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3ABUCUMOCTHU KOIPPUIMEHTA HCKAKEHUSI
CUHYCOMUJIAJTBHOCTH TOKA PEKYIIEPALIUA
OT TAPAMETPOB ITIPOILIECCA ITPU YIIPABJIEHUA
IPUHYJIATEJbHBIM PA3PSJIOM AKKYMYJISSITOPHBIX BATAPEM
B CETh CUTHAJIOM C OJHOTAKTHOM OJJHOCTOPOHHEM
IUPOTHO-UMITYJIbCHOM MOJYJISIIIAUEN

Knioueevie cnoga: npunyoumenvuullli paspao akKymyiamopos, Kodg@uyuenm uckadice-
HUSL CUHYCOUOANLHOCIU, MOK peKynepayul, ynpasienue ¢ nomowbio 0OHOMAaxKmHo 00-
HOCTOPOHHEN WUPOMHO-UMNYIbCHOU MOOYAAYUEU, AKIMUBHDBLI BLINPAMUMETD.

Hna cospemennix yYOanéHHbIX U 3AMKHYMbIX cucmem becnepeboiinozo numanus 6ocmpe-
bosana npoyedypa RpuHyOUMenIbHO20 paA3psA0d aKKyMyAsamopHelx bamapeii. Ykazauuwii
npoyecc NpuHyOUmMenbHo20 paspaoa YerecooopasHo ocywjecmeniams ¢ pekynepayuetl
6 cemv. Taxoil cnocod npueoOUm: 80-nepewvlx, K YMeHbUIeHUI0 MACChbl 3apAOHO-PA3PAOHBIX
YCMpOUCMe 3a CYEM UCKNIOYEeHUs U3 NOCTEeOHUX MOWHBIX DE3UCTHUBHLIX HASPY30K;
60-8MOPLIX — K 3AMEMHOU IKOHOMUU DIEKMPOIHEPUU Ol 3AMKHYMbIX ABMOHOMHBIX
06vexmos. Ilpu smom 011 moka pexynepayuu npeovasiaiomcsa nosvluennsle mpebosa-
HUA K €20 CUHYCOUOANbHOCIU, HA KOID@uyUeHm uckaxrceHus KOmopou CyujecmeenHo
enusirom coomuouterus: mexcoy IC akkymynssmopHoi bamapeu u amniumyoou Hanps-
JICeHUs cemu, MOKOM pa3psaod U MAKCUMATbHbIM MOKOM KAMYWKU AKIMUBHO20 8bINPAMU-
mens. Takoice 603MOJICHO BNUAHUE COOMHOUWEHUS MEICOY YACHOMOT YNPAsIAIowe2o -
POMHO-UMNYTbCHO20 CUSHALA U YACMOMOU MOKA peKynepayuu (vacmomoii cemu). B 6ec-
nepebouHbIX cUCmeMax NPUMEHAIOMC aKKYMYIsSAmopHsle bamapeu ¢ pasiuyHol cymmap-
noit 3C u émxocmuio, onpedensiioweii mox paspsoa. Kpome mozo, ynomanymule eenu-
YUHBL USMEHAIOMCA 8 X00e IKCHAyamayuu, U npu NPuHyoumeIbHomM paspsoe Mo2ym npu-
MEHAMCA pasiuynble MemoouKl, OMIUYarouuecs COOMmHOUEHUeM moKka paspaoa ¢ EmMKo-
CMblO0 AKKYMYIAMOPHOU bamapeu u 3aKkoHoM e2o usmenenus. Tlosmomy 6 xode paspa-
OOmKU YHUBEPCANLHOU CUCTeMbl NPUHYOUMENTbHO20 paspsada bamapeu 6 cems ¢ Wupom-
HO-UMRYTbCHBIM YRpagieHuem Qopmoll 8036pamHO20 MOKA AKMYAnbHa UHGopMmayus o
3a8UCUMOCIAX KOIPuyuenma uUCKadcenus CUHyCOUOAIbHOCMU OmM YKA3AHHBIX Gbillue
COOMHOWEHUIl MeHcOy HANPAXCeHUueM axKKyMYJIAMOpHOU 6amapeu u amniumyool Ha-
nPAdNCEHUs. cemu, MOKOM paspsaoa U MAKCUMAIbHLIM MOKOM KamyWwKu aKmugHO20 6bl-
npsamMumens, a mMaxdce OM KOIUYECH8Ad UMNYIbCO8 HA NEPUod MOKA PeKynepayuu.
B cmamve npedcmasnensvi pesyibmamsl pabomel N0 NOAYHEHUIO OUASPAMM YKAZAHHBIX
3asucumocmeit. /s nonyyeHus noCieoOHux copmuposana GyHKYus 6bIXOOH020 MOKA
AKMUBHO20 GbLINPAMUMENS, — MOKA PeKynepayul, 3amem e20 CHeKmpanbHas QYHKYus.
C ucnonvzosanuem nocieoHell GblNOIHEHA OYEHKA UCKAXCEHUN (OopMbl MOKA HA OCHOGe
cnekmpanvHo2o nooxooa. Ilonyuennvie pesynvmamul gocmpebosanvl npu paspabomke
MoOynell npozpamm 015 MUKPOKOHMPONNEPOE UUPOMHO-UMNYIbCHLIX Pe2YIAmMopo8 moKa
peKynepayuu, peanu3yiowux aieopummul GopMuposaniis KpUeoll moxa ¢ npuemiemMulmu
SHAYEHUAMU KOIPuyuenma uckadjicenus CUHycouoarbHOCmuy npu UsMeHeHuu napamen-
P08 AKKYMYIAMOPHOU bamapeu, cemu u moxa paspaod.

