tpu roguHu 106m) GakTHUYHO pealizyloTh
KOMITEeHcaIlifo eHeprii camopospsany Y 3E, a zapsmkanas Y3E obcsrom 4 kBT-ron y 4eTBepTy TOANHY 1001 —
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pearizye TOTpUMaHHS BUMOT PEe3epBYBaHHS OLIBII BUCOKHX 3HAYCHB 3aracy eHepril Uis CTaHy TOTOBHOCTI
JI0 130JIbOBAHOTO PEXHUMY. AHAJIOTIYHO po3pskaHHs eHeprii, Hakonudenoi B Y3E, 3 8:00 xo 10:00 3ymoB-
JIeHe 3MEHILIEHHAM 3Ha4eHb 000B’SI3KOBOr0 MiHIMyMY HaKOMMUYEHHS €HEprii Ui MATPUMKH CTaHy TOTOBHO-
CTi 10 poOOTH MIKpOMepexi B i30bOBaHOMY pexumi. HasBHICT peXUMIB pO3psKaHHS HaKOMAYyBada
V3E y paHKOBi TOOWHU M00W CBiAYWTH MPO ACSIKAN PIBEHb MPHOYTKOBOCTI ITUKIY 3apsa/pospsa. Ilpore y
nepuomMy 3a 100y nukii 3apsa/po3psan ¥Y3E He BUKOpUCTaHA BCS €MHICTh HaKONMUYyBaya (HANpHUKIHIN 6-TOT
roAuHu A06u HakonndeHo MakcuMyM 20,69 kBt-rox pobouoi emuocti Y3E 36 kBT'roa), ockiibku BapTicTh
BTpaT €HEPrii B pexxuMax 3apskaHHs/po3psmkanas Y 3E HiBemtoe BUTOMY Bil BUKOPUCTaHHS HASBHUX pe-
CypciB 30epiraHHst eHeprii.

300 12 20 40
5 250 V4 | 10 o = 35 3
b v 5 i
® 200 . g & O 30 L
2 5 £ 25 B3
g 150 5 = S 10 20 &
S 100 ! - 4 o % o 5 7»
2 | - B &8 10 =
it Tl  §
E: I L I e > 3
% 0 0 B o
B 3 5 7 9 11131517 192123 g 0 ° &
H k3 - b g 1 357 911131517192123 5
Hac, rox & . =
= Yac, rox e
rEE

W PHHKOBI I[IHH Hakommeras V3E

- CIIOKHBaHHA €HePTil B MIKpOMepeski m— 3ap s mKaEEs Y 3E

Kymisis eHeprii y eleKIporocTadaisHIKaA mm Po3psipkanss V3E

Biymyck CEC ——— M iHiMyM 3amacy eHeprTii B V3E
a o

Puc. 5. Ilpuknan ontumanbHuX rpadikiB GYHKIIOHYBaHHS MIKPOMEPEKi Y 3UMOBHH Mepiot

Hpyruii uukia 3apsmkanas/pos3psimxanis Y 3E xapakrepusyeTscsi 3HaUHOIO PI3HULIECI0 PUHKOBUX LIiH
y JIeHHi Ta BevipHi roguau g00u. [Ipu 1bOMy BUKOPUCTOBYETBCS BCS IOCTYIHA €MHICTh Hakonuuysada Y 3E,
IO CBiJYUTH MPO IOCTATHHO BUCOKY PEHTA0EIbHICTh IIUKITY.

3aramom 3a 100y excrutyatamnis CEC B Mikpomepexi Jjalla MOXIIMBICTh 3MEHIITUTH BapTiCTh 3aKyIIiBIIi
eJIEKTPOeHePrii y eneKTpornoctadanbauka Ha 3,35%. Excmnyarartist Y3E momaTkoBo 3HM3MIIA BapTiCTh 3aKyTIi-
BT enektpoeHeprii Ha 0,68%. Ak 1 AJst MITHROTO CE30HY POKY, B3UMKY 3Ha4eHHS e(eKTy BiJ eKCIuTyaTarii
Y3E Ha nopsnok HiKumii 3a edekt Bin ekcrutyatanii Y3E. [IpudoMy it 3MMOBOTO ce30HY e(eKT BiJl BUKOPHU-
cranas Y3E B 3amadi 3HIKEHHS BapTOCTI €JICKTPOCHEPTIi, CIIOKUTOI KOPHCTyBaYaMH MIKpOMEPEKi, BUSBIISA-
€ThCsl HM3bKUM. ToMy B 3a7aui ruianyBaHHS TpadikiB (yHKIIOHYBaHHS €HEPreTHYHOTO YCTaTKyBaHHS MiKpO-
MepesKi 3 METOI0 3MEHILICHHS BapTOCTi 3aKYIIiBIIi €IEKTPOSHEPTil Il BIaCHOTO CIIOKHMBAHHS JOLIIHHO 3a1po-
BaJIMTH JIOIaTKOBY I1iJIb, a came: 30LIbIIeHHs TepMiHy ekcruryartarii ¥Y3E noisixom oOMexeHHs Ha 1 BUKOpHC-
TaHHS HE HIDKYE 331aHOTO MiHIMAJILHOTO 3HAYCHHS BIDIMBY Ha BapPTICTh CITOKHUTOI €JICKTPOCHEPTi.

[TyOmikawisi BUCBITIIIOE METOJMKY 1 MOJesIi pO3B’A3aHHS 3aJadi eKOHOMIYHOI JucIieTdepu3amii Ha
100y Hanepen. Coin 3a3Ha4YMTH, 10 B CTAaHAAPTI [6] TaKOK BU3HAYAIOTHCA 3a/la4a BHYTPIIIHBOJ000BOI €KO-
HOMIYHOI JUCTIeTUYepH3allii Ta 3aqaya KOPUTYBAHHS IUIAHIB B PEXKUMIi peaiapHoro dacy. [Ipore anamiz ocob-
JIMBOCTEH PO3B’s3aHHS TaKMX 3a]a4 BUXOIAMTh 32 MEXI TEMaTHKH ITyOJIiKallii.

BucHoBku. Y po0OTi po3BHHYTO TEOPETHYHI OCHOBH BHpIlLIEHHA MPOOJIeMHU IUIaHyBaHHS rpadikiB
pOOOTH CKIIAIOBHUX MiKpOMEpeKi. 3amporroHOBaHI METOIUKHA Ta MOJIENI MOEAHYIOTh 3aBIAHHS ITiITPUMKH
CTaHy TOTOBHOCTI JIO 130JIbOBAHOTO PEXHUMY MIKpOMepeKi Ha OCHOBI BukopuctanHs Y3E Ta 3aBnanHs pari-
OHAJIBHOTO BUKOPHCTAaHHS JOCTYITHHX €HEPropecypciB AJis ONTUMI3alii 32 eKOHOMIYHIUMHU KpUTEPIsIMH Tpa-
(hikiB 3aKyTiBIII EIEKTPOCHEPTIi.

Po3pobieno MaremMaTndHi MOAECII 13 KAHOHIYHOIO (POpMOIO TIomaHHs (hopMalTi3MiB I iMiTaIlii pe-
KUMIB (YHKI[IOHYBaHHS yCTAaHOBKHM 30epiranHs eHeprii Ta iMiTamii QpyHKII KOHTPOIIO MOTOKIB €Heprii Bil
consyHOi cranuii. KaHoHi4Ha opma MoaHHA Ja€ 3MOTy BUKOPHUCTOBYBATH MOJEN Y Pi3HUX 3aa4ax ONTH-
Mizarii rpadikiB QyHKIIIOHYBaHHS €HEPTeTHYHOTO YCTAaTKyBaHHS MiKpoMepexi. Po3polbiieHo MaTeMaTHIHY
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MOJIENb PO3B’sI3aHHS 33/1a4i IUTAaHYBAHHS PE3€pBIB €HEprii, BUKOPUCTAHHS SKOi MiHIMI3ye BHUTPATH Ha 3aKy-
MIBJIIO €JIEKTPOCHEPTIi 3a1/1s1 3a0e3MeYeHHs CTaHy TOTOBHOCTI MIKPOMEPEXKi JI0 130JIbOBAHOTO pekuMy. Po3-
po0JIeHO MaTeMaTU4Hy MOJENb TUIaHYBaHHs PEeXHUMiB (DYHKLIOHYBaHHS! €HEPreTUYHOTO YCTaTKyBaHHS MiK-
pOMepexi, BUKOPHCTaHHS SKOI JJa€ MOXIIMBICTh MiHIMI3yBaTH BUTpPATH Ha 3aKYIIiBIIO €IEKTPOCHEPTIi It
BJIACHOTO €JICKTPOCTIOKUBAHHS MIKPOMEPEKi.

Po3pobnieno MeToarKy OIIHKK OOCSTIB pe3epBYBaHHS €Heprii, HEOOX1AHOI ISt ATPUMKHA KPUTUIHO-
r'O eJEeKTPOCIOKHUBAHHS B 130JbOBAaHOMY peXHMi. MeToarKa BpaxoBye TEXHIUHI XapaKTEPUCTUKH yCTaHOBKU
30epiranHs €Heprii Ta MPOTHO30BaHI OOCATH BINITYCKY €JIEKTPOCHEPTIii Bil COHSYHOI CTaHIIli, IO 3MEHIIYE
00CATH pe3epByBaHHs €HEpPril Uil MiTPUMKA KPUTUYHOI YACTUHH EJICKTPOCIIOKUBAHHS B 130JIbOBAHOMY pe-
KMMIi Ta 301IBIINTH 3HAYEHHSI EMHOCTI HAKONIMYyBavya €Hepril, JOCTYIHOI Ui OanaHCyBaHHs PEKUMIB MiKpO-
MepeXi B yMOBaX CHHXPOHHOI pOOOTH i3 CHCTEMOIO po3noairy. Po3poOieHO MeTOIMKy KOMILIEKCHOTO
PO3B’sI3aHHS 3a/1a4 TUIAHYBAHHS PEKUMIB (YHKIIIOHYBAaHHS €HEPTeTHYHOTO YCTAaTKyBaHHS MIKPOMEPEXKi, BH-
KOpHCTaHHS sIKoi 3a0e3nedye BUKOHAHHS 3aBAaHb MiATPUMKH CTaHy TOTOBHOCTI JI0 130JIbOBAHOTO PEXUMY Ta
MiHiMi3alii BUTpAT Ha 3aKyMIBIIIO €NEKTPOCHEPTI] VIS BIACHOTO €JIEKTPOCTIOKUBAHHS MIKPOMEPEKI.

TeopeTnaHO OOTPYHTOBAHO, IO 3a CIUIHPHOTO BUKOHAHHS 3aBIaHb MIATPUMKH CTaHy TOTOBHOCTI JIO
130JIbOBAHOTO PEKUMY Ta ONTUMI3aIlli eJIEKTPOCHOKUBAHHS 00csary HakonuueHoi B Y3E enekrpoeneprii Ha
MOYaTKy i y KiHIi A00M pO3paxoBYIOThCS NMpOLEAypaMH IUIaHYBaHHsS 1 HE MOXYTb 3a/JaBaTHCS K BXiIHI
naHi. 3a pe3ynbpTaTaMHl TECTOBUX PO3paxyHKiB BiJ3HAUEHO, M0 ONTUMANbHI Tpadikn QyHKmioHyBaHHS Y 3E
3HAYHOIO MipOI0 KOPEJIOIOTHCS 13 pUHKOBUMH LiHamu Ta rpadikom npodinuty renepanii CEC. Kopemsiis
rpagikiB ¢pyHkuionyBanHs Y 3E i3 rpadikoM eneKTpOCIOKUBAHHS B MiIKDOMEPEXK] HE CIIOCTEPIraeThCA.
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OPTIMIZATION OF THE USE OF AVAILABLE ENERGY RESOURCES OF THE MICROGRID
UNDER THE CONDITION OF SUPPORTING READINESS FOR ISOLATED MODE

Ye.V. Parus, L.V. Blinov
Institute of Electrodynamics National Academy of Sciences of Ukraine,
56, Beresteiskyi Ave., Kyiv, 03057, Ukraine.

E-mail: paruseugene@gmail.com; blinovihor@gmail.com.

The paper presents methods and models for solving problems of planning the operating modes of a microgrid. The main
goal of optimization is to minimize the cost of electricity purchased from the electricity supplier. The task of maintain-
ing the readiness state of energy storage systems is solved by solving additional optimization problems and is given by
a system of constraints. The objective function of optimization problems and a system of equations of electricity bal-
ances are presented. A mathematical model for simulating the operating modes of an energy storage unit as the main
means of balancing energy flows in a microgrid has been developed. A mathematical model for simulating the functions
of controlling energy flows from a solar station as the main means of unregulated electricity generation in a microgrid
has been developed. A mathematical model for solving the problem of minimizing the costs of purchasing electricity to
ensure the readiness of the microgrid for the isolated mode has been developed. A mathematical model for solving the
problem of minimizing the costs of purchasing electricity for the microgrid’s own electricity consumption has been
developed. A methodology for estimating the amount of energy reserve required to support critical electricity consump-
tion in the isolated mode has been developed. A methodology for comprehensively solving the tasks of planning the
operating modes of power equipment in a microgrid has been developed. An example of calculations for performing the
tasks of planning the operating modes of a microgrid has been given. Based on the results of the calculations, the pecu-
liarities of the formation of electricity balances in a microgrid have been analyzed. References 25, figures 5.

Keywords: microgrid, mode planning, local energy system, distributed energy resources, renewable sources, energy
storage system.
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IHOOPMAIIMHO-BUMIPIOBAJIbHI CUCTEMM B EJIEKTPOEHEPTETHILII
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ITiomeepooiceno akmyanvHicms po3pooKu npeyu3itiHux 080KAHATLHUX Kanibpamopis gazosux 3cysie cucnanie (KP3C) 6
WUPOKOMY 0IanazoHi Yacmom OJisk eKCNEPUMEHMANbHOL OYIHKU anapamyphux noXubok QazosumipiogaibHuX npucmpois
nazepHux oanexomipis. Pozensinymo moowcnugicme no6yoosu K@3C na 6a3i wiupoko po3nocrooiceHux CUHmesamopis
yacmomu npsimMozo yugpogozo cunmesy. Ilokazano, wo 6 dianazoni 6UCOKUX [ OYiice GUCOKUX HACTOM, WO XAPAKIMEPHO
o cueHanie 8 ¢hasosux nazepHux oarexkomipax, sxaszani KO3C uepes napazummui 36 ’s3Ku MIdC KOLAMU KAHANIE He
3abesneuyroms HeoOXIOHOT MOUHOCMI 8I0MBOPEHHS (PA306020 3CY8Y MINC 080MA CUHYCOIOANbHUMU Hanpyeamu. 3aons
niOBUUeHHs. TMOYHOCMI 3anpPOnoOHOBaHo nepeHecmu gopmyeanns cuenanie ¢ KO3C 6 onmuunuii  dianazou
enexmpomazHimuux xeunv. Onucano npunyun nobyooeu eionogionoeo K®3C ma pospobneno cxemy 0as 11020
npaxmuunoi peanizayii. Ilpoeedeno pospaxyHokx modxciueoi noxubku 3anpononoganozo K®3C, pesyromam sxozo
niomeepodicye OOYLIbHICMb U020 3ACMOCY8AHHS 07 OOCHIONCEHHS Ma Nepesipku Qazo8UMIPIOGAIbHUX NPUCTPOLE
BUCOKOMOYHUX NazepHux oarexomipis. bioim. 10, puc. 1.

Kntouosi cnoea: xaniOpoBka, (a3oBUil 3CyB, ONTHYHHMN [diana3oH, JIA3epHAN HajekoMip, (Hha30BHMipIOBATBHUI
TIPUCTPIM.

