Bymep B. B. «3nexkrpoTexuudeckue 1 KoMnboTepHsle cucteMb» Ne 20 (96) 2015 30-34
DIIEKTPOTEXHUUECKUE CHCTEMBI

VK 644.1+004.9:517.9

B. B. Byumep, 10KTOp TEXH. HayK,
B. 5. SIpmosioBuy

YCOBEPIIEHCTBOBAHUE TEXHOJIOT'MN HWAEHTHOUKALINA ITAPAMETPOB
CYHEPKOHAEHCATOPOB JIs1 CUCTEM PEKYINEPIIUU KNHETUYECKOU DHEPT'UN

Annomayusn. B pabome npogeden ananuz npoyecca u pe3yibmamos usmMepeHls napamempos CynepkoHOeHcamo-
PO8 8 PAZIUUHBIX PENCUMAX, YUUMbIGAWUT UX HEeTUHEUHble 3A6UCUMOCINU OM MOKa u Hanpsicerus. TIpednosicen me-
MO0 YCKOPEHHO20 mecmupoganus 6amapeil cynepkoHOeHCamopos, obe2uaiowuil paspadomuuxam u nompeoumenim
UOEHMUDUKAYUIO UX NAPAMEMPO8, OCHOBAHHDLIL HA YePEdO8aHULL NPOYECCO8 3apsiod U paspsada CYNEePKOHOeCamopos ¢
nayzamu cmabuiu3ayuy CMyneHyamo UsMeHsue20Cs HanpsajiceHusl.

Knroueswvte cnosa: cynepkonoencamop, OpodbHo-ouppepenyuaibubie YpasHeHUs, napamempul CyRepKoOHOeHCamo-
P08, Mecmuposanue, UOeHMUPUKAYUsL, CUCMeMA PEKYRepYUlL KUHeMUYECKOU SHePIUU.
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YJIOCKOHAJIEHHS TEXHOJIOTI'T ITEHTU®IKAIIIL IAPAMETPIB
CYNEPKOHJEHCATOPIB JIJISI CACTEM PEKYNEPIII KIHETUYHOI EHEPTII

Anomauia. Y pobomi nposedeno ananiz npoyecy ma pe3yiomamie 6UMIpIOGAHHS NAPAMEmMPIE CYnepKOHOeHCamo-
I8 8 PI3HUX pedcumax, 8paxosyrouu iX HeaiHiliHi 3a1edCHOCmi 80 cmpymy i Hanpyau. 3anponoHO8aAHO Memoo NPUCKO-
PpeHo20 mecmysanHs bamapell CynepKOHOEHCamopis, wo NOLecuLye po3poOHUKAM i cnocusauam idenmugbikayiro ix
napamempis, 3aCHOBAHUL HA 4ep2y8aHHI Npoyecie 3apsa0y i po3psady CYnepKoHOecamopos 3 naysamu cmaodinizayii cxio-
4acmo 3MIHIO8AHOT HANPy2u.

Knruosi cnoea: cynepxonoencamop, OpioHo-Ougepenyianbti pieHAHHA, napamempu CynepKoHOeHcamopis, mec-
myeanHs, i0enmugbikayis, cucmema pexynepayii KinemuuHoi eHepelii.

V. V. Busher, ScD,
V.Y. Yarmolovich

THE IMPROVEMENT OF TECHNOLOGY OF SUPERCAPACITOR PARAMETERS
IDENTIFICATION FOR KINETIC ENERGY RECOVERY SYSTEMS

Abstract. The article describes the analysis of the process and results of the supercapacitor parameters measure-
ment in various modes taking into account their non-linear dependence on current and voltage. The method of acceler-
ated testing of supercapacitors batteries is offered, which enables developers and users to easy identify their parame-
ters. It is based on the alternation of charge and discharge processes of supercapacitors with the pauses of stabilization
of step-changing voltage.

Keywords: supercapacitor, fractional differential equations, parameters of supercapacitors, testing, identification,
kinetic energy recovery system.