PaGoTa BbIMONHEHa B pamMKax pa3pabOTKH CHCTEMbI YHPAaBJICHUS TPUHYAU-
TEIbHBIM (TPEHUPOBOYHBIM U BOCCTAaHOBUTENBHBIM) pa3psiioM (IIP) akxymymsitop-
HeIx Oarapeit (AKB) B omHodasznyro ceth (puc. 1) pesepeubix (PCII) u Oecnepe-
ooitabix cucreM nutanus (BCIT) yaanéHHBIX MPOMBIIIIEHHBIX 00BEKTOB, MOIKIIIO-
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YEHHBIX K 3JIEKTPOCETH C HECTAOWIbHOW monauel suepruu [13], a Takxke 3aMKHY-
TBIX CHCTEM — CYJIOB [6], TOJABOIHBIX ammaparoB [5], KOCMUYECKUX ammapaTos [§].

B nepeuncnennsix PCIT u BCIT o6mas 3/IC AKB Bapbupyercsi OT HECKOJIb-
KX JeCATKOB [7, 12] 10 HecKOIbKHX COTE€H BOJNBT [13, 9], sHEpro€MKOCTh TakkKe
OT HECKOJIBKUX JeCATKOB [11] 10 HECKOJIBKHUX COTEH KUJIOBATT-4acoB [4], éMKOCTb,
OTIpeAETIAIONIast TOKa MPHHYAUTEIHHOTO pa3psia, M3MEHSIETCS OT COTEH A0 THICIIU
amrrep-4acoB. [103ToMy B OOBIYHBIX 3apsSAHO-PA3PSIAHBIX ycTpoiicTBax (3PY) npu-
MEHSIOTCSI Pe3UCTHBHBIC HArpy3KH MOIIHOCTHIO OoT 1 10 20 kBT, uTo Tpedyer m0-
MOJTHUTENFHOTO TEeTI00TBoNa u yTsokenseT 3PY. Takke B TedeHHWE BOCCTaHOBU-
TenpHOTO TUKiIa (M0 10-20 9) BeImENsieTcs SHEPTHs, COCTABIIONMAS I 3aMKHY-
THIX ¥ YAANEHHBIX CUCTEM 3HAYUTENHHYIO OO YJHEPTo3aTpar.
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Puc. 1. Cucrema MPUHYAUTEIILHOTO pa3psajia akKKyMyJisiTopa B CETh

A, - damuuru moxa

[Hoaromy npumenenne B PCII u BCII cuctem 1P B cetp menecoodpasuo st
OTHOCHUTEIBHO 3aMETHOM 3KOHOMHHM 3JIEKTPOIHEPTHU U YMEHBIIEHUS Macchl 3PY
3a CUéT yaJeHUs] MOLLHBIX PE3UCTUBHBIX Harpy30K JUIs pa3pana [35, 8].

[po6uaema. [Ipumenenne B 3PY aktuBHOro Bompsamurens (AB) [10] ¢ mon-
HOCTBIO yNpaBisieMbIMH BeHTWISIMUA — TpaH3ucrtopamu IGBT wnn MOSFET — no-
3BOJISIET C TIOMOUIBIO CHTHAJa YHPABJICHUS C OJHOTAKTHOW OJHOCTOPOHHEH JH00
nBycroponteid MM [2] chopmupoBaTh TOK peKyIepany i; ¢ OJU3KOH K CHHY-
COMJIANBHOM opme.