Opniero i3 BaXKIMBUX 3a7a4 B CydaCHOMY TpHIamoOydyBaHHI € CTBOPEHHS 3aco0iB, sKi
3a0e3MeuyIOTh BiITBOPEHHS MPEUU3IHHUX MPUPOCTIB Pi3HUII (a3 MiXk ABOMAa CHHXPOHHUMHU TapMOHIYHUMH
HampyramMmd B LIMPOKOMY [iama3oHi 4yacToT. BkasaHi 3acoOu, siki OTpUMaiM Ha3By KaiiOparopu ¢asm,
3aCTOCOBYIOTBCS UIS TIEPEBIpKM BUMIpIOBadiB pi3HMII (ha3, a TaKoXK IS HAJATOKEHHS Ta JIOCIHiKeHHS
pamioeeKTPOHHUX MPUCTPOIB, B AKUX Pi3HI (PI3WIHI BETUIHHHM IS iXHHOTO BU3HAYCHHS ITEPETBOPIOIOTHCS ¥
¢da3oBi xapakrtepucTHkM curHamiB. Cepel TakuX pagiOJICKTPOHHHX MPHCTPOIB JOCHTh IIHUPOKE
POBIIOBCIOMKCHHS [UII OE3KOHTAKTHOTO BHMIPIOBAaHHs BiJCTaHI O KOHTPOJBOBAaHOTO OO’€KTY OTpUMANU
(a3oBi Ja3zepHi MaIeKOMipHd 3 BHCOKOYACTOTHOIO CHHYCOINaThHOIO MOIYJIISAIIEI0 iHTEHCUBHOCTI JITa3epHOTO
BunipoMiHioBaHHs [1]. B (dazoBux mamekomipax BifcTtaHb L, 1O KOHTPOJILOBAHOTO 00’€KTa BU3HAYAETHCS
HIISIXOM BUMIpIOBaHHS 3CyBY (ha3 ¢, MOAYJIHOBAaHUX BHIIPOMIHIOBAHOTO Ta BiIOMTOTrO BiJ 00’ €KTY CBITIOBUX
HOTOKIB 3a (hOpMYII0I0

L =co, /4rf,, €]
Ile ¢ — MBUAKICTH CBITIA, ¢ = 3° 10® M/C; fiy — 4acTOTa MOJYJIALLIT, STKa MOXKE CKJIAJIaTH JCCSITKH MErarepil.

BumiproBanHs (pa3oBoro 3cyBy B Ja3epHOMY JaleKOMipi BiZOyBaeTbCs 3 MOXUOKOO AQ,, IKa 3TiTHO
(1) micns mepepaxyBaHHSI B OJWHMUII JIOBXXHHMA HE TIOBUHHA TEPEBUIIYBATH 3aJaHOT MOXMOKHA BU3HAYCHHS
Bizmcrani AL,

A¢, =4/, AL, fc . )

Tak, Hampukiaza, y pa3i BUKOpUCTaHHs (a30BOTO Ja3epHOIo JajJeKoMipa B CKIadi O0e3KOHTaKTHOI
ONTOCTICKTPOHHOI BHUMIPIOBAIEHOI CHCTEMH 311 BHU3HAYCHHS JIHIHHUX IapaMeTpiB 00’ €KTIB pPi3HOTO
npu3HaYeHHS ToxubOka AL, He MOBMHHA mepeBulnyBatd (0,5 MM y pa3i BUMIprOBaHHS BiJICTaHi B JEKiJIbKa
TIECATKIB METPIB [2].
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AmnaparypHi moxuOku (pa30BUMIpIOBaTBHUX MPUCTPOIB JA3EPHHUX IANEKOMIpiB, KPiM IPOBEIEHHS
MOTEPEIHIX PO3PaxyHKIB, MOBUHHI OCTaTOYHO BH3HAYATUCS CKCICPUMEHTAILHUM ILIAXOM B MpPOIEC]
iXHBOTO PO3pOOJCHHS, MOOCHIIKEHHS Ta TepeBipKM Mg Yac eKkcrulyaramii. 3  mielo MeTow i
BUKOPHUCTOBYIOTBCS BKaszaHi Buie kamiOparopu ¢asu (K®P). Cepen Bimommx K® y Burmmsagi oxpemux
pO3pO0OK Ta cepiiHMX 3pa3KiB 3HAYHOTO MOIMMPEHHS HAOyIW NMBOKaHaIbHI nBO(Aa3HI TEHEpaTopH, B
KOXKHOMY 13 KaHaJliB KOTPUX BUKOPUCTOBYIOThCS cuHTe3aropu dactotd (CH) mpsMoro mudpoBOoro CHHTE3Y.
YactoTta i Qasza curHamiB Ha Buxoai Takux CY TOYHO BiOMiI Ta MOXYTh PETYIIOBATHCS NPOTPaMHO 3
BHCOKOIO PO3IIIILHOO 3MaTHICTIO. B [3, 4] ommrcaHo 0CcOOIMBOCTI apXiTeKTypH W MPUHITATT POOOTH, HaBEICHO
XapaKkTepUCTHKN Ta (yHKmioHanmbHI MOXUMBocTi CY mpsMoro mugpoBOTO CHUHTE3Y, SIKI BHUITYCKAarOTHCS
¢ipmoro Analog Devices y Bumisai mikpocxem. Yactora BuxigHoro curHamy CY pospaxoByeTbes 3a
thopmymoro

f;mx :MnxfT/zN 2

II€ frux — 9ACTOTA BUXITHOTO CUTHAINY; f; — TAKTOBA YacToTa; My, — ITUGPOBHI KO 9acTOTH; N — PO3PSAIHICTH
CIIOBa ympaBiiHHA B 0iTax. B po0oTi [5] po3MIsHYTO MOKIIMBICT PETYIIOBaHHS (a3 BUXITHOTO CUTHAITY Iif
yac MU(POBOTO CHHTE3Yy YacTOT Ta 3pOOJIEHO BiMIMOBiIHI aHANITHYHI po3paxyHKU. J{Jis IbOTO B CTPYKTYpY
CUY BBOAMTHCS CHEMiBHWA pericTp ¢a3m i AOAATKOBHH ITMGpoBHA cymarop koxiB. daza BUXiITHOTO
CHUHTE30BaHOTO CHTHAJY B IAHOMY BUIIaJIKy MOe OyTH po3paxoBaHa 3a (OpMYIIOI0
2
q)snx = NTC N (0
PO

ae Npp — pO3pAIHICTB CIIeliaabHOro perictpy ¢asu; N, — ko1 (das3u, KU MPOrpaMHO BCTAHOBIIIOETHCS B
crenianbHOMY pericTpi dasu.

[puranun uudpoBoro GopMyBaHHS CHHTE30BaHUX CHTHAIIIB 3 KalliOpOBaHUM 3HAYeHHSM (Pa3oBOTO
3CYBY MK HUIMH BUKOPHCTaHO, HAIIPHUKIIAJI, B CXeMi JBOKAaHAIHHOTO KajiOparopa dha3u, TOKIa HO OIMMCAHOTO
B [6]. Tounicth mix yac popMyBaHHs 3a1aHuX (Ha3oBUX 3CyBiB B KD 3a 10MOMOIro0 CHHTE30BaHUX CHUTHAIIB
NOTEHLIHHO MOXKe OyTH AOCHTH BHCOKOIO. OAHAK 3aBISKW MapasuTHUM 3B’S3KaM MK KOJaMH KaHANiB
BUHUKAE TOXHOKa BHACIIOK YaCTKOBOTO MPOXOPKEHHS CHTHAIB 3 OAHOTO KaHANy B IHIINH, fKa Mae
BunagkoBuil xapaktep. Lleit edekt ocobmmBo miacuiIroeThCst HA BUCOKUX dacToTax (Oumeiie 1 MI'm). B [6]
PO3IISAAETECS MEXaHi3M BHMHUKHEHHS IOXHMOKM BiJI B3a€MO3B’S3Ky KaHAJiB Ta MPOBOIUTHCS aHaji3
MOXIIMBOTO 1i 3Ha4eHHsA. B I[bOMy BUTIAJIKy HasBHHUU Mapa3sUTHHUN 3B'S30K MK KaHaJaMH BPaXOBYETHCS
VIBHAMH KOJIaMHd 3 KOMIUIGKCHHMH Koe(irmieHTamMu mepedadi MiX KaHajdamMH. SIKIMo BBakKaTw KaHAIA
Napa3uTHOTO 3B’S3KY CHUMETPUYHHUMH, TOOTO 3 OJHAKOBUMH KoedillieHTamH mepenadi K, MakcuMmallbHa
(hazoBa moxuOKa BijJ 3B 53Ky MiX KaHaJlaMU HaONMIKEHO OIHIOETHCS B pajliaHaX IMOJIBIMHWUM 3HAUYEHHSIM
Momyitst KoedirienTa mepenadi Mixk kaHamamu. Tak, sikimo K = 107, 1o XapakTepHO sl BUCOKUX YacTOT , TO
dazoBa moxubka mopiBHioe mpuGmmsHo 0,002 pax a6o 0,11°.Tomy, Hampukmaj, [T HAHGLIBII TOYHOTO
cepiiiHoro kamiOpartopa ¢asu H6-2, pobGoTa sikoro 3acHOoBaHa Ha MPHHLMII HPSMOTO LU(PPOBOTO CHHTE3Y
yactotu [7], moxuOka BiTBOpeHHs (pa30BHX 3CyBiB Ha HM3BKHX YacToTax (mo 100 xl'm) ckmamae iO,OlO, a
BXKE€ Ha BHCOKHX 1 JyX€ BHCOKHMX YacToTaX (AECSITKM 1 COTHI Merarepi) OCHOBHA IMOXHOKa OPIBHIOE
+(0,1°...0,5°).

[lin gac mepeBipku (a30BHMIPIOBAIHHOTO MPHUCTPOIO JIA3EPHOTO Jajekomipa 3a jormomoror Kd
BiITBOPIOBaHE 3HAYCHHS (ha30BOTO 3CYBY CHUTHAIIIB MPUHAMAETRCS 32 IiHiCHE, 1 TOXHUOKa (a30BUMIPIOBAIEHOTO
NPUCTPOIO BU3HAYAETHCS OJHO3HAYHO SK PI3HUIL HOro MOKa3aHb Ta IMOKa3aHb KamiOpartopa. [Ipu mpomy
NoXHOKa OCTaHHBOTO TIOBUHHA MaTH 3HAYCHHS, SIKUM MOYKHA 3HEXTYBAaTH MOPIBHSHO 3 TOXHOKOIO MPHUCTPOIO,
mo BUMIiprOe (pa3oBuii 3cyB. B Hamomy Bumamgky 3rigHo (2) BUMIpIOBaHHS (Pa30BOTO 3CYyBY B Ja3epHOMY
JTAJIEKOMIpi B pa3i HOT0 BUKOPHCTAHHS B HaBEJACHOMY BHIIE NpUKIadi 3a f,;, = 50 MI'1 moOBUHHO BinOyBaTucs
3 HOXHOKOIO, SIKA HE NEpEeBMILye 3HaueHHs A, = 4-3,14:50-10%0,5-10°/3:10° = 107 pan a6o mpuGmusuo
0,06°. To6to (azosa moxu6ka (0,1°...0,5°) kamiGpatopa a3 H6-2 Ha BHCOKHX HACTOTAX NEPEBHILYE
MOXHOKY (ha30BUMIPIOBAILHOTO TIPUCTPOIO JajiekoMipa. TakuM YHHOM, MOKHA 3pOOHTH BHUCHOBOK, IO
po3rmsanyTi Buiie K@ yepe3 HeqoCTaTHION TOYHICTh HA BUCOKMX YaCTOTaxX HE MOXYTh BHKOPHCTOBYBATHUCS
IUTS  €KCIIEPUMEHTAaIbHOI OIIIHKH amapaTypHHX NOXHOOK (ha30BUMIpIOBAIBHUX TPHUCTPOIB JIa3epHUX
JTATICKOMIpIB.

MeTtoro wi€i podoTu € po3poOka mpuHIUIY MoOyn0BH KamiOpaTopa (a30BHX 3CYBIB CHTHANIB i3
3aJaHUMHU METPOJIOTIYHUMH XapaKTEPUCTHUKAMHU I pOOOTH B IIMPOKOMY Jiala3oHi YacTOT Ta CXEMH 3415
HOTO IPaKTHUIHOI peaizarii.
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BpaxoByioun po3BUTOK Cy4acHHUX ONTHYHUX TEXHOJOTH Ta CTBOPEHHS BiANOBIIHMX KOMIIOHEHTIB,
3a/yis TIIBUIIEHHS TOYHOCTI BINTBOPEHHS (a30BUX 3CYBIB B IIUPOKOMY Jiara3oHi YacTOT aBTOPH
NPOTOHYIOTH MepeHecT (OPMYBaHHS CHTHAJIB B ONTHYHHUMA Jiana3oH eNeKTPOMAarHiTHUX XBWJb. B oMy
BUIAJIKy CBITJIOBUH MOTIK, IO BUIPOMIHIOETHCS JIa3€pOM, MOAYJIOETHCS IO IHTEHCHBHOCTI BHCOKOIO
YacTOTOIO fo, KA MOXKE CKJIamaTH BiJ CTa JO THCSYi Mmerarepil. Jlayi MpoMiHb CBITIIA, IO MOIYJIIOETHCS,
pO3MONUIAETECS 1O JBOM HampsMKaM, MPHYOMY 110 OJHOMY 13 HampsMKiB MpPOMiHb CBiTJIa
PO3MOBCIOIKYEThCA Yepe3 BBEIEHY ONTUYHY JIHIIO 3 4aCOBOIO 3aTpUMKOIO T. LIIIsIX, 1110 IpoXoauTs IpOMiHb
CBiTJIa BCEpEeAWHI JiHII 3aTpUMKH, MOXKHA 3MIHIOBaTH 3 BHCOKOIO TOYHICTIO 3a PaxyHOK PETYIIOBAHHS
TIOJIO’KEHHS 11 ONTHYHUX €JIEMEHTIB.

CdopmoBani TakuM YHHOM TIPOMEHI CBiTia JIOJJAaTKOBO MOJYJIOKOTHCS 110 1HTEHCHUBHOCTI
BHCOKOYACTOTHOIO HANpyrow IeTepoAMHa 3 4acTOTOl0 f;. B pesynbrari oTprMaeMo CBITIOBI MPOMEHI, IO
MIPOMOIYJILOBAHI YacTOTaMH fy 1 f;. Jlam mpoMeHi cBiTia (oTonpuiiMadaMu TIEPeTBOPIOIOTHCS B €IIEKTPUIHI
CUTHAIH, 13 CIEKTpa SIKUX 3 Pi3HUMH KOMOIHALIHHMMHU 4acTOTaMH 3a JIOMOMOTOI0 (iNbTpalii BUIUISIOTHCS
BUXiMHI HanpyTu u(f) i uy(¢) 3 gacrorowo fi = fo — fr [8]. Pa3a xoxHOT i3 HanpyTr u(¢) 1 uy(f) BUBHAYAETHCS
XOZOM CBITIIOBUX IPOMEHIB 110 (DOTONIPHItMAaUiB, a TAKOXK JOBXUHOIO XBHJII MOIY/IIOI0Y0] HAPYTH YaCTOTOIO
fo, sika Moxke OyTH 3a/ilaHa 3 BUCOKOIO TOUHICTIO. OTXe, 3MiHIOIOUH JOBKUHY HUISXY MTPOXOKEHHS IIPOMEHIO
Yyepe3 ONTUYHY JIIHIIO 3aTPUMKH, MOXKHA JOCHUTh TOYHO 3a/aBaTd MpHUpIcT (a3oBOro Kyra B OJHOMY i3
CUTHAJIB i TAKMM YMHOM BCTAHOBIIIOBATH HEOOXiTHUI (ha30BHi 3CyB Mixk Hampyramu u(f) i u,(f). B nanomy
BUTIAJIKY IPUPICT (a30BOr0O KyTa JTOPIBHIOE

Ag =2r-Al/A, 3)
ne Al — mpupiCT ONTUYHOTO NUIAXY, Al = ¢'T; A —IOBXHHA XBWJIi, A = ¢/fy. 3MIHIOIOYH 3HAUYEHHS T TaKUM
YUHOM, 00 A/ = A, MO)KHA OTPUMYBAaTH MiX Harpyramu u;(f) i up(¢f) perynsoBanuii Gpa3oBHil 3CYB B Mexax
0°...360". ITpy LBOMY [EPETBOPEHHS YACTOTH HE 3MIHIOE PI3HUIIO (a3 MiXK KaHATAMIL.

