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AHomayia. Y cmammi npedcmasneHo pe3yasmamu eKcrepu-
MEeHMAanbHo20 00cCniOHeHHA pobomu Maz2HIMHOI cucmemu
OYUW,EeHHA CMIYHUX 800 30 YMOB H(UB/AEHHA 8i0 Pi3HUX munie
8i0HOB/108AHUX OMcepesn eHepeii. Y x00i ekcriepumeHmis 8iom-
8opeHo xapakmepHi npogini eeHepauyii BAE, wo dano 3moay
OUiHUMU PeaKkuyito Ma2HimHoI cucmemu Ha KOAU8AHHA docmy-
MHOI momyxHocmi ma 8u3Ha4yumu 4ymsausicmes mexHos102i4-
Hux napamempie 00 HecmabinbHO20 eHep2onoCMa4yaHHA.
OmpumaHi pe3ynsmamu 3aceiovusnu, Wo epekmusHicmes mae-
HIMHOI 04UCMKU Cymmeaso 3anexcumeo 8i0 muny ma cmabins-
Hocmi Oxepena wueneHHA. BusasneHo, Wo 3MiHU NOMYyHHO-
cmi, npumamadHi pizHum eudoam BJE, senausarome Ha
iHMeHCUBHICM®b npouyecie OYUWEeHHA Mma eHep2emu4Hi MoKas-
HUKU cucmemu.

lMposedeHi 0ocnidnceHHA nidomeepOxHyromo 00YinbHICMb 8UKO-
PUCMAHHSA 8iOHOB/HOBAHUX OXcepes eHepeaii 0718 HUBAEHHA Ma-
2HIMHUX cucmem oYUWeHHS CMiYHUX 800, 0c0bsUBO 8 yMOBAX
aB8MOHOMHUX @60 2ibpudHUX eHepzemuUYHUX KOMI/EKCI8.
OmpumaHi 0aHi Moxyme 6ymu suKopucmadi 049 onmumizayii
pexcumie pobomu, po3pobaeHHA a0anmusHUX AaA20pUMMI8 Ke-
PYBAHHA MA OUiHKU Mepcriekmue macuwmabysaHHA mexHos10-
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BcTtyn. 3pocTaHHA noTpebu B YULCTIlA BOAi Ta ogHOYACHe no-
CUNEHHS BUMOT A0 eHeproedeKTUBHOCTI TEXHOJIOFYHUX
npoLeciB aKkTyani3ytoTb HEOOXiAHICTb BNPOBaAKEHHA TAKMX
CUCTEM OUULLEHHSA, AKI 34aTHI 3abe3neyyBaTn BUCOKY ede-
KTUBHICTb 32 YMOB 0bMeKeHOoCTi abo HecTabinbHOCTI eHep-
ropecypcis. Y LbOMY KOHTEKCTi 0CO6MBOrO 3HaYEHHA Ha-
6yBalOTb TEXHONOFIT, WO MOMYTb MPaALLOBATM HA OCHOBI
BigHOBANIOBaHMX AxKepen eHeprii (BAE), 3abe3nevytoun aB-
TOHOMHICTb Ta MiHIMi3aLit0 eHepreTMYHNX BUTparT.

EnekTpomarHiTHe O4YULLEHHA PO3INALAETLCA AK MepcneK-
TUBHWUIM HAaNPAM, L0 NOEAHYE HU3bKE EHEeProcrnoXKMBaHHA 3
MOXK/IUBICTIO iHTEHCUIKaLiT NpupogHuX i3MKo-XiMiYHMX
npouecis. [liA eneKTPoOMarHiTHOro NoasA CNPUAE 3MiHi CTpy-
KTYPU BOAHMX KNacTepis, NiABULLLEHHIO PYX/IMBOCTI iOHIB Ta
NMOKPALLEHHIO YMOB AN KOoarynauii 1 ocagKeHHs 3abpya-
HIOBAYiB, 30KPEMa BaXKKMX MeTaniB Ta OPraHiyHMX peyo-
BMH. 3aBAAKM LbOMY MArHiTHi MeToAW AEeMOHCTPYHOTb

BMCOKY epEeKTUBHICTb Y BUNYYEHHI 3aBUCIUX YACTUHOK, Me-
TaniB Ta YaCTUHM OPraHiYHMX CMOAYK, WO PobUTb iX Npuaa-
THUMMW AK 418 NPOMUCIOBMX, TaK i A1 KOMYHaIbHUX CUC-
Tem BOAOOUMNLLEHHA [1-5].