BBenenne. B nHacrosiiee Bpemst Bce 6onee  MeTpoB CK, koTopas He MOXeT ObITH BBIINOJI-
BaXHBIM CTaHOBMTCS HCIOJIb30BAHME BO MHO- HEHa TaKKe, KaK JUIsl OObIYHBIX KOHJEHCATOPOB.
IMX 00JacTAX TEXHUKU DIEKTPOXUMHUECKUX [IpyunHa 3TOrO KpoOETCcs B NMPHUHLMIE pa-
KOHJICHCATOPOB, HAa3bIBAEMBIX TAK)XKE CYNEPKOH- OOThI CYNEpPKOHAEHCATOPOB — HAKOIUIEHUE 3a-
nencatopamu (CK). TexHonmorum Mx co3laHUsl  psla MPOUCXOAMT B TaK HA3bIBAEMOM JBOHHOM
CTPEMHUTEIIPHO pPa3BHBAIOTCS, HO ToOKa OHM J3nekTtpudeckom cioe (JI9C), xapakrtepusyro-
OCTAalOTCSI HU3KOBOJIFTHBIMHM YycTpolicTBamu. B mumcs nu¢d@dy3smoHHBIME MpolieccaMH, KOTO-
cucTeMax OOpPTOBOIO MUTAHUS ANEKTPOMOOMIIEH  pble B JUHAMUYECKHX PEKHUMax OMHMCHIBAIOTCS
HEO0XOAUMBI BBICOKOBOJIbTHBIE KOHIECHCATOPHI, JApOOHO-Iu(pdepeHInalbHBIMU  YPAaBHEHUSAMU
MoJTydaeMble IyTeM TocienoBareabHoro co- [1,2]. IMEHHO STOT ClIOH MOXET OKa3bIBaTh
eMHEeHMs HecKoNbKuX JecaTkoB CK B 6arapero.  CyllecTBEHHOE BIMSHUE Ha MPOIECC U3MEPEHUs

JUis ycTpaHeHMs TEpeHaNpsDKeHUH OT- [apaMeTpoB B UMITYJIbCHOM pexume [3]. Taxxe
nenpHblx CK mpu 3apsae/paspsie ux mapa- HM3BecTHO, uto mapamerpsl CK moryr usme-
METpbl JOJKHBI OBITh HAGHTUYHBL. [loATOMY HATBHCS B Mpollecce dKCILTyaTaluu, OJHAKO MpH-
BO3HHUKAET MpolieMa HASHTH(PUKAMKM Tapa- YWHBI TAaKUX M3MEHEHUil eTalbHO HE UCCIEN0-
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ANEKTPOMOOMIISIX TaK)Ke BO3HHUKAET HEOOXOu-
MOCTh HUJCHTHU(UKAIIMU TapaMeTpoB OaTapeid,
TaK KakK JJIs TOBBICHHUS Kod(p(duIMeHTa mo-
JIE3HOTO JIEHCTBUS CHCTEM DPEKyIeparuu KuHe-
TUYECKOU DHEpPruu TpeOyeTcss ONTUMHU3AIUU
COBMECTHOH pabOThl CYNEPKOHIACHCATOPOB H
aKKyMYJISITOPOB, OCHOBaHHAasi Ha JIOCTOBEPHOM
nHpopManuu 006 UX mapaMmeTpax, OCHOBHBIM W3
KOTOPBIX siBsieTcss eMkocTh CK [4].

eap padoTbl — cO3MaHME METOAA WJICH-
TU(UKAINA TIApaMETPOB CYIEPKOHICHCATOPOB
B Pa3IMYHBIX PEKHMaX, OCHOBAHHOI'O Ha aHa-
JIN3€ HEJIMHEMHBIX 3aBUCUMOCTEM €MKOCTH CYy-
MePKOH/ICHCATOPOB OT HAIPSDHKEHUS W TOKa 3a-
psna/paspsifa, KOTOPBIM MO3BOJIUT COKPATUTH
3aTpaTbl BPEMEHH pa3pabdOTYMKaM W TOTpeOH-
TeNsM Ha TecTupoBaHue Oatapei CK.

Marepuansl uccaenosanmii. Pabora Oa-
supyercsi Ha monenu CK, cocrosiieir U3 Tpex
MOCJICIOBATEIbHO COCIMHEHHBIX DJICMCHTOB:
TPAOUIIMOHHBIX — eMKOCTH C W BHYTPEHHETO
COMPOTHUBJIEHU R, a Takke APOOHO-UHTETPH-
PYIOIIETO 3BE€HA C TMOPSAKOM HMHTETPUPOBAHMS
M, B O0IIIEM ClTydae HaXOMSIIUMCS B Mpeaesiax

O< u<1. Mogens xapakrepusyercs rpyninamu
mpu  3apsane W paspsane
R.,C.,B, ., [5, 6]. 3aBUCUMOCTb HalpsKEHUS

napaMeTpoB

Ha kinemmax CK or Toka 3apsina/paspsaa B Ta-
KOM MOJIEJIM BBIYUCIISIETCS B ONEpPaTOpHOM (op-
M€ TI0 CJIEIYIOIIEMY YPAaBHEHUIO:

1 1
U(p)= R+C_p+§ I(p). (1)