TakuM YHHOM, TIEPETBOPEHHS CUTHANIB B ONTHYHOMY Jiala30Hi Ta BHKOPUCTAaHHS BHCOKOTOYHOT
JiHii 3aTPUMKH i3 3MIHHOIO JOBKMHOIO ONTHYHOTO LUISAXY AAIOTh MOXJIHMBICTH 32 PaxyHOK JOCATHEHHS
€JIEKTPUYHOI PO3B’SI3KM KaHATIB MIABUIINTH TOYHICTH BIITBOPEHHSI MPUPOCTIB Pi3HUIN (a3 MK ITBOMa
CHHXPOHHUMH TapPMOHIYHIMH HAIMIPyTraMH B IIUPOKOMY Jialta3oHi YacToT.

3amia mpakTHYHOI pealizalii onMcaHoro MpHHOUIY MoOyaoBU KamiOparopa ¢asu po3poOiaeHo
CTPYKTYpHY CXeMYy, Ky HaBeAE€HO Ha pUCYHKy. Ha cxemi npuiiHaro Taki ymoBHi no3HadenHs: JC — mxepeno
ciTia (mazep); EOMI1...EOM3 — enexrpoontudni Moxyiastopu; I MUY — reHepaTop MOAYNIAIMINHOI YacTOTH;
OP — onrtuunuii posramyxysady; OJI3 — onTuyna niHis 3arpumku, mo nepedymoByerbes; OAl, OA2 —
onTU4Hi areHtoaropu; I'T — rereponun, mo nepedynoByerses; OII1, OI12 — portonpuitmaui; CD1, CO2 —
CMyTOBI (IIBTpH, 1m0 epedymoByoThes; CB1...CB9 — ONTOBOIOKOHHI CBITIOBOAM; BY — ONOK yIpaBIliHHS;
u1(?), uy(f) — BUXiHI HanpyTu Kanioparopa.

Po6Gota kanibpartopa 3miiCHIOETHCS. HACTYITHUM YHHOM.

ITpomins cBiTia Bix JC no cBimoBony CB1 HampaBisieTbCsl Ha BXifl €IEKTPOONTUYHOTO MOAYISTOPA
EOMI1, 3a nomomoror SKOro BiH MOIYJIIOEThCS IO IHTEHCHMBHOCTI HAmpyrow Bim rereparopa MY 3
4acToTol0 fo. Jlami mpomiHb CBiTIa, IO NPOMOAYALOBaHHMU, uepe3 cBimioBox CB2 momagae Ha BXif
ONTUYHOTO po3ranyxyBaua OP, B sSikoMy pO3NOAIISETHCS MO IBOM HampsiMKaM: OfHA YacTHHA CBIiTIa IO
cBiTiioBoxy CB4 HampaBisseThes Ha BXij ontmuHoro areHroaropa OAl, a mpyra — depe3 cBimioBom CB3
nonajgae Ha onTHuUHy JiHiro 3arpumku OJI3, MOBXKMHA ONTUYHOTO MNUISAXY SKOI MOXE 3MIHIOBATHCS ITij
€JIEKTPUYHMM YIIpaBIiHHAM BY 3 BHCOKOIO TOUHICTIO.

CsiTio, mo Buinwio i3 OJI3, mo ceimmoBoxy CBS momamae Ha BXim onmTmdHOTO areHioatopa OA2.
[powmiHi cBiTna, siki npornmm yepe3 OA1 i OA2, HampaBISIOTHCS IO CBiTIOBOAAaM BigmnoBiaHo CB6 i CB7 Ha
JofatkoBi enekTpoonTuuHi mopynstopu EOM2 1 EOM3. OcrtaHHi 3B’s3aHi 3 BUXOJOM 3arajibHOTO
rerepoauHy ['T, sikmii 3a KomaHnor bY moxke mepebynoByBarucs mo yactoTi. Tomy Ha Buxomax EOM2 i
EOM3 orpumyemMo cBiTIIO, sike MpoMoayisoBaHo dactototo MU (fy) 1 wacrororo rereponuna I't (f;). Jami
NpoMeHi cBiTa mocTymnaioTh Ha (otompuiimMayi @II1 i OII2, 3a HONMOMOroI0 SKHX MEPETBOPIOIOTHCS B
enektpuuHi curHamu. OcTaHHI monmatoThess Ha cMmyroBi Qimerpu CP1 1 CD2, sxi 3a xomaHgamu bBY
CHHXPOHHO TepeOyIOBYIOTECS I10 YacTOTI pa3oM 3i 3MiHOIO dacToTh TerepomuHa I'T. CMmyroBi QinsTpu
BUJUISAIOTH 13 curHanie ¢oronpuitmadis OI11 i OI12 weoOxinHi ckaamosi u;(f) 1 uy(f) 3 yacrororw (fy — fr). Ak
MOKa3aHO BHILE, 3MIHIOIOYH 32 BiANOBIAHUMH KOMaHJaM{ 3Ha4€HHs 4acy 3aTPHUMKH CBITIIOBOTO MPOMEHIO B
OJI3, MOXHA OTPHMYBAaTH MiK Hampyramu u(f) i u»(f) (ba3oBuii 3cyB, perynboBanmii B Mexax 0°...360°.
3a/uisl CIIpOLICHHST Ha CXeMi He MOKa3aHO MIKpOKOHTPOJIEPHUH OJIOK ympaBiiHHS poOOTOI0 KamiOparopa Ta
BiJUTIKOBUH MPHUCTPIi.
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3anys BCTaHOBJIEGHHS aOCONOTHUX 3HaueHb (pa30BUX 3CYBIB Mix Hampyramu u;(f) i u,(f) HeoOXimHO
KOMIICHCYBAaTH TOYaTKOBHU ()a30BHH 3CyB, OOyMOBICHHI PI3HUMH 3a 3HAUCHHSIMH CyMapHHUMH JIOBKHHAMU
ONTHUYHUX NUIAXIB B KaHajax KamiOparopa, CTBOPEHHMH OINTOBOJOKOHHMMHK CBiTIOBOZaMH. Jliist
KOMITEHCallii 1€l aguTUBHOI TOXMOKM MOXKHA BHKOPUCTATH caM (Da30BHMIpIOBATBHUN TPUCTPIH, IO
MOBIPSAETHCA. 3a JOIMIOMOTOI0 OCTaHHBOTO BHIMIPIOETHCS TOYATKOBUH (ha30BHH 3CYB KamiOparopa ¢,, SKUi
TIEPEPAXOBYETHCS B 3HAYEHHS YaCOBOI 3aTPUMKH 3a (OPMYIOK T, =@, -A/27-7i. OcTaHHIO NPUIIMAIOTH 5K

Ty, IIO BiANOBiZae HyJIbOBOMY (a30BOMY 3CyBy MK BHUXIAHAMH CHUTHajlaMu KaiiOparopa. 3HaiineHe
3HAYEHHS T, TOBUHHO BiTHIMATHCS BiJl 9acOBOI 3aTPUMKH, KA BBOJIUTLCS B ONTHYHIM JIIHIT 3aTPUMKH y pa3i
BCTAHOBJICHHSI 3aJIaHUX KyTiB ()a30BHX 3CYBIB.

¢By
Csl CB2 Cs3
JIC ] EOM1 T OP e 0JI3
! |
L // Cs4 |BY | CBS
\J/= i viI
rvu | 2l oAl It oA2 |«
| |
CB6 | | Cs7
~ —
\ \/
bY
EOM2 |4——» EOM3
Dl ces Ce9 || |
vV \
®II1 ®I12
Y \
Y ol cot co2 |a2Y

i u(?) luz(t)

O1iHNMO TOYHICTH BiATBOPEHHS (ha30BUX 3CYBIB B po3pobIeHOMy Kamibparopi ¢asu.

B nmanomy Bumanky cymapHa MOXHOKa BIOTBOpEHHS (Da30BHX 3CYBIB O¢ 3rimHO (3) 3aleXHuTh Bif
TOYHOCTI Ta CTAOLIBHOCTI YacCTOTH f; 1 TOYHOCTI 3aJaHOl 4acOBOI 3aTPUMKHU T. 3aJUlsl BHU3HAYCHHS OQ
3yMUHUMOCS Ha BHOOpI reHeparopa moxpyisiuidHoi wactotn MY Ta omtuunoi minii 3arpumku OJI3, sxi
MPUCYTHI B CTPYKTypi 3alporoHOBaHOTO KamiOparopa ¢dazm. Cepen CydaCHHMX YacOBHX JIHIN 3aTpUMKH
BiZIOMi €JIEKTPOKEPOBaHI BUCOKOTOUHI ONTOBOJOKOHHI JIiHIT 3aTPUMKH Pi3HOI KOHCTPYKIIi i TpU3HAYEHHS, SIKi
onucano B [9]. Cepen Hux, Hanpuknam, JiHis 3arpuMkr VDL-SG-1500-1064, sika 3abe3nedye MakcCUMaibHy
3aTpuMKy T = 1500 1ic, po3ainbHy 3MaTHICTB 10 3aTpuMIi 6,5 ¢c, moXnOKy BU3HAUeHHS 3aTpuUMKU At = 33,5
de. TTpu ubomy 3am1s 3a0e3medeHHs pery/ioBanns (a3oBoro 3cyy B Mexax 0°...360° 3HaueHHs TakTOBOI
4acTOTH f) BUOMPaeThCs 32 yMOBH A = Al = ¢-1=3-10%1,5-107= 0,45 m. Toxi fy = c/A ~ 667 MI'w.

BuxopucroByroun (3), 3HaX0oAMMO 3HAYeHHS MOXHOKM BiATBOPEHHs (a30BHX 3CYBIB B 3aJI€XKHOCTI
BiJl TOYHOCTI T 32 (HOPMYIIOIO

0
5p = 360

-c-Art, 4)

ne At — moxuOka BU3HAYCHHS YacOBOI 3aTPUMKH.
[Ticns mincTaHOBKH B (4) BIAMOBITHUX YUCETHHUX JTaHUX MAEMO

0
8¢ = 3605 -3-10°-33,5-107" ~ 0,008".

b
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[Toxubka BinmTBOpeHHS (Pa30BHX 3CYBIB B 3aJIEKHOCTI BiJl TOYHOCTI 1 CTAOLIBHOCTI YacTOTH f; Ha
OCHOBI (3) T0piBHIOE
" 0
¢ =360 -t~f0-6f0’ (5)
Jie Ofg — BIIHOCHE 3HAYCHHS BiIXUJICHHS YaCTOTH fy.

B nmanomy pasi 3a MY moxHa BuOpatu 1u@poBUii CHHTE3aTOp YacTOTH, OOYIOBaHUI Ha OCHOBI
MIKpOCXEMH 13 Tepeiky, HaganoMy B [3]. SIk BigoMo, mudpoBuii CHHTE3aTOP MPHUB’I3aHUM 32 YACTOTOIO Ta
(ha3010 10 cHrHay OTMOPHOIO T'eHepaTopa i, BIJANOBIIHO, Ma€ TaKy  TOUHICTh Ta CTAOUIBHICTH. SIKIIO sIK
OTIOpHUI reHepaTop A HHU(POBOro CMHTE3aTOpa 3acTOCYBaTH KBapLoBuil reneparop M15T5 40 MI'n [10],
T0 B iHTepBani pobounx Temmeparyp -40°C...+85°C BiTHOCHE BiIXWIEHHS OMOPHOI YACTOTH CHHTE3aTOPA
ckinagae 2,5 ppm. Toxi moxuOka S¢” Mmicis MiACTAHOBKY B (5) YMCENbHHUX JaHUX JOPIBHIOE

d¢ =360°-1,5-10"-667-10°-2,5-10° = 0,001°.
BpaxoBytoun oOuunciieHi 3Ha4eHHs MOXHOOK 3¢’ Ta S¢”, 3HAHAEMO CyMapHy MOXHOKY BiITBOPEHHS
(ha30BUX 3CYBiB B po3po0ieHoMy KamibOparopi dazu
dp =3¢ +3¢" =0,009°.
Takum 9yuHOM, O0OUYHCIIeHA TTOXHOKAa O CYTTEBO MEHIIE MOXMOKH BUMIpIOBaHHS (Pa30BOTO 3CYBY B

naseproMy ganexomipi (0,06°), mo xae 3MOry BHKOPHCTOBYBATH KamiOpaTrop B IpoLeci po3poOKH,
JIOCTIDKEHHS Ta IepeBipKy (a30BUX JIa3ePHUX JAICKOMIPIB.

BucnoBku. Po3pobneno mpuHumn moOynoBu kKanmiOparopa ¢asu, mig vac peamizaulii sIKOTo 3a
PaxyHOK IEPETBOPEHHS CUTHAIIB B ONTHYHOMY Jiarna3oHi Ta BHKOPHCTAHHS PETYJIHOBAHOI BHCOKOTOYHOI
ONTHYHOI JIiHII 3aTPUMKHA MOXHa 3a0€3MeUnTH 3aaHy TOYHICTH BIITBOPECHHS IMPHPOCTIB PI3HUII (a3 Mix
JBOMa CHHXPOHHHUMH TapMOHIYHUMH HalpyramMH B IIUPOKOMY Jiana3oHi 4acToT. Lle MOsICHIOETbCS Ti€ro
00CTaBHHOIO, IO MiJABUIIYIOYM YacToTy reHeparopa MY 1o corerns MI'I] i BUKOPHCTOBYIOYM BHCOKOTOUYHI
OTITOBOJIOKOHHI JTiHI{ 3aTPUMKH K ONITHYHI ()a3000epTyBadi, BIAETHCA OTPUMYBATH JOCHTH BUCOKI TOYHOCTI
BiTBOpeHHS (Pa30BUX KyTiB. 3aCTOCYBaHHs EJIEKTPOONTHYHHUX MOIYISATOPIB SK 3MIIIyBadiB Ja€ 3MOTY
JOMOITHCSI E€NEeKTPUYHOI PO3B’SA3KM MK KaHaJIaMH, IO JAOCHTh CKIaJHO peali3yBaTd B 3BUYANHHX
kamioparopax ¢asu. [Ipu meomy retepoaus I'T, sskuit MoXkHA TIepeOyIOBYBAaTH B IIMPOKOMY JTialla30Hi YacToT,
Jla€ MOXKJIUBICTh OTPUMYBaTH KaJliOpOBaHI i3 3aJlaHOI0 TOUHICTIO 3HaueHHS ()a30BHX 3CYBIB CHUTHAJIIB Ha
pisHux wactotax. llle omHielo mepeBaror po3mIAHYyTOro KajiOpatopa (a3 € 3acTOCyBaHHS ONTHYHHX
aTEeHI0ATOPIB, SKi JaI0Th 3MOTY 3MIHIOBATH PiBHI BUXIIHUX CHTHAIIB, HE 3MIHIOKOYH TPU [ILOMY iXHBOI (hazu.
Ile ocoOMMBO BaXKIWMBO i dYac 3HATTA aMIDIITYTHO-(A30BUX XapaKTEPUCTHK (Ha30BUMiPIOBAIBHIX
npucTpoiB. Tpeba BiAMITUTH, IO B BiJOMHUX KajiOpaTopax po3poOka Oe3peakTHBHHX aTeHIOaTopiB Ha
IIMPOKHUI Jiala30H YacTOT BHUKIMKAE 3Ha4Hi TpyaHormi. llepepaxoBani oOCTaBMHHM AAarOTh MOXKITUBICTH
BHKOPHCTOBYBATH 3aIllPOIIOHOBAHMM TPWIIAN JJIS METPOJIOTIYHOTO 3a0e3redeHHs (Pa3oBUX BHMIpIOBaHbL B
Ja3epHii JameKoMeTpii.
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01220000136, KIIKBK 6541030.