MNMoeaHaHHA MarHiTHMX TexHonorin 3 BAE BiaKpMBaE MOXK-
JIMBICTb CTBOPEHHS aBTOHOMHWX abo eHeproaganTUBHUX
CUCTEM OYULLEHHA BOAM, 3LaTHUX CTabiNbHO GYHKLIOHY-
BaTW B yMOBax HecTabifbHOro s obmexkeHoro enexkTpono-
CTayaHHA. HU3bKi Ta rHy4Ki eHepreTuyHi noTpebun marHit-
HMUX CUCTEM [al0Tb 3MOrK e(deKTUBHO iHTerpyBaTu ix i3
COHAYHMMM MAHENSMM, BITPOBMMM TypbiHamm abo manono-
TYXHUMMU rigporeHepaTopamu. Take NoeAHaHHA 3abe3ne-
YYE He NINLLIE 3HUMKEHHSA eKCrniyaTauiMHUX BUTPAT i CKOpo-
YeHHsA BYrNeLeBoro cnigy, ane i MOXK/AUBICTb PO3ropTaHHA
OYUCHUX MOAYANIB Y BiAAaneHUX palnoHax, Ha Maaux nian-
puemcTBax abo B Micusax 3 HeperyaspHOK NOAAYED eNleKT-
poeHeprii.
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3 ornAgy Ha ue BUKOpUCTaHHA BLIE B nOeAHAHHI 3 MarHiT-
HUMU TEXHONOTIAMW CTBOPIOE Mepeaymosu ana bopmy-
BaHHA eHeproedeKTUBHUX, EKONOMYHO Be3neyHnx Ta Tex-
HO/IOMYHO THYYKUX CUCTEM BOAOMNIATOTOBKM, 34aTHUX
3abe3nevyBaTn cTabinbHy poboTy HaBITb 33 YMOB 3HAYHUX
KOJIMBaHb AOCTYMNHOI NOTYXHOCTI.

Cepeg pi3HMX TUNiB BiAHOB/OBAHUX AXKepen eHeprii Han-
NepcneKkTUBHIWNMU ANA KUBNEHHA MArHITHUX CUCTEM OYN-
LLleHHA BOAM € COHAYHA, BITPOBA Ta Masia rigpoeHepreTuka
(Tabn. 1). KokHe 3 uMx gKepen Mmae BNacHi TeXHIYHI Ta eKc-
nayaTauiiHi 0cobanBOCTI, AKi BU3HaYalOTb MOMXKIMBICTb iX
edeKTUBHOI iHTerpauii 3 MarHiTHUMM TEXHOJIOTIAMM, LLLO BK-
Pi3HAIOTLCA HU3bKMMMU Ta THYYKUMMU eHepreTMYHMMK NoT-
pebamu [6—10].

CoHAYHA eHepreTMKa € OAHUM 3 HAWNOLIMPEHILINX | Hal3-
PYYHIlIMX BapiaHTIB ANA aBTOHOMHOTO XWB/EHHA CUCTEM
BOAOOUMLLEHHA. POTOENneKTpMYHiI naHeni 3abesneuyoTb
CTabinbHy reHepawito B AEHHWUI Yac, a IXHA MOAYNbHICTb
L€ 3MOTy Ierko macluTabyBaTu NOTYXKHICTb BiANOBIAHO A0
notpeb KOHKpeTHOI ycTaHoBKM [11]. s MarHiTHUX cucTem,
AKi CNOXMBAOTb NOPIBHAHO HEBENUKI 06CATM enekTpoeHe-
prii, COHAYHI MaHeNi MOXyYTb CYryBaTM OCHOBHUM AxKepe-
JIOM KMBNEHHA, 0c06/MBO B perioHax 3 BUCOKOI iHCONA-
Liet0. BUKOPUCTAHHA aKYMYAATOPHUX HaKOMW4yBayiB Aa€
3MOry KOMneHcyBaTu A4o60Bi KONMBaAHHA reHepauii Ta 3a-
6e3neunTn HesnepepBHiCTb POHOTM HABITb Y HIYHMI yac
abo 3a xmapHoi noroau. Kpim Toro, COHsAYHi cucTemum noT-
pebytoTb MiHiManbHOro 06C/NyroByBaHHSA, WO PobUTL ix

NPUAATHUM N8 BigAaneHux abo BaXKKOLOCTYNMHUX TEPUTO-
pii.