CornacHO TEXHHYECKHM TPEOOBAHUSIM K KaueCTBY DJIEKTPOIHEPIUU B KOMIIa-
uun Schneider Electric, nomyctumbliit ko3 uImeHT NCKaXXEHUH CHHYCOUIATBHOCTH
(KHC) Toka craTtopa cuHXpoHHBIX MavH — 1,3...1,5 % [3]. 3nauenus KNC 3aBucsat
ot DJIC AKDB, aMImiTyapl HaNpsHDKSHUST CETH, TOKA pa3psia, WHIYKTHBHOCTH Ka-
Tymku L1 AB u uncna HIMM-umnynscoB N Ha niepuon cetu. DJIC AKD u eé &m-
KOCTB, OTIPENEeIISIIoNIast TOK pas3psaa, co BpemeHeM uaMenstorcs, B PCII u bCII pas-
JMYHBIX OOBEKTOB MX 3HAUEHMS OTJIMYAIOTCS Ha OpAnoK. [losTomy npu pa3paboTke
yHuBepcaibHOU cuctemsbl [IP tpedyercs undopmanus o 3aBucumoctu KHUC ot me-
peuncnennbix napamerpoB AKB, cetu, IHIMM-curnana u uHgyKTuBHOCTH L 1.

IHocTranoBka 3anaun. B HacTosamel paboTe permaeTcs 3aaada rpa@uuecKoro
uccnenosanus 3asucumocteit KMC Toka i

- OT OTHOuIeHHs HampspkeHus nutanus AB U, nponopunonansHod OJIC
AKBDB, u amnnury st cetu U,
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— OT OTHOIIICHUS TEKYIIeW aMIUTHTYAbl TOKa KaTyIIKHU 1, j, POIIOPINOHATH-
HoM Toky paspsana AKbB, u MmakcumManbHON aMIUTUTY Al TOKA KATYIIKU 1,y gy

1
by =—"0
m,max
TAE 1y, max OTIPENETAETCS BHIPAKEHUEM
[m = Um 'TPWM ;
’ Ll

(Tpwps — mepuon LIMM-umnybca);

- ot yucina HIUM-umnynbcoB N Ha IEpUO/ CETH.

B 37101 cTatbe paccMaTpUBaIOTCA 3aBUCHUMOCTH 11 OJHOTAKTHOW OJHOCTO-
ponneit IIUM — OOILIMM-2, npu KOTOpOH JUIUTENBHOCTD i-F0 UMITYJIbCA ONpeae-
JSieTCSI 3HAYSHHEM CHHYCOMIaIbHON (PYHKIIMY B Hadase i-ro Iepuosa.

3aKoH MHMPOTHO-UMIYJIbCHOI MoayJasimmu. B nporpamme MathCad cdop-
MUpPOBaHa (YHKIUS TOKA I; CyMMHPOBAHHUEM €Tr0 HapacTaHWH U CIAJI0B HA KAXKIOM
i-m nepuoae OOIINM-2 npu nonoxurensHoM (i =0, ..., 0,5-N-1)

Aij =Im,max-(k —sin (2 )) D, Aij,=—1I, .- sm( 2).(1-D;) (1)

U TIPHM OTpHULATENbHOM nonyBonHe B cetd (i = 0.5-N, ..., N-1)
Aij; ==Nip o5, Ay, = Ale 05N - (2)

Bripaxxenust st k03(h(HUIMEHTOB 3aM0JHEHUS [UI KaXKAOTO i-To [ara Ha oc-
HoBaHuu (1) u (2) mpumyT Buf

(. 2 .2 (i2
D, =—|k,- T cos| E2 | 4 sin p2m npu i =0 ->£_1’ )
k N N 2

u

Dl.ZD'NHpI/Ii—— LN-1. @)
i 2
Pesynbrarel uncienHoro mozaenupoBaHus B nporpamme MathCad moartsep-
KIAIOT KOPPEKTHOCTH (hOPMHUPOBAHUS KPUBOH TOKa iy (pHC. 2).

1, Mmc
Puc. 2. Tok pexyneparun npu OOIINM-2
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CrnekTpajbHasi XapaKTePUCTHKA BBIXOAHOTO Toka. [Ipu pacuére cnekrpa
TOKa iz, (hOpMUPYEeMOro Ha OCHOBE 3akoHOMepHocTel (1)—(4), BOCHOIb30BAIUCH
CBOMCTBaMU MHTETpajibHOTO Mpeodpa3oBanus Oypre — Cynepno3uunu (JIMHEHHO-
CTH), CMEIICHUS BO BPEeMEHH, MEePBOOOPa3HOii [1], a TaKKe COOTHOIICHUSIMHU MEXK-
Iy CIIEKTpaM{ HEMEPHUOIUIECKOTO U MEPHOINUECKOTO CUTHAJIOB.