1. MuxeeueB B.C. ['eone3nueckue cBetoganpHOMepsl. M.: Henpa, 1979. 222 c.

2. bparurens 1.0., Macropernko 10.0O. JlazepHi BHUMIipIOBaJbHI CHCTEMH 3 BOJIOKOHHO-ONTHYHAMH CCHCOPaMH IS
KOHTPOJIIO JIHIMHAX TMapaMeTpiB MeXaHIYHUX 00 €KkTiB. Texwiuna enexmpoounamika. 2021. Ne 5. C. 76-82. DOI:
https://doi.org/10.15407/techned2021.05.076.

3. Maxkapenko B.B. CuHTe3aTOpBI 4acTOTHI NPAMOTO LU(POBOTO CHHTE3d. JIeKMPOHHBIE KOMHOHEHMbL U CUCHEMDL.
2004. Ne 1. C. 3-7.

4. DDS: npsimoi mudposoii cuHte3 uyactrorhl-Leoniv. URL: http://www.Leoniv.diod.club/articles/pdf/dds.pdf (nmara
nocrymy 31.03.2025).

5. Uepsunckwuii E.H. PerynupoBka ¢a3bl npu nndpoBom cunTte3e 4actoT. Paduosrexkmponuxa. 2007. Bem. 2. C. 30-36.

6. Kyn 10.B., lllep6ak JL.M. Crarucrnuna ¢asomerpis. TepHomine: BunaBaunrso TepHOMILCKOTO J1€p»KaBHOTO
TEXHIYHOTo yHiBepcureTy iMeHi IBana [Tymos, 2009. 383 c.

7. Electronpribor KZ. H6-2 — xanmubparop ¢a3sr. URL: https://1ep.kz/catalog/metrologiya/kalibratory-megaommetrov-i-
testerov/n6-2/#product-2 (mata gocrymy 31.03.2025).

74 ISSN 1607-7970. Texn. enexmpoounamuxa. 2025. Ne 5



8. Toroporckuit U.C. Pagnorexamueckue nenu u cursansl. M.: Cos. paauno, 1977. 608 c.

9. OPEAK®. URL: http:/www.opeak.com.cn/qbcp/guangxianzujian/guangxianyanchixian/8/  (mara  mocrymy
31.03.2025). (CN)

10. ®inyp Enexrtpuk. I'eneparop kBapuosuii 0-40,000-2.5ppm-TXO MEC. URL: https://filur.net/ua/generator-0-40-
000-2-5ppm-txo. (mata goctymy 31.03.2025).

METROLOGICAL SUPPORT OF PHASE MEASUREMENTS IN LASER RANGE-METRY
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The relevance of developing precision two-channel signal phase shift calibrators (SFCs) in a wide frequency range for
experimental assessment of hardware errors of phase measuring devices of laser rangefinders is confirmed. The
possibility of constructing a SFC based on widespread direct digital synthesis frequency synthesizers is considered. It is
shown that in the range of high and very high frequencies, which is typical for signals in phase laser rangefinders, the
specified SFCs, due to parasitic couplings between the channel circuits, do not provide the required accuracy of
reproducing the phase shift between two sinusoidal voltages. To increase the accuracy, it is proposed to transfer the
formation of signals in the SFCs to the optical range of electromagnetic waves. The principle of constructing the
corresponding SFCs is described and a scheme for its practical implementation is developed. The calculation of the
possible error of the proposed SFCs is carried out, the result of which confirms the feasibility of its use for research and
testing of phase measuring devices of high-precision laser rangefinders. References 10, figures 1.

Keywords: calibration, phase shift, optical range, laser rangefinder, phase measuring device.
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ROBUST PARAMETER DESIGN OF SURFACE EDDY CURRENT PROBES.
THE CASE OF MEASURING GEOMETRIC ANOMALIES
IN A STATIONARY TEST OBJECT
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460, Shevchenko Blvd., Cherkasy, 18006, Ukraine.
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The aim of the paper is to develop a method for increasing the signal-to-noise ratio of eddy current measurement of
geometric anomalies in static planar objects without actually eliminating the inherent effects of noise factors. This is
achieved by means of Taguchi's robust parameter design of rectangular frame surface probes, which allows determin-
ing the optimal configuration of their constructions. On a specific example, a robust configuration construction of the
eddy current probe design is found, i.e., its technical variant that ensures a reduction of the output signal variance near
its average value, i.e., resistance to noise disturbances, due only to the appropriate determination of the values of the
controllable design and operating parameters of the probe without eliminating uncontrollable interference inherent in
the test objects. For the robust design of a number of eddy current meters with different functionalities, a universal
magnetodynamic model of the probe was used, which, together with the application of orthogonal arrays, allows the
creation and implementation of Taguchi-design of experiments. The software that implements this model has been veri-
fied, including by comparing it with the results of calculations on test’s examples performed using the finite element
method. The accuracy achieved in this case allows us to assert the adequacy of the created computer program. The
data obtained as part of the Taguchi-design of experiment were used to evaluate design options using the “larger is
better* quality loss function and the signal-to-noise ratios calculated on its basis, which made it possible to select the
optimal combination of design and operating parameters of the eddy current probe. The reliability of the found optimal
configuration of the eddy current probe design was proved by confirmatory calculations. The research results were also
experimentally verified on a prototype. References 21, figures 6, tables 9.

Keywords: robust parameter design, measuring geometric anomalies, rectangle surface eddy current probe, noise sup-
pression, universal magnetodynamic model of the probe, Taguchi's experimental design, quality loss function, signal-to-
noise ratio.

Introduction. The latest conceptual capabilities of modern methods of designing measuring probes
often make it possible to completely change their conventional consumer properties. This trend is also char-
acteristic of eddy current probes (ECP), which is confirmed by the creation of uniform ECPs [1, 2, 3], Smart
ECPs, in particular, multi-element probes with flexible parameterization by electronic switching [4], etc. It is
developing rapidly and is being widely implemented in engineering activities.

Among the known ones, ECPs are distinguished by a significant information content of the selected
signal. This is a consequence of the dependence of the output signals of the ECP on a significant number of
factors at the same time, which can be considered both their significant advantage and a significant disadvan-
tage. This information capability of the ECP allows for the separate measurement of a number of parameters
in the test object (TO), but other influencing factors are already becoming interferences to establishing the
actual values of the measured factor. The research and study of techniques for separate control of the effects
of a factor or their joint aggregates on the process of forming ECP signals during eddy current measurements
of specific parameters is of considerable practical interest.

The main factors affecting the ECP signal include the presence of continuity violations, changes lift-
off, local changes in the magnetic permeability of the TO material and its electrical conductivity, certain
features of the TO geometry, in particular, surface curvature, its roughness, etc. Thus, it is important to keep
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the impeding factors at a constant level in ECP measurements, which is almost always practically impossi-
ble. When more than one factor simultancously affects the output signal of a probe, it becomes quite difficult
to separate the influence of the measured factor from the influence of interfering factors. Moreover, the ECP
is characterized by influences that are inherent in the TO and cannot be controlled.

For these reasons, there is a need to find effective ways to separate the effects of factors, which are
usually focused on certain approaches to processing information selected from the ECP. There are phase,
multi-frequency, amplitude-phase, projection, and other methods. These methods are mostly based on the
analysis of hodographs of signal changes on a complex plane under certain measurement conditions related
to the choice of the frequency of the electromagnetic sensing field.

When conducting eddy current measurements, it is advisable to use the concept of signal-to-noise ra-
tio (SNR), where noise is considered any possible signal that has no relationship with the measured parame-
ter. At the same time, depending on the functionality of the measuring instrument being designed, each sig-
nal can be considered both measurable, i.e. useful, and noise that needs to be suppressed. Noise always
masks the definition of the measured parameter, so it is important to increase the signal-to-noise ratio. This
aim can be achieved by various methods, among which the most common are the choice of an effective sens-
ing frequency, parameter combination of signals of several different frequencies during testing, and the
choice of probe design.

In this study, we will focus on the implementation of the latter as the most promising in terms of ease
of implementation using the technique of robust parameter design based on the Taguchi's method when
searching for an optimal configuration of the probes design. Moreover, it is also possible to further apply
other methods of separating the information influences of the factors mentioned earlier to probes with their
improved configuration. In the following, we will understand the robasterization of the ECP to mean, in ac-
cordance with Taguchi's concept, the search for such an optimal technical option in terms of the design con-
figuration that allows to ensure the stability of the output signal to noise interferences, namely, the reduction
of variations of the output signal around its average, due only to the appropriate determination of the values
of the controllable design and operating parameters of the probes without eliminating uncontrollable interfer-
ence inherent in the TO. Moreover, it is recommended to consider and calculate the signal-to-noise ratio as a
certain performance statistic to measure the effect of noise factors on the output signal for each ECP design
configuration to be analyzed and to find the option that corresponds to the maximum value.

The Taguchi method has been widely used in industry to optimize the performance of various tech-
nical products and processes and has become even more popular in modern conditions than at the beginning
of its appearance. This is evidenced by the analysis of the latest research by scientists, for example, publica-
tion [5] and review [6], some of which are devoted to its application in non-destructive testing methods [7, &,
9]. However, the authors' attempts to find information on the use of robust design to improve the characteris-
tics of the ECP were unsuccessful, except for publications by the authors themselves [10, 11]. It conducted a
study on increasing the signal-to-noise ratio of an eddy current thickness gauge of metal plates based on a
surface encircle probe, where encouraging positive results were achieved. Thus, it makes sense to scale the
gained research experience to other types of measurements of TO parameters with surface ECP.

Therefore, the aim of the article is to create a method for increasing the signal-to-noise ratio of
eddy current geometric anomaly measurement with frame surface probes by means of Taguchi's robust pa-
rameter design, which allows determining the optimal configurations of their structures for testing static pla-
nar objects without actually eliminating the effects of their inherent noise factors.

Problem statement. Let us formulate the research problem: at the stage of designing an eddy current
measurement with a frame surface transformer probe, i.e., a means of measuring geometric anomalies of a
static planar TO in the form of violations of material continuity, curvature of its surface, its roughness, etc., it
is necessary to find, using the Taguchi's robust parameter design method, such a configuration of the probe
design, namely, its operating and design parameters, which ensures low variability, and thus stability, of the
ECP output signal without actually eliminating the effects of uncontrollable noise factors and realizes the
maximum signal-to-noise ratio.

The general methodology for implementing Taguchi's robust parameter design is described in detail
in numerous thorough monographs, for example, in [12], and recent publications [13, 14], which discuss
modern approaches to its application. The methodology adapted to the design of eddy current probes was
discussed in detail by the authors in their studies [10, 11]. For the above reasons, this article provides only
brief information necessary for further understanding of the material on the use of such methodology, with
an accent on the existing specific differences.
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Thus, the main stages of the Taguchi's method necessary for the design of the ECP, i.e., the research
objectives, are as follows: to distinguish the TO characteristic measured by the probe, which is recorded by
its output signal; to identify the controllable parameters of the ECP, as well as possible levels of their grada-
tion when varying; to determine the noise factors and their gradation levels; to assign intervals of changes in
the controllable and noise factors; to select orthogonal arrays that are appropriate to the characteristics of
both groups of factors; to create a design of experiments and conduct them, using computer modeling to
calculate the output signal of the ECP according to the proposed universal magnetodynamic model; on the
basis of ANOVA analysis (Analysis of Variance) of the influence of factors on the induced EMF of the
probe and the values of the signal-to-noise ratio calculated for each test based on the Taguchi’s quality loss
function, select the optimal configuration of the ECP design according to the appropriate combination of
gradation levels of controllable factors that maximizes the SNR; to conduct confirmatory numerical experi-
ments to verify the found optimal parameters of the ECP design configuration.

In the following, we will illustrate all these stages of robust ECP design in detail with the above ex-
amples.

Universal magnetodynamic model of the ECP. Robust parameter design by the Taguchi's method
in the classical sense refers to experimental methods for determining the desired combination of controllable
factors of ECPs that identify the configuration of their design. However, we accept that in this study, the
output signal of the probe is determined as a result of calculations using a certain mathematical expression,
i.e., computer numerical modeling. Therefore, for this purpose, we chose an analytical mathematical model
of the surface ECP [15] with correction according to [16], which can be considered universal for almost all
practical measurement applications. It was created under the following assumptions: the TO medium is lin-
ear, isotropic, and homogeneous. However, there are certain limitations to its use: possible boundary effects,
deviations of the ECP axis from the perpendicular position to the surface of the TO were not taken into ac-
count, although their influence on measurements exists in reality.

|z V4 The TO is assumed to be a two-layer of infinite

‘ width and length with thickness d; and electrophysical prop-
erties of materials o; and g (i = 1, 2), where o and u are the
electrical conductivity and relative magnetic permeability,
respectively. The TO moves with velocity v. The current of
/ T g a rectangular multi-turn excitation coil with the number of
> turns N; varies according to a harmonic law le’” with an

i s

angular frequency w. The pick-up coil of the ECP has N,

b, c o] B turns. The geometric model of the ECP above the TO is
: shown in Fig. 1.
L e When solving the problem in [15], the entire space
x / was divided into three regions: Region0(z>0),
Hy, 0 ~ Region1(-d, <z<0) and Region2(z<-d,). Provided
s, G - that the depth of penetration of the electromagnetic field is
—_— L less than the thickness of the TO (d; + d>), the mathematical
Fig. 1 model of the ECP was created assuming that the TO is con-

sidered as a half-space, i.e., d, = .

Induced by the secondary electromagnetic field generated by eddy currents in the TO, the EMF of
the surface probe over a moving object is calculated according to expression (1). It relates the design and
operating parameters of the probe, the electrophysical and geometric characteristics of the TO, and also takes
into account the location of the pick-up coil in Region 0, which is shown in Fig. 1, i.e., when the EMF is
induced by the x-component of the magnetic induction of the secondary field:

E= 20uyIN\N, T Kk K, sin h¢ eI .{e_(hﬁwﬁaz)g —e_(221+W2+”z+h1)9}d§d77 O
TEZWIhIWZhZ —00 —00 nzfgz 2 ,
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Thus, we have a mathematical model of the ECP, which is in fact universal, since it can be used in a
number of cases of eddy current measurements, namely test of planar static electrically conductive products
of considerable thickness (0 << (d; +d,), v=0, u; = 1, 01 = 03, where 0 is the depth of penetration of the
electromagnetic field, 6= 7

(wﬂ,uoo_
considerable thickness (0 << (d; +d;), v#0, u; = u,, oy = 0y); inspection of planar static two-layer electri-
cally conductive products (v =0, u; # u», o1 # 03); inspection of planar moving two-layer electrically con-
ductive products (v # 0, u, # u2, 01 # 03); inspection of dielectric coatings on a static electrically conductive
basis (v=0, u; =1, a1 =0, z; = 0); inspection of electrically conductive coatings on a static electrically con-
ductive basis (v= 0, u; # u2, 01 # 03). Therefore, within the framework of using a single magnetodynamic
model of the ECP, it is possible to consider a number of similar studies.