BiTpoBa eHepreTMKa € ebeKTUBHUM J0ONOBHEHHAM abo anb-
TEPHATUBOK COHAYHMM CMCTEMAM, 0COB/INBO B perioHax 3
BMCOKOIO CepeHbOPIYHOIO LWBUAKICTIO BITPY. BiTposi Typ-
6iHK 34aTHi reHepyBaTM  e/IeKTPOEHeprilo He3aNeXKHO Bifg,
yacy £,06m, Lo NiaBULLYE 3arabHy cTabiNbHICTb eHeprono-
CTayaHHA. [NA MarHiTHUX CUCTEM OYULLIEHHA BOAM, AKI MO-
KYTb MPauoBaTh B a4anTUBHUX PEXMMAX, BiTPOBa reHepa-
Lif € Li/IKOM CYMICHOI, OCKiNbKM ae 3mory 3abesneunTn
poboTy 0613aHAHHA HABITb 3@ YMOB HEPIBHOMIPHOIO Haa-
Xo4)KeHHA eHeprii. [MoegHaHHA BiTPOBUX TYpPOIH i3 COHAY-
HUMW NAHENAMMU CTBOPIOE CUHEPTETUYHUIM ePeKT, OCKINbKM
nepioan HU3bKOT COHAYHOI AKTMBHOCTI 4YacTO KOMMEHCY-
I0TbCA NiABULLLEHOI BITPOBOI aKTUBHICTHO.

Mana rigpoeHepreTnka € Halbinbl cTabinbHUM i NPOrHo-
30BaHUM AxKepenom eHeprii cepeg BAE, ocKkinbku 3abesne-
Yye piBHOMIipHY reHepauito npotarom gobwm [12, 13]. Hasitb
MaNoNOTYKHi riiporeHepaTopu 34aTHi 3abe3neunTn 4ocTa-
THIO Ki/IbKiCTb enekTpoeHeprii Ana poboTn MarHiTHUX cuc-
TEM, WO pobuTb iXx 0COBINBO LIHHMMM ANA CINbCbKUX pait-
OHiB, TipPCbKMX TepuTopih abo 06’eKTiB, pPO3TalIOBaHMX
noba13y NPUPOAHMX UM WITYYHUX BOAOTOKIB. lNepeBaroto
Manoi rigpoeHepreTMKn € ii BUCOKa HaiMHICTb Ta MiHiMa-
JIbHa 3aN1€XKHICTb Bi4 NOrogHMUX YMOB, WO A3€E 3MOry BUKO-
pucToByBaTH Ti AK 6a3oBe AXKepeno XKMBAEHHSA, AOMNOBHIO-
FOYM COHAYHMMM YU BITPOBMMMU YCTAHOBKAMU A1A NOKPUTTA
NiKOBUX HaBaHTaXKeHb.

Ta6nuua 1. XapaKTepucTMKM BigHOBAIOBAHUX AXKepesn eHeprii ANA }UBJEHHA MarHiTHAX CUCTEM OUYMLLEHHA BOAU