N3BecTHBIN METOJ TECTUPOBAHUS NapameT-
poB CK npennonaraer 3apsg CK moctossHHbIM
M0 BEJIMYMHE TOKOM OT MUHHMMAJIBHOTO Hampsi-
KEHHSI 10 MAaKCUMAJIbHOTO, 3aTeM CTa0WiIn3a-
A0 HAMPSDKEHUS 70 TeX TMOp, MOKa BeTUYHHA
TOKa He CTaHeT Onm3Kkoil Hymo (puc. 1). Jlanee
CK pa3pspkaroT TaKUM K€ MO BETUYMHE TOKOM 1
BHOBb OXKHMJIAIOT CHUKCHHSI TOKA MPHU CTaOUIIH-
3aIMy HanpspKeHus. B Xoje tectupoBaHus uc-
MOJIB3YIOT HECKOJBKO IIMKIOB C Pa3IMYHBIMHU
BEJIMYMHAMU TOKa. DTOT METOJ TECTUPOBAHMS
MO3BOJISIET MOJIYYUTh 3aBUCHUMOCTH NTapaMeTPOB
CK ot Toxka [7, 8].
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Puc. 1. Tect cynepkonaeHcaropa

Opnnaxo u3BecTHO, yTto napamerpsl CK He-
JMHEWHO 3aBUCAT KaK OT TOKA, TaK U OT Hamps-
xenus. [Tostomy nist 6oee TouHON UACHTUDU-
kauuu napamerpoB CK ObuiM mpoBeieHbl JKC-
nepuMeHTanbHbele uccaenoBanus CK ¢ mac-
noptHoit emkocThio 3000 F, B X0Jie KOTOPBIX
MOBTOPSUIMCH LMKJIBI 3apsiia OT YIPaBJIsiEMOro
UCTOYHHMKA TOKAa M CTaOWIM3ALUU HaIPSDKEHUS
¢ marom 0,1V or mumnaumansHoro U . 10

MakcuMaibHOro U a 3aTeM paspsAna W cra-

max >
Ounu3anuy ¢ TakuM ke marom (puc. 2). Takue
pexxuMbl cooTBeTCTBYIOT padote CK B cocTase
CUCTEM peKynepaluuu KHHETHUYECKON YHEPIUH B
ABTOHOMHBIX  JIEKTPOTPAHCIOPTHBIX  Cpel-
ctBax. Cepunt ombITOB cocTOsTM U3 10 1UKIOB
CO CTyNEHYaTbIM HW3MEHEHHEM TOKa 3a-
psana/paspsana ot 20 1o 100 A.

1
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Puc. 2. Tect cynepkonaeHcaropa co cTy-
MNEHYAaThIM U3MCHCHUEM HAIIPSXKCHUSA

3anuch pe3ynbTaToOB H3MEPEHUS TOKA M Ha-
npsbxenus ¢ TouHoctsio 0,01 A u 0,001V ocy-
mecTtBisutack ¢ marom 0,01 s. Breicokas Tou-
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HOCTb M3MEPEHUS IMO3BOJIMJIA IO IMOJIYy4YEHHBIM
nanueM U, 1, ie[O, n] MPU CKAYKE TOKa B

MOMEHT BpeMmeHn f=iAt (i=1..2) u 1m0 OKOH-

YaHWUU TIPOLIECCOB 3apsa U paspsia, KOrjaa TOK
0JIM30K K HYIO U U] y3noHHBIC MPOLIECCH B
CK  mpakTudecku  3aBEpIICHHI, WJICH-
TUQUIMPOBATH AKTHBHOE COIPOTUBIICHUE U €M-
kocTb CK 11 Ka)a0ro pexuma:

[10ar Y 1
0 i=k

C =

AU U,-U,’ @
5 [At
Uk_UO_Z C
R: i=1 ,
Ik_IO

rae k =1..2 COOTBETCTBYET KOJIMYECTBY HHTEP-
BaJIOB, B TEUEHUE KOTOPHIX (DAKTHUYECKU MPOUC-
XOJIUT CKa4yok Toka (cM. puc. 1). [Tocne pacuera
C, R ocCylIecTBIsIETCS TPOIECC UACHTH(HKA-
[IUU TTApaMETPOB APOOHO-UHTETPU-PYIOLIEH CO-
CTaBJISIIOLIEH, KOTOPBINA JIETAIbHO OMKCaH B [3—
5]. Ota rpymnmna mapaMeTpoB BIUSET HA dHEPre-
TUYECKYI0 3()(PEKTUBHOCTH CHUCTEM peKyIepa-
MM KWHETUYECKOW DHEPrHH, OJHAKO HE WC-
noJb3yercs npu noadope CK [10].