To calculate the EMF of the probes, we created software, the adequacy of which was confirmed by
verification on numerical calculations with the following design parameters of the excitation coil
ay=12mm, by =12 mm, z;, =1 mm, w; =2 mm, A, =8 mm, N, =500 and the pick-up coil — a, =3 mm,
by =5mm, z, = 1 mm, w, =5 mm, 4, =2 mm, ¢ = 6 mm, N, = 300. The electrophysical parameters of the TO
were set as follows: o7 =3.8 - 10" S/m, m=10=58" 107 S/m, b= 1. Fig. 3 shows the values of the x-
component of the magnetic induction vector obtained by formula (2) from [15] in the space between the ex-
citation coil and the conductive plate at x = - 16, ..., 16 mm, y = 0 mm, z = 5 mm, d, = 200 um, f= 2 kHz:

)); inspection of planar moving electrically conductive products of
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The results of verification of the values of the x-component of the magnetic induction vector of the
secondary field are shown in Fig. 2 and Fig. 3, where Fig. 3 contains the results of calculations by the finite
element method (FEM) [15], and Fig. 2 — by the created software. The induction values are consistent both in
terms of the type of functional dependence and numerical values. Similar results with acceptable accuracy
were obtained when comparing the output signals of the ECP calculated by the FEM and by formula (1).

The selection of orthogonal arrays for the controllable and noisy group’s factors. To create a de-
sign of experiment based on the Taguchi's method, it is first necessary to identify all influencing factors and
classify them as either controllable or noise. For an eddy current measurement, the controllable constructive
parameters are all geometric dimensions of the excitation and pick-up coils and the center distance between
them, while the operational parameters are the excitation's frequency and current. In this case, the noise factors
are the electrophysical properties of the TO material and the lift-off between the probe and the TO.

To determine the range of variation of each influencing parameter, additional studies of the sensitiv-

Table 1
Factors Variation
range
Excitation coil width a;, mm 8-16
Length of the excitation coil 5;, mm 12-16
Excitation coil cross-sectional height 4#;, mm 6-10
Cross-sectional width of the excitation coil wy, 1-5
mm
Width of the pick-up coil @), mm 1-6
Length of the pick-up coil b,, mm 2-8
Cross-sectional height of the pick-up coil /,, mm 1-6
Cross-sectional width of the pick-up coil w,, mm 1-4
Center distance between the pick-up and excita- 0-6
tion coils ¢, mm
Excitation frequency f, kHz 0.5-5
Excitation current /, A 0.1-1
Magnetic permeability u 1-3
Electrical conductivity o, -107, S/m 0.1-0.14
Lift-off z;, mm 0.5-3.0

ity of the ECP to them were performed. In
other words, numerical experiments were con-
ducted to determine the dependence the EMF
of probe on all the influencing parameters. In
this case, the parameter under analysis was
varied within certain specified limits, and all
other parameters were unchanged. The basic
initial data for analyzing the sensitivity of the
ECP to the influencing factors are as follows:

a; =12 mm, by =14 mm, hi =8 mm,
wi =3 mm, a, =3.5 mm, b, =5 mm,
By, = 3.5 mm, wy, = 2.5 mm, ¢=3 mm,
di = 4.4 mm, f=2.75kHz, I=1A,

c=01=0,=0.12- 10" S/m, M=t =1 =2.
Finally, Table 1 summarizes the parameters
affecting the output signal of the eddy current
measurement and the limits of their change.
Fig. 4 shows graphs of the change in the elec-
tromagnetic field induction modulus depending
on the electrophysical parameters of the TO,

namely magnetic permeability (Fig. 4, a) and electrical conductivity (Fig. 4, b), at different excitation fre-

quencies.
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To create the design of experiment, we chose the orthogonal array L,;(3") for the controllable and
Lo(3%) for the interfering parameters with three levels of gradation for both types [17, 18]. For this study,
modified arrays were obtained from them for the required number of influencing factors, in particular, two

80

ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 5



redundant factors were removed from L,/(3"), i.e., Lo7(3") is obtained, and one redundant factor was re-
moved from Lo(3%), that is, Lo(3), which is allowed by the properties of orthogonal arrays.

Taguchi’s quality loss function and SNR calculation. The Taguchi's robust design method in-
volves the use of a certain quality loss function Fitness.

It represents the standard deviation of the studied quality characteristic, i.e. the output signal of the
ECP, from its desired target value, which is calculated from the responses to the data set contained in the table

. . 1 &1 . . . .
of the design of experiment Fitness = _ZF , where E; is the output signal of the probe; » is the sample size.
n i

Then, the signal-to-noise ratio, taking into account the “larger is better” property introduced by
Taguchi, is calculated using a formula that mixes the average and variance together and assumes that the
variance is proportional to the average SNR =—10-lIg(Fitness) . The larger the value of this indicator, the

smaller the deviation of the ECP output signal from the target value.

Taguchi's design of experiment. The elements of the orthogonal

arrays with three levels of gradation of factors, namely low, medium, and Table 2 -

high, are recalculated into units of real physical quantities, i.e., a design of &2 10 S/m | z.m
gh, are recajcu’a physica’ q 1€, £ L |1 0.1 0.0005
experiment for the interfering parameters (Table 2) and controllable pa- 5 1 012 000175
rameters (Table 3) is obtained. 3 1 0.14 0.003
In the further course, according to the constructed plan, the next [ D 01 0.00175

stage of research is carried out, namely, for each experiment with the speci- [3 B 0.12 0.003
fied design parameters (Table 3), the EMF of the probe E, (10" V) is de- [ 2 014 0.0005
termined at the specified settings for all noise factors (Table 2) and the SNR | 7 3 0.1 0.003
values are calculated, which are listed in Table 4. 8 3 0.12 0.0005
9 3 0.14 0.00175

Table 3
Ne a,m | bym | h,m | w,m a,, m by, m hy, m Wy, M ¢c,m | f,Hz | ILA
1 0.008 | 0.012 | 0.006 | 0.001 | 0.001 0.002 | 0.001 0.001 0 500 0.1

0.008 | 0.012 [ 0.006 | 0.001 | 0.0035 | 0.005 | 0.0035 | 0.0025 | 0.003 | 2750 | 0.55

0.008 | 0.012 | 0.006 | 0.001 | 0.006 0.008 | 0.006 0.004 0.006 | 5000 |1

2
3
4 0.008 | 0.014 | 0.008 | 0.003 | 0.001 0.002 | 0.001 0.0025 | 0.003 | 2750 |1
5 0.008 | 0.014 | 0.008 | 0.003 | 0.0035 | 0.005 | 0.0035 | 0.004 0.006 | 5000 | 0.1

11 0.012 | 0.012 [ 0.008 | 0.005 | 0.0035 [ 0.008 | 0.001 0.0025 | 0.006 | 500 0.55

12 10012 |0.012 |0.008 |0.005 | 0.006 0.002 | 0.0035 | 0.004 0 2750 |1

13 10012 |0.014 |0.01 0.001 | 0.001 0.005 | 0.006 0.0025 | 0.006 | 500 1

14 10012 |0.014 |0.01 0.001 | 0.0035 | 0.008 | 0.001 0.004 0 2750 | 0.1

15 10.012 | 0014 |001 0.001 | 0.006 0.002 | 0.0035 | 0.001 0.003 | 5000 | 0.55

23 1 0.016 |0.014 |0.006 |0.005 |0.0035 |0.002 | 0.006 0.004 0.003 | 500 0.1

24 1 0.016 | 0.014 |0.006 | 0.005 |0.006 0.005 | 0.001 0.001 0.006 | 2750 | 0.55

25 10.016 |0.016 |0.008 |0.001 | 0.001 0.008 | 0.0035 | 0.004 0.003 | 500 0.55

26 1 0.016 |0.016 |0.008 |0.001 |0.0035 |0.002 | 0.006 0.001 0.006 | 2750 |1

27 1 0.016 | 0.016 | 0.008 | 0.001 | 0.006 0.005 | 0.001 0.0025 |0 5000 | 0.1
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Table 4

Noise factors

Ne S S & g & 5 S 5 S SNR

3 Sy < S < ] Sy S Sy

1 2 3 4 5 6 7 8 9
1 7.35 6.52 5.74 4327 | 29.77 | 62.28 44.24 92.53 63.84 | -59.218
2 5200 | 4510 3880 5340 3830 | 8440 4430 10400 6180 -5.959
3 39760 | 34250 | 29320 | 22610 | 20800 | 30380 | 16530 | 26650 | 19860 7.610
4 3610 | 3120 2680 3950 2750 | 6630 3220 8230 4660 -8.879
5 2810 | 2440 2100 1710 1540 | 2300 1240 1860 1510 | -15.018
11 359.7 | 3574 | 344.1 1159 1007 1269 1458 1778 1683 | -24.850
12 10910 | 10170 | 9230 | 11010 | 9500 | 14510 9620 14600 | 11720 0.695
13 224 220.7 | 2106 | 731.8 | 628.6 | 7332 931.4 1064 1050 | -29.040
14 1815 1640 1458 1853 1508 | 2532 1606 2900 2008 | -14.909
15 8487 | 7322 6245 6581 5388 9406 4840 9070 6404 -3.601
23 4277 | 4362 | 4282 | 1212 114 131.9 159.7 1718 | 178.74 433
24 10760 | 10150 | 9294 | 12010 | 10400 | 15470 | 10640 15630 | 13206 1.158
25 308.8 | 310.1 | 3013 | 948.1 | 8455 | 1040 1205 1468 | 1381.52 | -26.141
26 5547 | 5257 4820 5849 5137 | 7760 5148 7452 | 6353.21 | -4.866
27 4789 | 4356 3849 4124 3539 | 5271 3157 4712 | 3919.82 | -7.852

where we used the coding u;, 03, z1,, i =1, ..., 9;j = 1, ..., 27 to set combinations of factors

Determination of optimal Taguchi's parameters. The calculated values of signal-to-noise ratios
for all experiments are used to further determine the optimal controllable parameters of the ECP, taking into
account the “larger is better” property [9]. A number of statistical indicators for each controllable parameter

at all levels of its gradation, namely, mean values (SNR)*";

absolute error of the mean value

A =(SNR)—(SNR)“" , where (SNR) is the mean value of the signal-to-noise ratio of all controllable parame-

ters, which is - 14.671 dB; standard deviation St.Dev (Table 5), allows us to find the Taguchi's parameters of
the probe that provide the maximum SNR, i.e., their optimal values (Table 6).

Table 5
Factor aj b h
Level 0.008 | 0.012 [ 0016 | 0012 | 0014 [ 0016 0.006 0.008 0.01
(SNR)™ | -16.864 | -14322 | -12.828 | ~16.231 | -14.271 | -13.512 1 1413 -14.631 | -15273
A 2193 | 0349 | 1.844 | -1.56 0.4 1.16 0.561 0.041 -0.602
St.Dev 18.712 | 17399 | 16415 | 19.862 | 16278 | 16364 | 27.246 9.846 9.573
Continuation of Table 5
Factor Wi a b,
Level 0.001 0.003 0.005 0.001 0.0035 | 0.006 | 0.002 0.005 0.008
(SNR)™ | -15998 | -14382 | -13.635 | _1g6 | -13.756 | -11.659 | -1922 | -13.856 | -10.939
A -1.326 0.29 1.036 -3.927 0.915 3012 | -4549 | 0816 3.733
St.Dev 19.825 | 16211 | 16510 | 19.634 | 1597 16.205 | 23.016 | 10.282 | 16.0165
Continuation of Table 5
Factor hy Wy c
Level 0.001 0.0035 | 0.006 0.001 0.0025 0.004 0 0.003 0.006
(SNRY™ | -14372 | -14731 | -1491 | -16335 | -14211 | -13.468 | 14043 | -14.456 | -15.516
A 0.299 -0.06 -0.239 -1.664 0.461 1.203 0.628 0.216 -0.844
St.Dev 19971 | 16706 | 15924 | 20.654 | 16314 | 15296 | 20411 | 15527 | 16.514
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Continuation of Table 5

Factor f 1

Level 500 2750 5000 0.1 0.55 1

(SNR)™ | -32.879 | 8158 | 2977 | 6908 | -10730 | 6356

A -18.208 6.514 11.694 -12.257 3.941 8.316

St.Dev 13.184 7.875 11.015 17.7 11.078 15.211
Table 6

Taguchi- 611:16 b1:16 h1:6 W1:5 a2:6 b2:8 h2:1 W2:4 c=0 FS =1
parameters mm mm mm mm mm mm mm mm mm kHz A

(SNR)“" dB | 1.843 | 1.159 | 0.561 | 1.036 | 3.012 | 3.732 | 0.299 | 1.203 | 0.628 | 11.69 | 8.315

The statistical significance of the influence of design parameters, i.e. factors, on the performance
sign in the form of the ECP signal was assessed by multifactorial analysis of variance ANOVA [19, 20]. The
method is based on the division of the total variance of the studied factor into separate parts, each of which
characterizes the influence of a particular parameter on the performance sign. A precondition for the use of
ANOVA is the fulfillment of a number of conditions: the observations are independent of each other; have a
normal distribution and homogeneous variance. Therefore, the initial data for each of the 27 experiments,
i.e., the values of the output signal, were subjected to the procedure of checking their compliance with the
normal distribution law. In this study, each experiment has a sample of 9 elements. For this purpose, we used
the Shapiro-Wilk criterion, which is the most effective method for solving this problem for small samples,
and the d'Agostino-Pearson test, which is an integration of tests for analyzing skewness and kurtosis.

Table 7 shows the results of checking the initial data for their compliance with the normal distribu-
tion law according to these two criterions. Also, for some experiments, in particular, Ne 22, 17, 27, normal
probability plots are shown in Fig. 5 a, b, c, respectively, which provide an additional opportunity to visually
verify the assumptions about the normality of the data distribution.