Tun BOE MNepeBaru gaa cuctemm ObmexxeHHA CyM'CH'c"’ 13 mar- TexHiuHi ocobausocTi
HiTHOIO CUCTEMOI0
CoHsavHa BucoKka poctynHicTb; npo- | 3anexHictb Big iH- | MNiaxoantb ana ene- | MPPT-KOHTponepu; po-
eHepreTMka | CTa macwTtaboBaHicTb; HU- | conAauii; 4o6OBI KO- | KTpOMarHiTie i Haco- | 60Ta 3 Hanpyroto
3bKi eKcnayaTtauiliHi  BWU- | IMBAHHA CiB y AeHHi roanHwn; | 12/24/48 B; MOAUBICTb
TpaTn pobpe npaytoe 3 | iIMNYNbCHUX PeXUMIB
AKB
BiTpoBa eHe- | [eHepauia He3anexHo Big, | HectabinbHicTb BiT- | 3abe3neyye poboTy | IHBEpTOpPHI nepeTsopto-
preTvka yacy fo06u; [ONOBHIOE CO- | POBWX MOTOKIB; MO- | BHOYi;  MiAXOAMTb | Bayi; KOHTPOJb LUBUAKOCTI
HAYHY Tpeba y BiOKPUTMX | ANA LMKAIYHWUX pe- | obepTaHHA; OGydepusauin
MalgaHuYmMKax YKMMIB HacociB yepes akymynaTopm
Mana rigpo- | HailictabinbHiwwa reHepa- | Motpebye poctyny | Moxe 6ytn 6aso- | MocrtiitHa Hanpyra / cTpym;
eHepreTuka uis; poboTta 24/7; BUCOKa | 4O BOAOTOKY; Ce- | BUM OXKEPESIOM KU- | MiHiMasbHi KONIMBaHHA;
NPOrHO30BaHICTb 30HHI 3MiHM piBHA | BAEHHA AN BCiEi cU- | MOXAMBICTb poboTn 6He3
BOAM cTemu aKyMynaTopiB

EHepreTMyHMiA Npodinb MarHiTHUX cMCTEM BU3HAYAETHCA
TPbOMA OCHOBHMMM KOMMOHEHTaMM — eleKTPOMarHiTamu,
HacoCHMM 06/1a4HaHHAM Ta CUCTEMaMM KepPYBaHHA, KOXKEH
3 AKUX MA€E BN1acHi 0COBNMBOCTI CNOXMBAHHA Ta XapaKTepHY
OVHAMIKY HaBaHTaXXeHHA. AHani3 eHepreTUYHUX XapakTe-
PUCTUK UUX eNeMeHTIB € K/I04YO0BOK NepeaymMoBOl0 ANA
CTBOPEHHA aBTOHOMHMX abo eHeproaganTMBHUX KOMMEK-
CiB OYMLLEHHA BOAM, 34aTHUX edeKTUBHO npautoBaTM B
yMOBax 3MiHHOi Ta HecTabinbHOT reHepaL,ii BigHOBAOBAHUX
L)Kepen eHeprii.

EnektpomarHitn 3abesneuytoTb GOpMyBaHHA MarHiTHOro
noss, HeobxigHoro Ana BUyYeHHs GepoMarHiTHMX 4actTu-
HOK ab0 MarHiTHUX copbeHrTiB, i 3a3BMYall NPaLLIOIOTb Y CTa-
6inbHOMY peXuMmi, Wo PobUTb iX eHEepProcnoXKMBaHHA ne-
penbadyyBaHMM. PiBeHb  MOTYXHOCTi  BM3HAYaETbCA
iHAYKUIE NONA, KOHCTPYKLLIEIO cepaevyHnKa Ta TPMBANICTIO
poboyoro umky. BUKOPUCTaHHA cydacHUX maTepianis, BU-
COKOe(dEKTUBHUX MArHiTONpPoOBOAIB Ta ONTUMI30BaHMX CXEM
HAaMOTYBAHHA AA€ 3MOry MiHiMi3yBaTu BTpaTu Ta 3abesne-
4YnTK cTabinbHy pobOoTy HaBITb 38 YMOBM 0BMEKEHOT A0CTY-
NHOCTI eneKkTpoeHeprii, xapakTepHoi ana BLE.

333



BiaHoBAtoBaHa eHepreTmka. Ne 2/2026 | Figpo-BoaHEBa eHepreTUKa

Y KOHTEKCTi }KMBNEHHSA Bif, BiHOBMIOBAHUX OKEpPeN eNneKkr-
pPOMarHiTM MatoTb HU3KY Nepeear, Wwo pobuTs iXx 0cob1MBO
CYyMiCHMMM 3 HecTabinbHO reHepavuieto.

Mo-neple, BOHM MOXKyTb NpPaLOBaTU B iMNYNbCHOMY pe-
KMMI, CUHXPOHI3Y0UM CNOKMBAHHA 3 MiKamu BUPOBITKY co-
HAYHWUX NaHenel abo BiTPOBMX TYPOIH.