Pacuérnsiii sxcnepument B nporpamme MathCad mokasai, 9to it BceX TO-
YeK TOJIOKUTEITFHON ¥ OTPHULIATEIbHON MTOTyBOJH #;, BBITIOIHSIETCS PABEHCTBO

iL(x)z—iL(x+Tc),xe[0,n).

[103TOMY M3HAYaJILHO TONYYMIH BHIPAKEHHE CTIEKTPATbHOM MIOTHOCTH S (1)

nepBoﬁ TMOJIYBOJIHBI

N1 D
N LoD
-7 -

2 Jo (2 Jo ) St
S (w)= —2’”’;“" z k,[1-e N |- sm[iﬁn) 1-e™e | e, (5)
O Ly im0

rae f. = 50 I'm — gacToTa ceTu.
CHeKTpalbHYI0 IIOTHOCTD JUISi BCETO MEPHOJa PUC. 2 TIOIYYHM, IPOCYMMHU-
POBaB MOJYYEHHBIN pe3ynbTat (5) U ero HHBEPCHIO, CMEIICHHYIO Ha MOJIIepHo/Ia:
—j®
+ + 2 f
S(0)=85"(0)-S"(w)-e (6)
AMIUTUTYIBI U HavaibHbIe (a3bl TAPMOHUK MEPHOJUYECKH MTOBTOPSIONICHCS
BOJHBI if(f) (pUC. 2) MOIYyYNM KaK BBIOOPKH W3 aMIUTMTYIHOW W (ha30BOM CIIEK-
TPaJbHBIX IJIOTHOCTEH HA 4acTOTaX, KPATHBIX YacTOTE CETH, T.€. U3 MOJYJISA H ap-
TyMeHTa COOTHOIIeHHS (6):

IL,nZZ'fc'S(n'Z'n'fcl’ (7)

v, =arg{S(n-2-7- 1)} 8)

KoppextHocth pacuéroB crekrpa (5) — (8) mpoBepeHa cpaBHEHHUEM JAUArPaMM

chopmupoBanHoro B mporpamme MathCad curHana Toka i; ¥ (YHKIHUA CyMMBbI
pana dypwe ;-

i, ()= 21, cos(n-2n- 1,1+,

W3BecTHO W WCCIEOBAaHUAMA THUArpaMM aMIUIMTyIHOTO crekTpa (7) B mpo-
rpamme Mathcad moaTBep:kIeHO: MOCIEAHUN TPYIIITUPYETCS MMOJIOCAMU B 00JIaCTH
HU3IINX YaCTOT U B OKPECTHOCTSX 4YacTOT, KpaTHeIX yactore LLIMM-curnana Nf,.
ITosmockl B OKpecTHOCTSIX k-Nf. (kK — 1Leloe 4YuCIO0) nooasisiomcsi CETEBBIMU
(bUIBTpaMu MPUOOPOB TOU KE CETH.

[ToaTomMy B HMccIemOBaHUN PacCMOTPEHBI TOJNBKO HHU3IINE YacTOTHI ¢ 1 << N.
Anamuz ammmtyy (7) B ykazaHHOW 00JacTH MOKa3an — YETHRIE COCTABIISABIINE B
CIIEKTPE OTCYTCTBYIOT, & BHUMAaHHs 3aCIIy’)KHBAaIOT «BPEIIHBIC» COCTABIISIOIINE C
HOMepamu n =3 un =35.

JuarpaMMebl 3aBUcUMOCTEN 3-i U 5-U TapMOHUK, IpUBEAEHHbIE K 1-i

k2,3 :IL,3/1L,1 R kz,S = L,S/[L,l >

OT NMPHUBEIEHHON aMIIMTYIbI TOKa k; (puc. 3, @, 6) TOKa3bIBAIOT — YPOBEHb S-if
rapMOHUKH Ha nopsaaok Mesble 3-i. [lostomy KUC nocTtaToyHO OLIEHUTH C IO-
MOIIIbIO OTHOIICHHUS K. 3.
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Puc. 3. 3aBuCHMOCTH NPUBEAEHHBIX aMIUTUTY T 3-1 (@)
1 5-i1 (6) rapMOHHK OT IPUBEAEHHON aMILTUTY Bl TOKA K;

HccenenoBansl 3aBUCHMOCTH Kod((DHUIIMEHTa TapMOHHUK £, 3(k;) TIpu (DPUKCHUPO-
BaHHBIX 3HauYeHWsX k, (puc. 3,a) u k.3(k,) npu QUKCHPOBAHHBIX 3HAYEHUSX K;
(puc. 4, a), ode mpu N=100, a Taxxe 3aBucuMocth Kk (N) mpu k,=1.1 u
N=100...5000 (puc. 4, 0).