Table 7
Ne Shapiro-Wilk Test d'Agostino-Pearson Test
W-stat p-value alpha normal DA-stat p-value alpha normal

1 0.917 0.373 0.05 yes 0.467 0.791 0.05 yes
2 0.833 0.0493 0.05 no 4.556 0.103 0.05 yes
3 0.969 0.887 0.05 yes 0.446 0.799 0.05 yes
4 0.823 0.037 0.05 no 4.549 0.102 0.05 yes
5 0.972 0911 0.05 yes 0.465 0.792 0.05 yes
6 0.915 0.352 0.05 yes 0.508 0.775 0.05 yes
7 0.954 0.742 0.05 yes 0.672 0.714 0.05 yes
8 0.914 0.351 0.05 yes 0.647 0.723 0.05 yes
9 0.837 0.054 0.05 yes 3.315 0.19 0.05 yes
10 0.959 0.794 0.05 yes 0.357 0.836 0.05 yes
11 0.88 0.157 0.05 yes 2.137 0.343 0.05 yes
12 0.84 0.057 0.05 yes 2.0 0.366 0.05 yes
13 0.863 0.104 0.05 yes 2.304 0.315 0.05 yes
14 0.855 0.085 0.05 yes 3.566 0.168 0.05 yes
15 0.941 0.596 0.05 yes 1.04 0.594 0.05 yes
16 0.85 0.075 0.05 yes 3.881 0.143 0.05 yes
17 0.94 0.591 0.05 yes 1.079 0.582 0.05 yes
18 0.86 0.0977 0.05 yes 2.383 0.303 0.05 yes
19 0.885 0.181 0.05 yes 1.415 0.492 0.05 yes
20 0.986 0.99 0.05 yes 0.187 0.91 0.05 yes
21 0.882 0.165 0.05 yes 2.08 0.353 0.05 yes
22 0.82 0.034 0.05 no 3.221 0.199 0.05 yes
23 0.857 0.09 0.05 yes 247 0.29 0.05 yes
24 0.87 0.123 0.05 yes 1.568 0.456 0.05 yes
24 0.88 0.16 0.05 yes 2.059 0.357 0.05 yes
26 0.863 0.105 0.05 yes 1.918 0.383 0.05 yes
27 0.987 0.991 0.05 yes 0.0807 0.96 0.05 yes
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Thus, according to the Shapiro-Wilk criterion, only three experiments fail to confirm the hypothesis
that the experimental data are distributed according to the normal law, while the d'Agostino-Pearson criterion
confirms it in all cases. Nevertheless, even in cases where the data does not follow the normal distribution
law, there are minor deviations from it. However, it should be noted that Fisher's criterion, used in analysis
of variance to determine the significance of factors, is characterized by resistance to deviations from normal-
ity and homogeneity of variances [21], so there is every reason to use it. The statistical significance of the
influence of each factor on the signal-to-noise ratio of ECP is assessed by this criterion by comparing the
corresponding sample variance MS and the variance of reproducibility MS, ., Which, in turn, is due to
random factors. If (MS/MS, >F  where a is the accepted level of significance equal to 0.05, m; is the

residual ) a,my,my

number of degrees of freedom of the relevant factor, m, is the number of degrees of freedom of all random
factors, then the influence of the evaluated factor on the performance sign is insignificant. In the
case (MS/MS >F , the difference between the variances of MS and MS, .. is significant and, ac-

residual ) a,m,m

cordingly, a significant influence of the evaluated factor is observed. Also, the conclusion about the signifi-
cance of the factors can be made by comparing the accepted significance level a with the indicator p ob-
tained for each factor, where p is the probability that the influence of the factor on the resultant sign is ran-
dom. If p < 0.05, then the hypothesis of no influence of the factor is rejected and a conclusion is made about
its statistical significance. The critical value of Fisher's criterion for this research is Fygs24=6.94. Further,
comparing the actually obtained values of the variance ratios for each factor, the insignificance of the pa-

rameters /1, and %, was revealed

Table 8 (Table 8). Table 8 uses the fol-

Parameters SS MS F p Q, % lowing notation: SS is the sum of

7 squares of the variance compo-

@ 74.964 37482 51.664 0.001389 nent, F is the variance ratio at the

b, 35.448 17.724 | 24.430 0.005726 0.47 degree of freedom m; =2, Q is

hy 6.109 3055 4210 0.103712 0.08 the percentage contribution of
each factor.

wi 26.254 13.127 18.093 0.009907 0.35 A visual assessment of

a 228014 | 114007 | 157.141 | 0.000158 3.06 the best settings for each control-

by 317.624 | 158.812 | 218.898 | 0.000082 4.26 lable parameter based on the

: : : : ) average SNR values with an

hy 1.353 0.676 0.932 0.465233 0.018 indication of the twofold limits

w 39850 | 19925 | 27463 | 0.004608 053 | of the standard ‘error St.error

around its mean is shown in

¢ 10.388 5.194 7.159 0.047678 0.14 Fig. 6. The ratio (SNR)™ by

A 4596362 | 2298.181 | 3167.694 | 0.000001 61.63 levels of the controllable parame-

1 2114.187 | 1057.094 | 1457.043 | 0.000002 | 28.36 | ters for the excitation coil is

rosidual 5900 0.726 shown in Fig. 6, a; for the pick-

: : up coil —in Fig. 6, b; for the axial

relative position of the coils relative to each other — in Fig. 6, c; for the operating parameters — in Fig. 6, d.
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Confirmation of the reliability of the optimal configuration of the ECP design. The reliability of
the found optimal configuration of the ECP design was proved by confirmatory calculations. Thus, with the
determined optimal parameters of the ECP (Table 6), we have the best value SNR = 18.815 dB, which is
greater than any value obtained in Table 4 of the design of experiments. At the same time, the deviation of
the ECP output signal from the target value is minimal and does not exceed 0.107. Thus, the correctness of
the found controllable parameters of the designed ECP is confirmed.

In addition, the results of

Table 9 . . .
Z.m theoretical sFudles were experi-

Parameters 0.0005 | 0.001 ] 0.0015 | 0.002 | 0.0025 ] 0.003 | mentally verified on a prototype.
Foues V 10.346 | 9.514 | 8.791 | 8.147 | 7.563 | 7.027 | For the experiment, we used a
Epeass V 10412 | 9461 | 875 | 8214 | 7.532 | 6.981 | TO making of I12XI8HI0T ma-
Relative error, % 0.63 | 0557 | 0466 | 0.822 | 0.41 | 0655 | terial with a diameter of

D =105 mm and a thickness that
is twice the depth of penetration of the electromagnetic field, such as # =10 mm. The excitation of the tested
ECP, which has geometric dimensions (Table 6), was carried out by an OWON XDG3082 arbitrary waveform
generator. It provides the generation of sinusoidal signals in the frequency range of 1 pHz — 80 MHz with an
accuracy of £ 1 ppm and an amplitude of 1 mV — 5 V with an accuracy of £ 1 % with an amplified signal out-
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put of up to 2 A. The output signal of the pick-up coil was recorded by an ANENG AN888S PRO voltmeter
with an accuracy of £ 0.3 %. In this experiment, of the three noise factors, only the change in the lift-off z; can
be performed with a certain step, and the variation of the electrophysical characteristics of the TO cannot be
ensured. Therefore, the TO is characterized by constant electrophysical properties = 1.5, 6=10.135 - 10’ S/m,
and the lift-off between the TO and the eddy current probe was set in the range of 0.5 — 3 mm with a step of
0.5 mm and measured with a digital micrometer MCD — 50 - 0.001 with an error of £ 0.002 mm. The average
EMF value based on the results of three measurements under the specified experimental conditions is shown in
Table 9. In addition, the EMF values obtained by calculations using the mathematical model (1) and the corre-
sponding relative measurement errors are also given there for comparison.

Thus, the maximum signal measurement error does not exceed 1 %.

Conclusions. Thus, in the study, on the example of an eddy current geometric anomaly meas-
urement, we carried out its computer robust design using a comprehensive integrated approach combin-
ing numerical modeling and the Taguchi's method. The physical process of measurement is analyzed
and, as a result, influential controllable and uncontrollable factors are identified.

Software for the implementation of robust design of an eddy current measurement was created.
Based on test calculations using the finite element method, the software was verified by comparing the re-
sults of calculating the x-component of magnetic induction. Graphs of the change in the magnetic induction
modulus of the secondary electromagnetic field depending on uncontrolled parameters of the TO, in particu-
lar, magnetic permeability and electrical conductivity, at different excitation frequencies were obtained and
the lower and upper limits of the change in all influencing factors were determined for further research. Tak-
ing into account the number of factors, two types of orthogonal arrays, namely L,7(3") and Lo(3*) with three
levels of their gradation, were chosen to build a design of experiments. As a result of the numerical experi-
ments, the design and operating optimal parameters of the eddy current measurement were determined,
which ensure signal immunity to interference with SNR = 18.815 dB. The reliability of the found optimal
configuration of the ECP design was proved by confirmatory calculations. In addition, the experimental veri-
fication of the research results was carried out on the prototype, which showed the reliability of measure-
ments by the designed ECP with a maximum relative error of no more than 1 %.

The scientific novelty of the research is the creation of a method of computer robust parameter de-
sign of frame ECPs for measuring geometric anomalies of static planar objects using an integrated approach
combining numerical modeling and the Taguchi's method, which ensures signal stability to changes in air
lift-off and variations in TO parameters.

Within the framework of the proposed design method and using the universal magnetodynamic
model of the ECP, similar studies are promising for the measurement testing of planar moving electrically
conductive products of considerable thickness; planar static and moving two-layer electrically conductive
products; dielectric and electrically conductive coatings on a static conductive basis.
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Bcmyn. 3menwenns aniugy nepeukoorcaiouux pakxmopie na opmyeants CUSHALY 8UXPOCIPYMOBO20 NEPemseopiosayd
we Ha emani NPOEKMYBAHHSA € 8ANCTUBOIO 3a0aYel0 N0 YAC KOHCMPYIOBAHHS GUMIPIOBAYIE 2eOMEMPUYHUX AHOMANI.
Peanizayis yvozco moociusa Huzkow memodis, cepeo AKux sUOLIAEMbCs 0080 NPOCMA MeXHIKA pobacmHo2o napame-
MPUYHO20 NPOEKMYBAHHA HA 0CHOGI Memody Tazyui y npoyeci noutyky onmumanbHoi Kougpieypayii KoHcmpykyii nepe-
meoprosayis. Memoro pobomu € po3podoxa memooy nio8uLeHHs GIOHOUEHHS CUSHAL/WYM BUXPOCIPYMOBUX BUMIPIOBA-
Yig 2eOMEMPUYHUX AHOMANIU Y CMAMUYHUX NAACKUX 006 €kmax Oe3 akmuuHo2o YCYHeHHs NPUMAaMAaHHUuX iM 6nausié
wymosux ¢paxmopis, Axi 6 Oinbwil mipi enacmusi 00’ekmam Koumponro. Memooonozia docrnioxceHs nepedbauac Ha-
CMYNHI OCHOBHI emanu, sKi HeoOXIOHi 3a015 GUKOHANHA NPOEKMYBANHS GUXPOCMPYMOBUX NEPEMBOPIOAi6 3a MEMoooM
Tacyui:
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— BUOKpeMJIeHHsl BUMIPIOBAHOI nepemseoprosayem XapaKkmepucmuky o0’ ekmy KOHmMpoo, KA QIiKcyemvcs 1020 8uxio-
HUM CUSHATOM;
—i0enmughixayis KOHMPOILOBAHUX NAPAMEMPIE GUXPOCTNPYMOBUX NEPEMBOPIOGAYIE MA MONCIUBUX PIBHIG iX epadayii y
pasi eapitoeansi;
— BUBHAYEHHS WYMOBUX pakmopie ma ix pieHie epadayii;
— NPU3HAYEHHsL IHMEPBANI8 3MIH KOHMPOIbOBAHUX MA ULYMOBUX (hakmopie,
— 00panHs OPMOSOHATILHUX MACUBLE;
— CIMBOPEeHHs. NIAHY eKCNePUMEHMI8 Ma NPoGedeHH s IX 3a YHIBEPCAIbHOK MACHIMOOUHAMIYHOK MOOELII0 3407 004UC-
JIEHHSI BUXIOHO20 CUSHATLY BUXPOCMPYMOBUX NEPEMBOPIOBAIE i3 GUKOPUCIAHHAM KOMN T0MEPHO20 MOOETI0BANHS,
— Ha ocHosi ANOVA-ananizy eniugy paxmopie Ha iHOYKO8AHY eleKMpOopYWLiliHy CULy Nepemeoproeaya ma po3paxosa-
HUX 07151 KOJXCHO20 ICRUmMY 3HaA4eHb 8iOHOWEeHHs cusHan/uym Ha 6a3i yukyii empamu skocmi Tazyyi 8UKOHAHHA 0OPAH-
Hs ONMUMAIBHO20 8apiaHmy KOH@I2ypayii KOHCMPYKYIT 8UXPOCMPYMOBUX NePpem8opro8ayis 3a 8i0n06ioHO0 KOMOIHAYI-
€10 pisHie epadayii KOHMPOILOBAHUX PAKMOPIE, Wo MaKkcumizye nokasHuk SNR;
— npogedeHHs RIOMBEPONCYIOUUX YUCETbHUX eKCNepUMEHMI8 w000 NepesipKu 3HAUOeHUX ONMUMATbHUX Napamempis
KOH@i2ypayii koncmpykyii nepemeopiosauis.

OpuzinansHicms nposedeHux 00Caiodicenb NoasA2aAe y BUKOPUCIAnHi Memody Tazyui 3 NOEOHAHHAM YUCENbHO-
20 MOOeMO8anHsL 3407 PO3POOKU MEMOOY KOMN IOMEPHO20 POOACMHO20 NAPAMEMPULHOZO NPOEKMYBAHHS PAMKOBUX
BUXPOCIPYMOBUX NEPEMBOPIOBAUIE OJisl BUMIPIOBANHS 2COMETMPUYHUX AHOMANIT CIAMUYHUX NIACKUX 00 €KMig, KOmputi
3abesneuye nio 4ac UMIPHOGAHL CMIUKICMb CUSHANLY 00 3MIH NOSIMPSHO20 3A30py ma 8apiayii WymMosux napamempis
00’€xmie KOHmMpPO0, MOOMO NIOBUUEHHSl 3HAYEHb BIOHOWleHHs cueHan/wiym. Pesynemamu. Ha npuxnadi 3uaiioena
pobacmua KOH@I2ypayis KOHCMPYKYIL UXPOCMPYMOB020 Nepemeopro8ayd, moomo maxuil il mexuiyHuil eapianm, aKutl
3abe3neuye sMeHuleHHs OUCNEPCii BUXIOHO20 CUSHALY HABKOJO 1020 CepeOHbO20 3HAUEHHS, MOOmMo CMIUKICMb 00 uLy-
MOBUX 30YpeHb, 3a80A4YIOUU MINbKU 8I0N0GIOHOMY BUSHAYEHHIO 3HAYEHb KOHMPOIbOBAHUX KOHCMPYKMUBHUX MA pe-
JHCUMHUX Napamempis nepemeoprogayis 6e3 ycyHeHHs HeKOHMPOIbOBAHUX 33840, NPUMAMAHHUX 00 €EKMAM KOHMPOIIO.
3aonsn pobacmnozo npoeKmysanis HU3KU GUXPOCMPYMOBUX GUMIPIOBAUI8 PI3HO20 (DYHKYIOHALY 3anpONOHO6ARA YHIGep-
CANbHA MASHIMOOUHAMIYHA MOOeNb HAKIAOH020 PAMKOB020 Nepemeoprosayd, AKd pa3om i3 6UKOPUCAHHAM OpMO2o-
HAIbHUX MACUBI8 0d€ 3M02y po3pobumu ma peanizyeamu nianu excnepumenmie Tazyui. [Ipoepamne 3abe3neuenns, uo
peanizye yio Mooels, NPOUULIO 8ePUPIKAYII0, 8 MOMY YUCHL CRIBCIMABIICHHAM [3 Pe3VIbMAmamu pO3PAXYHKIE HA Mecmo-
BUX NPUKIAOAX, BUKOHAHUX MEMOOOM CKIiHUeHHUXx enemenmis. /locsenyma npu yboMy MOYHICMb 0A€ MONCIUBICHIb
cmeepodcysamu npo adekeamHicms cmeoperoi komn tomepnoi npoepamu. Ompumani ¢ pamkax euxonauus niany Ta-
2yui OaHi BUKOPUCMAHO Ol OYIHKU 6APIAHMI6 KOHCMPYKYIU 3a 00NoMo2010 (yHKyil empam sxocmi muny «larger is
bettery ma obuucienux Ha it 0CHOGI 3HAUEHb BIOHOUEHb CUSHA/WYM, WO OAN0 3M02Y 0OPAMU ONMUMATbHY KOMOIHAYII0
KOHCMPYKIMUGHUX M PENCUMHUX NAPAMEMPI8 8UXPOCMPYMOB020 nepemeoprogadd. J[ocmosipricms 8i0uyKanoi onmu-
ManvHOI KOHGieypayii KOHCMPYKYIi 8UXPOCMPYMOB020 Nepemaopiosaia 008edeHa niomeepo’CyUUMU PO3PAXYHKAMU.
Takooic Ha 0ociOHOMY 3DPA3KY NPOBEOeHA eKCNepUMeHmAalbHa nepesipka pesyibmamis 0ocaiodxcens. biom. 21, puc. 6,
Tabm. 9.
Knwowuoei cnosa: pobactHe napamMeTpuyHe MPOEKTYBaHHS, BUMIPIOBAHHS [€OMETPUYHUX aHOMalil, MPSIMOKYTHHUI Ha-
KJIaJJHUH BUXPOCTPYMOBHI MEPETBOPIOBAY, MOAABJICHHS LIyMIB, YHIBepCalbHa MarHiTOAMHAMIYHA MOJIEJb IEPETBOPIO-
Baya, IuiaH ekcriepuMeHTiB Taryui, QyHKIis BTpaT SIKOCTI, BITHOIIEHHSI CUTHAJ/LIIYM.
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The integration of devices and sensors within the Internet of Things (loT) expands not only the scope for monitoring
and controlling environments but also fundamentally redefines the management of data, with promising implications
across various sectors. This paper explores a novel approach to IoT data processing that leverages edge-based neural
networks within sensor networks, enabling on-site data analysis and decision-making. Our study focuses on sectors with
high latency sensitivity—such as remote healthcare, predictive maintenance in industrial settings, and real-time
environmental monitoring. By embedding advanced data analytics closer to the source, this approach enhances data
privacy, reduces communication loads, and paves the way for more resilient and scalable loT ecosystems. We address
both the technological benefits and implementation challenges, offering insights into how these advancements can
transform industries through increased data autonomy and efficiency. References 21, tables 2, figures 5.