Mo-ppyre, iHAYKLiIO MarHiTHOro MOAA MOXHA 3HUXKYBATU
6€e3 KPUTMYHOT BTPATN ePEKTUBHOCTI BUYYEHHA YACTUHOK,
wo 3abe3neyye eHeproafanTUBHICTb CUCTEMMU Ta MOXKAU-
BiCTb MiANAWTYBAHHA Nig, AOCTYNHY MOTYXKHICTb Y peanb-
HOMY Yaci.

MNo-TpeTe, 3a ymoBM HU3bKOI reHepauii BAE enektpomar-
HITU MOXKYTb NMEPEXOAUTU B UMKAIYHUI pexnm poboTu (Ha-
npuKknag, 5 xs «yBiMKHEHO» / 5 XB «BUMKHEHO»), L0 A3E
3MOry niaTpMmyBaTV npaues3faTtHicTb cuctemun 6es cyTre-
BOTO 3HWMMKEHHA AKOCTI ounLLeHHA. OTXe, KOHCTPYKTUBHI Ta
eHepreTUyHi 0cobINBOCTI eNeKTpoMarHiTis pobnaTb ix ao-
6pe npucTocoBaHMMM A0 PO6OTM B yMOBAX 3MiHHOT MOTYK-
HOCTI, O € XapaKTEePHUM ANA COHAYHMX, BITPOBUX Ta Manunx
riapoeHepreTUYHUX YCTaHOBOK. Lle 3abesneuyye moxau-
BiCTb CTBOPEHHA ePEKTUBHUX, THYUKMX Ta EHEPrOHe3aex-
HUX CUCTEM MArHITHOrO OYULLEHHA BOAM.

HacocHe obnafHaHHA, AKke 3abe3neyye LMpKyAaLito Boau
yepes esIeKTPOMarHiTHUN Moaynb, € O4HUM 3 HaleHepro-
EMHILLUMX KOMMOHEHTIB CUCTEMM OYMLLLEHHS, @ MO0 eHepre-
TMYHi NoTpebu 3HaAYHOK MIpOK 3anexaTb Bif, BUTpaATU
BOAM, TigpasniyHoro onopy TpybonposoAis, HeobxigHoro
TUCKY Ta pexkmmis nogadi. Ha BigmiHy Big enekTpomarniris,
HAcoCM MNPAUOOTb Y AMHAMIYHUX YMOBAX, A€ HaBaHTa-
YKEHHA MOXKe CYTTEBO 3MiHIOBATUCA 3a/1€KHO Bif, NPOAYKTU-
BHOCTi CUCTEMU Ta XapaKTEPUCTUK MOTOKY. Y cuctem, Wwo
KUBNATLCA Bifg, BIAHOBNOBAHUX AXKepen eHeprii, Hacocu
MatoTb HU3KY ocobnmBocTen, AKi BU3HAYaloTh ix edeKTmB-
HICTb Ta a4aNTUBHICTb. 3aBAAKN MOKINBOCTI THYYKOro pe-
ryNt0BaHHA NPOAYKTUBHOCTI BOHW 34aTHi NpaLtoBaTn B pe-
YKMMaXx YaCTKOBOrO HaBaHTAXKEHHA, NiAMALITOBYOUYUCH Mif,
3MiHHY MOTY}KHICTb COHAYHUX abo BITPOBMX YCTAaHOBOK. 3a
YMOBW HU3bKOI reHepauii BAE cuctema moxxe nepexogntum
Ha UMKAIYHY noaadvy BoAM, Hanpukaag, 3 x8 poboTtu 1a 7 x8
naysu, 3bepiratoum nNpu LbOMY 3aranbHy edeKTUBHICTb