ITocnenusast mmarpamma (puc. 4, 6) TOKa3bpIBaeT IMPaKTUIECKYIO0 HE3aBUCH-
MocTh KMC ot orHomrenus N gactotsl IIIMM-curnaina x gacToTe ceTH.

0.4 [’:4 T T k}zo.l
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Puc. 4. 3aBucumocty kK03hGUIIEHTa HCKAXEHIH CHHYCOHIATbHOCTH:
OT NPHUBEIEHHOTO HANPSHKEHUS IIMTaHUS aKTUBHOTO BBIIPSIMUTENS k, (a)
u ot yucna LHNM-ummynscoB N Ha mepuon cetH (0)

ITonyuennsie 3aBucuUMOCTH k. 3(k;) u k,3(k,) marot momesHyro WHGOPMAIHIO
JUTsE pa3paboTyuka MPOrpaMMHOTO 00ecredeHus: MUKPOKOHTPOIIEPOB IHPOTHO-
HMITYJIbCHBIX PETYJISTOPOB puc. 1.

B vactHOCTH, IOTpeOyrOTCS TpU pa3zpaboTKe MOANPOTrpaMM MOACTPOUKH TO-
ka paspsana AKb npu 3amannbx orpanndenusx Ha KUC k.. Tok paspsma cBsizan ¢
HanpspkeHrueM nutanus AB U, u aMIuaTyoi Toka Karymku [, . B cBoro oue-
peab, COOTHOIICHUS MEXIY HANpsKEHUEM NMuTaHus U, 1 aMIUTUTYI0H HaIpshKe-
Hus cetu U, a TakkKe MEXIY aMIUIMTYJ0M TOKA KaTylkH I, o 1 €ro MakCUMaib-
HOH aMIUTUTYIOU [, max (OTIpenmensieTcss HWHAYKTUBHOCTRIO L/) Biaumstor Ha KUC
TOKa peKynepanus k..
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DEPENDENCIES OF THE DISTORTION FACTOR OF THE SINUSOIDALITY
OF THE RECOVERY CURRENT ON THE PARAMETERS OF THE PROCESS
WHEN CONTROLLING THE FORCED DISCHARGE OF ACCUMULATOR BATTERIES
INTO THE NETWORK BY SIGNAL
WITH SINGLE-CYCLE ONE-WAY PULSE-WIDTH MODULATION

Key words: forced discharge of batteries, distortion coefficient of the sinusoidality, re-
generation current, control using single-cycle one-way pulse-width modulation, active
rectifier.

For modern remote and closed systems of uninterruptible power supply, a operation of
forced discharge of accumulator batteries is in demand. It is advisable to carry out the
specified process of forced discharge with recuperation into the network. This way of
leads: firstly, to a decrease in the mass of charging and discharging devices due to the
exclusion of powerful resistive loads from the latter; secondly, to noticeable energy sav-
ings for closed autonomous objects. At the same time, for the regenerative current, in-
creased requirements are imposed on its sinusoidality, the distortion coefficient of which
is significantly influenced by the relationship between the EMF of the battery and the am-
plitude of the mains voltage, the discharge current and the maximum current of the coil of
the active rectifier. The influence the frequency of the PWM control signal and the fre-
quency of the regeneration current (mains frequency) is also possible. In uninterruptible
systems, storage batteries are used with different total EMF and capacity that determines
the discharge current. In addition, the mentioned values change during operation, and at
forced discharge, various technique can be used that differ in the ratio of the discharge
current to the capacity of the battery and the law of its change. Therefore, in the develop-
ment of a universal system for forced discharge of a battery into a network with pulse-
width control of the regenerative current shape, is relevant information on the depend-
ences of the distortion factor of the sinusoidality on the above ratios of the battery voltage
and the amplitude of the mains voltage, the discharge current and the maximum current
of the coil of the active rectifier coil, as well as from the number of pulses for the regen-
eration current period. The article presents the results of work on obtaining diagrams of
these dependencies. To obtain the latter, the function of the output current of the active
rectifier is formed — of the regeneration current, then its spectral function. Using the lat-
ter, the current waveform distortions are estimated based on the spectral approach. The
results obtained are in demand in the development of program modules for microcontrol-
lers of the pulse-width regulators of the regeneration current, which implement algo-
rithms for the formation of a current curve with acceptable values of the distortion coeffi-
cient of the sinusoidality when changing the parameters of the battery, network and dis-
charge current.
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