B pesynprare 00paboOTKM SKCIEpUMEH-
TaJdbHBIX JIAHHBIX TIOJY4YEHBl 3aBHCUMOCTH

C=f (U ) IIpY 3apsiie U paspsize, OKa3aHHbIE
Ha puc. 3,4, u C=f (I ) JUIsL pa3iIvYHbIX 3HA-

yeHui HanpsbkeHui (puc. 5). Kak BugHO M3 an-
MIPOKCUMAILIMKA HKCIIEPUMEHTAIbHBIX 3HAYEHUH,
BCE KpUBBIE C JOCTATOYHOU TOYHOCTBIO OIHUCHI-
BAIOTCS TOJIMHOMAaMH BTOPOTO NOPsIJIKA.
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Puc. 5. 3aBucumoctu C = f (I ) IIpU 3apsiie U

paspsane CK
CrnemoBarenbHO, UISI WX TIOCTPOCHHUS JOC-
TATOYHO 3HATh KOOPJMHATHI TPEX TOYEK, 4TO,
MO3BOJISIET BMECTO MPOBEACHUS IUKJIOB 3apsaa
U paspsiga pa3IuyHbIMU TOKaMu oT 1 10 2,5 V¢
marom 0,1 V', BBINOTHUTH TPEXCTYNEHYATOE

W3MEHEHUE HaNpsHKEHUS OT MHUHHMAIBHOTO [0
MaKCHMAaJIbHOTO, qepenys LMKJIIBI 3a-
psana/paspsna. s MOTHOTO LMKIIA HCCIeI0Ba-
gus Tokamu oT 20 mo 100 A ¢ marom 20 A gua-
rpaMMbl TOKOB M HAaNpSOKEHWH IMOKa3aHbl Ha
puc. 7. Ilo ocu abcucc 0TMEYEHO OTHOCUTEIb-
Hoe Bpems ¢t/ C .
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Puc. 7. MoguunupoBaHHbIH METON
TECTUPOBAHUS CYIEPKOHIEHCATOPOB

[To cpaBHeHMIO ¢ 0a30BBIM BapHAHTOM HC-
cienoBaHus (CM. puc. 2) MPOJOTIKHUTEILHOCTD
TECTUPOBAHUA COKparmiaeTcs B 2,5...3 pasa.

BoiBoabl. B pabote mpoBenen ananu3 Oa-
30BOI0 METOJa TECTUPOBAHMS CYIEPKOHJIEHCa-
TOPOB, BKJIIOYAIOIIETO B ceOsl MPOLIECCHl 3apsiaa
n paspsga CK OoT MUHUMaJIbHOIO O MaKCH-
MaJbHOTO HANpPSHKEHUS CTYNEHYaTO H3MEHSIO-
IIMMCSI TOKOM, YepelyrolIiecs ¢ nay3aMu cTa-
Oounuzanuu HampsbkeHus. [IpeminoxeHo momon-
HUTb METOJI CTYNEHYAThIM U3MEHEHHEM Harpsi-
KEHHUSI CYNEPKOHIEHCATOpa. ITO IO3BOJIMIO
MOJIYYUTh 3aBUCHMOCTH NTapaMETPOB CYNEPKOH-
JIeHCaTOpa KaK OT TOKAa, TaK U OT HAMpPSIKEHHUS,
U BBISIBUTH MapabOIMUecKUil XapakTep 3TUX 3a-
BucuMOCTed. C y4eToM IOJIy4EHHBIX Pe3yJbTa-
TOB pa3paboTaH METOJ, COYETAIOIINNA MPOLIECCHI
3apsiia U paspsaa Mpu TpeX YPOBHSX HampsixKe-
HUSl CYNEPKOHJIEHCAaTOpa, KOTOPBIM XapakTepu-
3yeTcs COKpAaIEHHOM B 2,5...3 pa3a JJIUTEIbHO-
CTBIO IPOIIECCAa TECTUPOBAHUSI.

[IpennoxeHHBI METOJ MOXET OBITh HC-
MOJIb30BAaH HE TOJBKO JJIsi TECTUPOBAHUS OT-
JENIBHBIX CYNEPKOHJIEHCATOPOB, HO U I OIpe-
neneHus: (aKTUYECKUX MapaMeTpoB UX Oarapeit
B COCTaBE€ CUCTEM PEKyINepaluuy KMHETHUYECKOU
SHEepruM aekrpomoOmiet. [loBbimenne kodd-
¢buIMeHTa MoJIe3HOTo ASHCTBHS ATUX CUCTEM H,
KaK CIlIeZICTBHE, yBEJIMYEHHE Mpolera 3JIeKTpo-
MOOWMIIS, HEBO3MOXKHO 0O€3 ONTHUMM3AlUU B3au-
MOJIEUCTBHUS CYNEPKOHIEHCATOPOB U aKKyMYJIs-
TOPOB, OCHOBaHHOW HAa TOYHOM 3HAHHUM Mapa-
METPOB OTJIEIbHBIX KOMIIOHEHTOB.
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