OYULLEHHA. Y Nepioan BUCOKOI COHAYHOT YM BITPOBOI aKTU-
BHOCTi HACOCKU MOXKYTb NPALLIOBATHK 3 NiABULLEHOIO NPOAYK-
TUBHICTIO, CUHXPOHi3ytoum cBOO poBOTY 3 NiKkamu reHepauii
Ta 3abe3neuytoum iHTEHCUBHILIE OYMLLEHHA. BUKOPUCTaHHA
AKYMYNATOPHUX HAKOMM4YyBayiB Aa€ 3MOry 3rnagxKysaTu
KO/IMBaHHA HaBaHTaXeHHA Ta NigTpMmyBaTh poboTy Haco-
CiB Y KPUTUUYHI MOMEHTU, KONU FreHepaLis MiHiMmanbHa. Kpim
TOro, Cy4acHi iHBepTOpHi TexHo/orii 3abe3neyyoTb MOXKAU-
BiCTb 3anyCKy HacoCiB HaBiTb 32 HU3bKOI HaNpyru, WO € Ba-
KNVBOK NepeBarol AnA aBTOHOMHWUX CUCTEM Ha OCHOBI
BAE.

Cuctemmn KepyBaHHA 3abe3neyvyloTb Y3rogsKeHy poboTy
€N1eKTPOMaArHiITiB i HAacoOCiB y MArHiTHMX yCTaHOBKax O4Yu-
LLLeHHA BOAM Ta NiATPMMYIOTb CTabiNbHICTb TEXHONOTIYHOrO
npouecy. B yMoBax }XMBNEHHA Bif, Bi,qHOBn IOBaHUX AxKepen
BigNoOBigalOTh 32 aganTaLito o6nap,HaHHﬂ [0 3MiHHOI Ta He-
PiBHOMIpHOI reHepaLii.

Y3aranbHeHHs 0cobnnMBoCTEN POBOTN ENEKTPOMATHITIB, Ha-
COCHOro 0bnafiHaHHA Ta CUCTEM KepPYBaHHS B YMOBAX KMB-
NeHHA BiA, BIiGHOBNOBAHUX [AXKepPen eHeprii CTBOPHOE niar-
PYHTA ANA NPaKTUYHOT OLIHKM ePeKTUBHOCTI iHTErPOBAHOI
CUCTEMMW MATHITHOTO OYULLEHHA CTIYHMX BOA,

MeTta poboTn nonArae B €eKCNepUMEHTasIbHOMY [A0CHi-
DXKeHHi epeKTUBHOCTI MarHiTHOI CUCTEMM OYMLLEHHA CTiY-
HMX BOZ, 33 YMOBM XKMBJIEHHA Big, Pi3HUX TUNIiB Bi4AHOBANOBA-
HUX OyKepen eHeprii, a TAKOX Yy BUSHAYeHHi BNMBY 3MiHHOI
OOCTYNHOI NOTYXHOCTI Ha AKICTb OYMLLEHHA, eHepreTU4Hi
NMOKa3HMKM Ta ONTUMaNbHI pexxumn poboTn cuctemu.

Buknap ocHoBHOro matepiany. [na Bu3HavyeHHA edeKTus-
HOCTi CUCTEMM MATHITHOTO OUYULLEHHA CTIYHMX BOA, 6ya0 npo-
BEAEHO eKCnepuMeHTaslbHe AOCNIANKEHHA, CNPAMOBAHE Ha
OLLiHKY i poB0TH 33 Pi3HNX EHEPrETUYHUX PEKUMIB.

[0 cknagy ekcnepumeHTanbHoi ycTaHoBKM (puc. 1) Bxop-
OATb eNEeKTPOMArHITHUM MoAy b, HACOC 3 YaCTOTHUM pery-
NOBaHHAM, 610K KepyBaHHA, cMCTeEMA TPYOONPOBOAIB, EM-
HOCTi ANA BUXIAHWX Ta OYMLLEHUX CTIHHUX BOJ, @ TAKOX
nabopaTopHi Npunaan ans BU3HaYEeHHA NOKA3HUKIB AKOCTI
BOAM.

ARAnisaTopu

‘-_-:JL;;_,J

lu.wd hv.-p MyTecry

Macoc 3 wacTomee
DOPITROPOAIwE

Crivuni sogn

Puc. 1. Cxema eKcriepumeHMasbHOI yCMaHOBKU
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Y pocnigeHHi BUKOPUCTOBYBA/IM MOLENbHI CTiYHI BOAM 3
TaKMMM MOYATKOBMMM XapaKTEPUCTUKAMMU: XiMiYHE CMOXKM-
BaHHA KMCHIO — 420 Mr/n, KOHLLEHTPaLLf 3BasKeHMX pevo-
BMH —7.2. O6’em ogHie€i cepii oumnLLeHHA cTaHoBMB 50 A1.