Keywords: 10T, Edge Al Sensor Networks, Data Processing, Neural Networks, Real-Time Analytics.

1. Introduction. The Internet of Things (IoT) is transforming modern technology by enabling real-
time interaction between physical devices and systems across various industries. This shift creates a
foundation for smart environments that operate with minimal human intervention, using sensors, devices,
and communication networks to gather, process, and transmit data. IoT’s integration across fields like
manufacturing, healthcare, and environmental monitoring is reshaping operational efficiencies and
presenting new opportunities for automation, data analysis, and intelligent decision-making.

With the exponential growth of loT devices, new demands emerge around the speed and accuracy of
data processing, particularly as we approach the era of Edge Al — a powerful approach that brings data
analytics closer to the source of data collection. This technology allows devices within IoT ecosystems to
conduct real-time analyses, adapt to environmental changes, and make intelligent decisions independently.
Edge-based processing, or Edge AI, addresses the challenges posed by traditional, centralized cloud
computing, such as latency, data privacy, and bandwidth limitations, making it especially relevant for time-
sensitive applications like remote healthcare monitoring and industrial maintenance.

A significant portion of IoT’s functionality relies on advanced sensor networks that measure
environmental conditions, monitor device status, and transmit crucial information. These sensors not only
provide basic data but also support complex applications through continuous data collection and transfer.
However, with the surge in data volumes, conventional centralized data processing is no longer sustainable
for some IoT use cases. Real-time demands in sectors like healthcare and autonomous vehicles necessitate
local data processing that minimizes latency and maximizes response times [1-3].

This paper explores a unique integration of [oT that combines edge-based neural networks and real-
time analytics within sensor networks. By shifting data processing closer to the sensor level, IoT ecosystems
can achieve unprecedented levels of autonomy, efficiency, and security. This approach has the potential to
revolutionize sectors where real-time decision-making is critical, enabling new IoT applications that were
previously limited by network constraints. Through our exploration, we aim to identify both the
opportunities and challenges of this integration, offering insights into how industries can leverage [oT's full
potential by enhancing data autonomy and analytical capabilities

The purpose of this article is to explore the significance of the integration of devices and sensors in
the IoT and to identify the new opportunities they open for monitoring and controlling devices and processes.
As part of the structure of the article, we will consider the general principles of [oT operation, the importance
of components of loT systems, sensor and device technologies, advantages and challenges of integration, as
well as prospects for the development of this area.
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The Internet of Things (IoT) has evolved into a transformative technology, capable of reshaping
multiple sectors through real-time data collection and device interconnectivity. By linking physical devices
and systems to digital networks, [oT enhances efficiencies across domains such as healthcare, industrial
automation, environmental monitoring, and urban planning. For instance, recent studies illustrate how IoT is
utilized in predictive maintenance for smart factories, where sensors continually monitor equipment
performance to prevent breakdowns, optimizing productivity and minimizing downtime.

Furthermore, the recent development of advanced sensor technologies has enabled 10T systems to
monitor diverse environmental parameters with unprecedented accuracy. For example, multispectral sensors
in agriculture can measure soil health and crop vitality, aiding farmers in making precise decisions that
improve yield and sustainability. In healthcare, non-invasive biosensors embedded in wearable devices now
enable continuous patient monitoring, offering real-time insights into vital signs without the need for
frequent clinical visits. These examples demonstrate the loT's potential to address sector-specific challenges
through sensor-driven data insights.

Another innovative aspect lies in unique data processing approaches that enhance IoT’s
responsiveness and adaptability. Edge Al, where data processing occurs near the source (i.e., at the sensor
level), has become pivotal in applications requiring low-latency responses. For instance, autonomous
vehicles equipped with edge-based neural networks can instantly process environmental data, enabling rapid
decision-making and safety enhancements. Edge computing reduces the dependency on cloud processing,
conserving bandwidth and improving data privacy, which is particularly vital in critical fields such as
healthcare and public safety.

Through this article, we examine both the fundamental components of IoT and explore advanced
case studies illustrating how recent innovations in sensor technology and data processing transform industry
practices. By addressing challenges and showcasing cutting-edge applications, we aim to demonstrate [0T’s
potential to redefine operational standards across various sectors, providing insights into future technological
pathways.

2. IoT basics and its components. The fundamentals of IoT include several key aspects that form
the basis for the functioning of this concept. First, [oT is based on the idea of connecting physical objects and
devices to the Internet, allowing them to exchange data and interact with each other without direct human
intervention (Fig. 1). This creates the opportunity to automate processes, monitor and control devices
remotely, and analyze data for decision making. As a separate type of Internet of things, IoT is distinguished
- the industrial IoT, which is used in business and production [4].

7% Ultrasounds/Radio To transfer data to a server or cloud storage,

where it will be processed and used, the sensors are
8% RFID/NFC equipped with a transmitting module. In the field of
Internet of Things (IoT), such a module is usually a
wireless communication module such as Bluetooth,
4% Electric  NFC, RF or Wi-Fi. Sometimes several sensors are

9% Acceleration/)

4% Vibration

10% Magnetic
3% Position/Proximity

Sensor

12% Chemical/Gas . .
’ Applications connected to one transmitting module. IoT
1% Acoustic/Sound forsvsrﬁgrter 2% Leaks/Levels  components include various types of devices,
or

3% Flow

6% Ambient Light/
Machinevision/Optic¢al

6% Forse/Load/ sensors, hardware, and software that work together to
Pressure realize the IoT concept. Devices can range from
small sensors and controlled devices to complex
12% Humidity/ 3% Motion/ systems such as smart homes or industrial IoT
Moisture/Water  yrefocity/Displacemen platforms. Sensors play a key role in collecting data
Fig. 1 about various environmen‘Fal parameters, de\{ice

states and processes, and devices provide the physical

11% Temperature

basis for the functioning and interaction of devices.

IoT software includes various applications, algorithms and platforms that provide device
management, data processing, analytics and interaction with other systems. This allows you to create a
variety of solutions for specific tasks in various fields, from smart homes and cities to industrial monitoring
and control systems. Overall, understanding the basics of IoT and its components helps to appreciate the
wide range of opportunities that this concept provides for creating smart environments and solving various
problems in the modern world. IoT systems use a variety of components, from data acquisition devices to
analysis and management software. Let's look at a few typical components that are found in IoT systems
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e Smart Devices: These are devices connected to the Internet and capable of communicating with
other devices or systems. Examples include smart sensors, smart thermostats, smart locks, smart lighting, and
smart health and fitness smart devices.

e Sensors: Sensors are key components of [oT systems that collect data about various environmental
parameters, device states, and processes. Examples include temperature, humidity, motion, light, noise, and
air quality sensors.

e Hardware devices and microcontrollers: These components provide the physical basis for the
functioning of IoT systems, managing devices, data collection and processing. Examples include Arduino
microcontrollers, Raspberry Pi, and specialized devices for specific applications.

¢ Cloud platforms: Cloud platforms provide the infrastructure for storing, processing and analyzing
data, and managing devices remotely. Examples include Amazon Web Services, Microsoft Azure, Google
Cloud and IBM Watson IoT Platform.

e Analysis and management software: This software allows you to analyze collected data, make
management decisions and interact with devices. Examples include data management systems, monitoring
and analytics systems, and specialized applications for specific industries.

These components work together to create intelligent environments that can collect, process and use
data to optimize processes, increase efficiency and improve quality of life.

Sensor technologies play an important role in Internet of Things (IoT) systems by collecting a variety
of data about the environment, device health, and processes. Let's look at some aspects of sensor
technologies for [oT.

e Types of sensors and their operating principles: There are many types of sensors, each of which
specializes in measuring certain parameters. For example, temperature sensors measure thermal energy,
humidity sensors measure air humidity, and motion sensors measure the movement of objects in the
detection area. The operating principles of sensors vary depending on their type and technology, but they
typically use physical phenomena such as changes in resistance, changes in capacitance, or the emission of
electromagnetic waves to measure parameters of interest.

e Important characteristics when choosing sensors for IoT: When choosing sensors to include in an
IoT system, it is important to consider a number of characteristics. These may include measurement
accuracy, range of measured values, data update rate, power consumption, size and cost. It is also necessary
to consider the compatibility of sensors with other system components and their ability to transmit data over
a network.

e Examples of application of different types of sensors in loT devices: Sensors are widely used in
various loT devices. For example, temperature sensors are used to monitor and control climate in smart
homes and buildings, motion sensors are used to detect occupancy and security, and GPS sensors are used to
track the location of vehicles and cargo in logistics and transportation. These examples demonstrate the wide
range of applications of sensors in various areas where [oT brings new capabilities and benefits.

The entire complex of resources and processes necessary for IoT technology can be divided into four
points:

1. Things (sensors or sensor systems)

2. Communication (stable Internet connection)

3. Data processing process

4. User-friendly interface

3. Integration of devices into the IoT. Device integration plays a key role in the development of
Internet of Things (IoT) networks, providing the physical basis for the functioning of smart devices and
systems. As loT technologies evolve, hardware components become increasingly compact, energy-efficient,
and powerful to support a variety of devices and use cases. This includes various microcontrollers, systems
on a chip (SoC), specialized communication chips, storage devices and other components.

Table 1 compares various factors such as sensor types, data transmission methods, and power
management in key IoT applications. It will help visualize the features of different IoT systems based on
their application in different industries

This table highlights the diversity in sensor requirements, data transmission, and power management
across various loT applications, emphasizing the need for technology adaptation for each specific field.
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Table 1

Factor Energy Sector Manufacturing Healthcare
Sensor Types Temperature sensors, voltage Vibration sensors, temperature Biosensors, heart rate
sensors, current sensors, Sensors, pressure sensors, sensors, oxygen level
vibration sensors position sensors sensors, temperature
Sensors
Data LoRaWAN, Zigbee, Wi-Fi, Bluetooth, Bluetooth, Wi-Fi,
Transmission LPWAN, 5G Zigbee, Ethernet NB-IoT, LTE
Methods
Power Optimized energy consumption, Low energy consumption, Fast-charging batteries,
Management energy-saving modes, solar rechargeable batteries for long- energy-saving
panels for autonomous power term use technologies to extend
device life

Modern requirements for IoT systems, such as miniaturization, low power consumption, high
performance and security, are driving innovation in the field of hardware components. Let's look at several
aspects that are undergoing development:

e Miniaturization and Integration: With the advent of IoT, there is an increasing focus on creating
compact and energy-efficient devices. Manufacturers are developing integrated chips that combine multiple
functions, reducing device size and power consumption.

e Improved Sensors and Sensors: Advances in sensor technology are allowing for more accurate and
sensitive data collection devices. New sensor technologies expand sensing capabilities to include
environmental, motion, light, sound, and more.

e Security and Data Protection: With the increasing number of connected devices, security and data
protection are becoming increasingly important. Manufacturers develop specialized chips and encryption
algorithms to ensure secure data transfer and storage.

e Lower power consumption and increased efficiency: In the context of limited battery resources and
long-life requirements for loT devices, the emphasis is on reducing power consumption and increasing the
efficiency of hardware components.

These and other innovations in hardware components are playing a critical role in improving loT
systems, making them more affordable, reliable and efficient for a variety of applications. Devices in [oT can
perform a wide range of functions, including collecting and transmitting data, processing information,
managing devices, and communicating with cloud services. They can be designed for a variety of use cases,
from smart home systems to industrial automated processes [5]. Hardware components in Internet of Things
(IoT) systems have a wide range of functions and capabilities that allow them to perform different tasks and
adapt to different use cases. Let's look at some typical functions and capabilities of [oT devices:

» Data collection: Devices can collect a variety of data from the environment using built-in sensors
and sensors. This data can include information about temperature, humidity, movement, light, sound, CO2
levels and more.

» Data transmission: After collecting data, devices can transmit them over the connecting to the
Internet via wireless technologies such as Wi-Fi, Bluetooth, Zigbee, LoRa and others. This provides remote
access to information and feedback from control systems.

» Data Processing: Some hardware components can process data in-house using embedded
processors or microcontrollers. This allows you to perform various operations such as filtering, aggregation,
compression and analysis of data directly on the device.

» Device Control: Devices can accept commands and control other devices according to specified
conditions or rules. For example, smart thermostats can adjust room temperature based on weather data and
user settings.

» Compatibility and Integration: Hardware components can be designed to be compatible with other
devices and systems, allowing them to interoperate and integrate into various [oT ecosystems. This provides
flexibility and expandability of the system.

» Energy Saving and Durability: In power-constrained or battery-powered environments, hardware
components can be optimized to minimize power consumption and extend device life.

These functions and capabilities enable devices in the [oT to perform a variety of tasks, ranging from
simple data collection and transmission to more complex processing and device management, making them
indispensable components for the development of smart systems and environments. Hardware components
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are used in various fields where IoT plays a key role. The use of devices in various areas of the IoT allows
solving a wide range of tasks and problems. Here are some examples of their use in various fields:

e Smart Homes and Buildings: In smart homes and buildings, hardware components such as smart
temperature sensors, smart locks, smart plugs and controllable lighting are used to automate and control
various aspects of the living space [6, 7]. For example, smart thermostats can adjust room temperature based
on occupancy or external conditions, and smart security systems can provide monitoring and notification of
intrusions or emergency situations.

e Industry and Manufacturing: In industry and manufacturing, hardware components are used to
monitor and control production processes, equipment, and infrastructure [8, 9]. For example, sensors on a
production line can collect data on production efficiency, product quality, and equipment condition, allowing
problems to be identified early and processes optimized (Fig. 2).

Every industrial enterprise has traditional process
automation systems, within which the units are already
equipped with sensors. Data from these sensors is used only
for monitoring and control and is not analyzed due to the
limited functionality of control systems (for example,
SCADA). It turns out that industrial enterprises already have
means of collecting information, and to implement IoT
scenarios it is enough to transfer this data to the cloud and
develop business analytics.

The automated process control industry is very
different from traditional IT, especially in terms of data

g Smart Cities ) Y transfer protocols [10, 11]. Control system components do not
support direct connection to the cloud platform and require
Fig.2 intermediate data aggregation. In the electricity sector, loT

can be used to monitor and control energy consumption, units,
equipment, emissions of gases and pollutants, forecast production - electricity consumption, energy storage
and connection to the electrical grid, as well as for managing distributed electricity.

In the field of power transmission, [oT can be used to monitor and control power lines and
substations, as well as protect transmission towers.

e Healthcare and Medicine: In healthcare and medicine, hardware components are used to monitor
patient conditions, collect and analyze medical data, and manage medical equipment. For example, wearable
devices such as smart watches and bracelets can track a patient's activity, sleep, and heart rate, while medical
sensors can monitor important health indicators and warn of potential problems.

e Agriculture and Environment: In agriculture and environment, hardware components are used to
monitor weather, soil and water conditions, and the health of plants and animals. For example, networks of
sensors in fields can collect data on soil moisture, crop yield levels and weather conditions, helping farmers
make informed decisions about field operations.

These examples demonstrate the diverse uses of hardware components in various areas of 10T, from
everyday use in the home to serious applications in industry, medicine and agriculture.

Algorithms for utilizing the Internet of Things (IoT) in energy create a foundation for optimizing
energy consumption, monitoring infrastructure, and enhancing the reliability of power systems [12, 13].
Below is an example of an algorithm for managing power distribution using [oT sensors and data analytics.
This algorithm helps in real-time load control, overload prevention, and improved energy consumption
balance.

Example: Energy Consumption Monitoring and Balancing Algorithm Using IoT in Distribution
Networks (Fig. 3).

Objective Reduce energy losses and optimize real-time power distribution balancing.

Algorithm Steps

1. Data Collection from IoT Sensors. IoT sensors are placed at each network node to collect real-
time data on load, consumption, voltage, temperature, and other parameters.

These data are transmitted to a central server or cloud platform for processing and analysis.

2. Data Preprocessing. Collected data are filtered to remove noise and errors (e.g., using median
filters or linear interpolation methods to fill missing values).

Data are sorted and temporarily stored for subsequent analysis and forecasting.
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3. Data Analysis and Load Forecasting.

Data collection from Data preevstEael  Machine learning or statistical methods are used to
IoT sensors preprocessing load forecasting

forecast the load on each network node.

Algorithms such as ARIMA (Auto-Regressive
Integrated Moving Average) or neural networks are
applied to predict peak loads.

4. Real-Time Power Balancing. Based on the
data and forecasts, the balancing algorithm determines
Automated load the optimal power distribution across network nodes to

management prevent overloads.

If the load on a particular section of the
network exceeds a threshold, the algorithm redirects
Monitoring and power, utilizing alternative lines or redistributing the

reporting load to other nodes.
5. Automated Load Management. Upon
Fig. 3 reaching critical load levels or when an overload threat
is detected, the system automatically initiates regulation
processes, such as activating backup power or

Real-Time Power
balancing

disconnecting non-priority consumers.

The IoT sensor-based management system alerts the operator about changes in the power system and
notifies of potential overload threats.

6. Monitoring and Reporting. The algorithm generates reports on energy consumption and
distribution, balancing efficiency, and frequency of overload occurrences.

System performance data is relayed to operators for network monitoring and adjustments.

Benefits

. Energy loss reduction through automatic redistribution and balancing.

. Prevention of emergency situations caused by overloads.

. Extended equipment life thanks to continuous network monitoring and control.

Applications

This algorithm can be applied for managing both small local power systems and large distribution
networks, improving the reliability and efficiency of power systems.

4. Smart grids and renewable energy. Smart grids and renewable energy technologies are two
major trends shaping the modern energy sector. Together, they offer an ideal solution for the efficient
production and distribution of energy. With the Internet of Things (IoT), energy generation processes from
renewable sources can be monitored and managed with greater precision [14-17].

4.1. Impact of Smart Grids on Renewable Energy Production and Distribution

Smart grids represent an evolution in traditional energy systems, enabling the integration of
innovative technologies like IoT into existing infrastructures [18, 19]. By facilitating improved management
of energy production, distribution, and consumption, particularly with renewable energy sources, smart grids
allow for a more adaptable and efficient energy network. According to a study by the Center for Energy
Policy and Decision Making (CEEPD), the integration of smart grids in the energy sector has led to a rise in
the contribution of alternative sources to overall electricity generation. Additionally, smart grids enhance the
reliability and stability of energy systems by enabling precise management and distribution across regions. In
Germany, for instance, a report by the International Renewable Energy Agency (IRENA) highlighted that
renewable energy accounted for 47% of electricity production in 2019 due to the widespread adoption of
smart grid and IoT solutions.

4.2. Innovative IoT Solutions in Renewable Energy

One example of IoT in renewable energy is the use of smart electricity meters. These devices provide
real-time data on energy consumption, helping users monitor and reduce their usage. A study by the
International Electrometer Union (IEU) found that smart meters could reduce electricity consumption by 10-
15%. Another IoT application involves data analytics and production forecasting, where loT platforms
collect and analyze data on renewable energy generation. According to the Technology Dynamics Group
(TDG), this could improve production efficiency by 20-30%. Lastly, IoT enables effective management of
Distributed Energy Resources (DERs), allowing for centralized coordination of various energy assets such as
solar panels and electric vehicles, optimizing energy production, storage, and use.
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4.3. Analyzing the Challenges and Prospects of IoT in Renewable Energy.

However, implementing [oT in renewable energy faces several challenges. Firstly, standardization is
a major concern; the lack of uniform standards makes compatibility between devices and systems difficult.
MarketsandMarkets research indicates that this issue may slow the IoT market growth in the energy sector
through 2025. Data security and privacy are other key challenges, as large volumes of data in IoT systems
pose cybersecurity risks. Symantec reports that loT-related cyberattacks in energy have increased by 300%
from 2017 to 2019.

Infrastructure limitations also present barriers, as [oT in renewable energy demands substantial
investment in communication and data transmission networks. The International Electrometer Union (IEA)
forecasts that these investments may reach $800 billion by 2040.

Despite these challenges, the outlook for IoT in renewable energy remains promising. The Clean
Energy Development Council (CEC) estimates that [oT could reduce greenhouse gas emissions by 9.1 billion
tons and cut electricity production costs by $110 billion by 2050. McKinsey predicts that [oT integration in
energy infrastructure may lower energy consumption by up to 15%, while General Electric expects DERs to
account for 60% of energy production in the coming decades.

In summary, the synergy between smart grids, renewable energy, and [oT is transforming the energy
industry, enhancing efficiency, reliability, and resilience. Although challenges remain, IoT's potential in
renewable energy is vast, necessitating further investment and innovation.

5. Engineering solutions for the integration of IoT devices and sensors

The integration of IoT devices and sensors within complex systems presents a set of technical
challenges that demand innovative engineering solutions. Among the most critical issues are efficient energy
management, reliable wireless communication in harsh environments, and scalable data acquisition and
processing architectures. The following section outlines the solutions developed in this study, which are
grounded in original research and experimental validation.

One of the primary concerns in IoT sensor networks is energy autonomy, especially in remote or
difficult-to-access areas. Traditional power supplies, such as batteries, are often impractical due to
maintenance constraints. To address this, an energy harvesting system was designed, integrating photovoltaic
(PV) modules with supercapacitor energy storage. The charging and discharging behavior of the system was
modeled using the following differential equation:

dI/sC (t) — [pv (t) - [1()ad (t)
dr C

sc

b

where V(t) is the voltage across the supercapacitor at time #; [,(f) is the current generated by the
photovoltaic module; /j,,q(¢) is the load current drawn by the IoT device; C;. is the capacitance of the
supercapacitor.

Experimental results demonstrated that by optimizing the Maximum Power Point Tracking (MPPT)
algorithm based on the Perturb and Observe method, the overall energy harvesting efficiency improved by
18% compared to conventional fixed-voltage strategies (see Fig. 4).
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This graph (Fig. 4: Comparison of Energy Harvesting Efficiency with and without MPPT Algorithm)
illustrates the variation in power harvested by a solar energy system using the MPPT algorithm (Perturb &
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Observe) compared to the traditional fixed-voltage method.

The Without MPPT curve shows lower and more unstable output power since the system cannot
adapt to changes in irradiance and load conditions. In contrast, the With MPPT curve consistently
demonstrates higher power output throughout the entire measurement period. This confirms that applying
MPPT ensures optimal operation of the solar panel under variable solar radiation conditions, increasing
energy harvesting efficiency by approximately 18%.

Conclusion: MPPT significantly enhances the system’s output power through dynamic optimization
of the operating parameters.

In addition to energy challenges, wireless communication reliability in environments with significant
electromagnetic interference was addressed. A hybrid communication protocol was developed that combines
LoRa modulation for long-range transmission and Bluetooth Low Energy (BLE) for short-range, high-speed
data exchange [20, 21]. The hybrid protocol dynamically switches between communication modes based on
the Link Quality Indicator (LQI) and Received Signal Strength Indicator (RSSI). The transition threshold is
defined by the inequality:

RSSI,,, <—-120 dBm = Switch to BLE .
This adaptive approach reduced data packet loss by 27% in field tests conducted in industrial

environments. Table 2 summarizes the performance metrics obtained during testing.
Table 2

Communication Mode Average RSSI (dBm) Packet Loss (%) Energy Consumption (mW)
LoRa -115 8.5 12.3
BLE -90 52 9.1
Hybrid (Dynamic) -115/-90 (avg) 3.6 10.7

From a data management perspective, the challenge of scalable data acquisition and processing was
tackled using an edge computing architecture. This reduces the reliance on cloud servers and minimizes
latency. The developed system employs an on-node data compression algorithm based on Discrete Wavelet
Transform (DWT), which decreases data volume by approximately 40% while preserving critical signal
characteristics necessary for anomaly detection (Fig. 5). The compression ratio CR is calculated by:

N,,..
_ original
CR=—""—,

compressed

where N,iginas Ad Neompressea TEpresent the sizes of the original and compressed data sets, respectively.

[= N
-;—"F_
e

——
[ —

-

Amplitude
[=]

" al\ Jﬂ ”"
A \’ ’ ﬂ

1 — Original Signal
Reconstructed Signal (after DWT Compression)

=

0.0 0.2 0.4 0.6 10

Time (s)
Fig. S

This graph (Fig. 2: Signal Reconstruction Accuracy After DWT-Based Compression) compares the
original signal with the reconstructed signal after compression using the Discrete Wavelet Transform
(DWT).

The original signal contains more detailed information and a certain level of noise. The reconstructed
signal after DWT compression closely follows the main shape of the original signal, although some high-
frequency details and noise are partially lost (which enables the compression process).
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Despite the loss of high-frequency components, the reconstruction quality remains high, and the
Mean Squared Error (MSE) is low. Additionally, the compression allows achieving a Compression Ratio of
approximately 1.8-2 times, while preserving essential information for further analysis.

Conclusion: DWT-based compression effectively reduces data volume while maintaining sufficient
accuracy in the reconstructed signal. This makes the method suitable for [oT devices with limited resources.

The system also integrates a lightweight machine learning model, specifically a decision tree
classifier, that performs initial anomaly detection on the edge device. The classifier achieved an accuracy of
93.2%, with a latency reduction of 35 ms per event compared to centralized cloud processing.

In summary, the presented engineering solutions address critical limitations in the integration of IoT
devices and sensors through optimized energy harvesting, robust hybrid communication protocols, and
scalable edge computing strategies. These outcomes represent original contributions validated through
simulation and experimental testing, providing a framework for reliable and efficient IoT sensor networks in
demanding applications.

Conclusions. In conclusion to the article on the integration of devices and sensors in the Internet of
Things (IoT), it can be noted that this technology provides enormous opportunities for monitoring and
managing devices and processes in various fields. One of the main advantages of IoT is the ability to collect
and analyze large volumes of data in real time, which allows you to predict events, optimize processes and
improve business efficiency. By integrating sensors and devices into loT, businesses can create smart
monitoring systems that allow them to monitor and manage various parameters such as temperature,
humidity, pressure and much more. This is especially true in areas where constant monitoring of
environmental conditions is required, such as manufacturing, logistics, healthcare and agriculture.

With the development of IoT comes new opportunities to automate processes and create intelligent
control systems that can adapt to changing conditions and provide users with more accurate and useful data.
At the same time, it is important to consider data security and privacy issues, since as the number of
connected devices increases, their vulnerability to cyber-attacks increases. Thus, the integration of devices
and sensors into the Internet of Things opens up new horizons for the development of technologies and the
creation of innovative solutions that help improve the quality of life and optimize business processes.
However, to realize the full potential of loT, further research into standardization, security and efficient use
of data is necessary.

The integration of IoT devices and sensors into complex, energy-constrained, and communication-
challenging environments requires a holistic approach that combines energy-efficient hardware design,
adaptive communication protocols, and decentralized data processing. The original engineering solutions
developed in this research—namely, the photovoltaic-supercapacitor energy harvesting system, the hybrid
LoRa/BLE communication protocol, and the edge computing architecture with data compression and local
anomaly detection—collectively enhance the reliability, scalability, and autonomy of IoT sensor networks.
These advancements provide a solid foundation for deploying intelligent, self-sustaining IoT systems in real-
world applications, particularly in remote monitoring, precision agriculture, and industrial automation.
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VJIK 621.314
TH)KEHEPHI PILIEHHSA JJIS1 ITHTETPALIT IPUCTPOIB I JATYMKIB B IHTEPHETI PEYE
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Inmeepayis npucmpoie i damuuxis ¢ Inmepnemi peueil (IoT) pozwuproe ne MintbKu MONCIUBOCMI OJisi MOHIMOPUH2Y MA
KOHMPOJO cepedoguiy, aie il NPUHYUNOBO NePeoCMUCTIOE YIPAGIIHHA OAHUMU, WO Mae 6a2amoobiysaoui HAcIioKu 05
pizHux cekmopis. Y pobomi O0ocnioxcyemvcs HOGuu nioxio 0o 0bpobku oanux IoT, saxutl 6ukopucmogye epanudmi
HeUPOHHI MepediCci 8 CEHCOPHUX Mepedcax, Wo Od€ 3Mo2y aHAni3yeamu OaHi HA Micyi ma NpUuMamu pilieHHs.
Hocniooicennss 30cepedaiceno Ha cekmopax i3 GUCOKOIO YYMIUBICIIO 00 3AMPUMKU, MAKUX K OUCHAHYIIHA 0XOPOHA
300p08 s, NPOZHO3HE MEXHIUHE 00CIY208Y8AHHSL 8 NPOMUCIOBUX YMOBAX | MOHIMOPUHE HABKONUUHBO20 CepedosUuyd 8
peanvHomy uaci. Bnpoeaoxcyrouu poswiupeny ananimuxky Oanux Onudicue 0o Odxcepend, yeil nioXio HOKpauyye
KOH@IOeHyitinicmb  OaHUX, 3MEHULYE HABAHMAMNCEHHST HA 36 30K [ NPOKIAdAe wisx 00 Oiibul CMItKux i
macwmabosanux exocucmem loT. Aemopu posensioaioms K MexXHONOSIUHI nepesazu, max i nPodIeMU BNPOBAOINCEHHS,
NPONOHYIOUU PO3YMIHHA MO20, SIK Yi OOCSCHEHH MOJCYMb mpanchopmysamu 2any3i 3a608KU  30i1bUEHHIO
asmonomHocmi ma epexmusnocmi oanux. bion. 21, Tadin. 2, puc. 5.

Knrwowuoei cnosa: 10T, Edge Al, cencopni Mmepexi, 00poOKka faHUX, HEHPOHHI MepeXi, aHAJIITHKA B peajbHOMY Yaci.
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