MarHiTHa 06pobKa 34ilicHIOBaNACA 3@ AOMOMOTOI e/1EeKT-
pOMarHita, KOHCTPYKTMBHO BUKOHAHOIO Ha OCHOBI labopa-
TOpPHOro enekTpomarHita EM-2M. TpybonposigHa ginaHka
3 NOTOKOM BOAM PO3MILLLyBaNacaA MixK NOKOCAMU €1eKTPO-
MarHita, wo 3abesneyyBano PiBHOMIPHWI BNAWB MarHiT-
HOro NoJiA Ha pPigMHY B NPOTOYHOMY pexumi. EnekTpomar-
HIT ¢opmyBaB iHAYKLUilO B giana3oHi 0.05-0.35Th, a ii
KOHTPONb 3A4ilACHIOBABCA [AATYMKOM MArHIiTHOI iHAYKL,iT
TANM-1M 3 TouHicTio £0.01 Tn. Taka KoHirypauis gaBana
3MOry AOCNiAKYBaTW BMJIMB MArHiTHOro Noas Ha npouecu
KoarynAujii, arnomepaliii 3BaXK€HMX YaCTUHOK Ta BUAANEHHA
3ai3a B yMOBax peasibHOro pyxy piavHu TpybonpoBoaom.

HacocHuit moaynb cKNnafaBca 3 NOBEPXHEBOrO BiALEHTPO-
Boro Hacoca «JHinpo» HBL,-0.5, sknit npautoBas vyepes ya-
cToTHMI nepeTtBoptoBay INSTART notyxkHicTio 0.4 KBT. Ne-
peTBoploBadY  OTPMMYBAB  KUBJIEHHA, 3MOAe/bOBaHe
BigNoBiAHO A0 NpodiniB BiAHOBNOBAHUX AKEpPen eHeprii,
yepes 610K KepyBaHHA Ta OpMyBaB peryiboBaHy BUXiaHY
Hanpyry 60—220 B i yactoty 15-55 U, wo 3abesneyysano
afanTauito poboTh Hacoca A0 AOCTYNHOT NOTYXKHOCTI. Y pe-
KMMAX HU3bKOI reHepaLii BUXigHa Hanpyra ctaHosmaa 60—
110 B, y cepegHbomy — 120-170 B, a 32 yMOB MaKCUMab-
Hoi reHepalii — 180-220 B. Lle gasano 3smory nigTpumysatm
NPOAYKTUBHICTL Hacoca B mexax 0.45-1.55 m3/rog, 3ane-
YKHO Big, 4OCTYNHOI eHeprii.

Bnok KepyBaHHA 3abe3neyyBaB nogayy Ta peryitoBaHHA
eNeKTPUYHOI eHeprii, KOHTPONb NapameTpiB POHOTU eNeKT-
pOMarHiTa M HaCOCHOro arperaTy, a TaKoXK ¢ikcau,ito OCHOB-
HUX €N1eKTPUYHUX XapPaKTEPUCTUK Mif, 4ac eKCrepuMeHTY.
[aHi 3Himanunca B peasbHOMy 4Yaci Ta BUKOPUCTOBYBaAUCA
AnA noganboi 06pobKku 11 aHanisy.

YMOBM 11 TPUBANICTb AOCNIAKEHDb BU3HAYAIUCA HEODOXiaHI-
CTIO BiATBOPEHHSA peanbHUX PeXMmis poboTn aBTOHOMHOI
CUCTEMMW OYULLEHHSA BOAM.

OcKinbKn yctaHOBKa € 1abopaToOpHOLO, AOCNIAKEHHS NpPO-
BOAMNNCA B KOHTPO/IbOBaHMX ymoBax, 6€3 npue’a3kn go
peanbHUX NorogHux GakTopiB. 3amicTb LbOro 3acToCoBY-
Ba/IM TMNOBI eHepreTUyHi npodini, cbopmoBaHi Ha OCHOBI
LOBIAKOBUX XapaKTEPUCTUK  MaJIOMOTYKHUX  COHAYHUX

naHenewn, sitporeHepatopis Ta manux MEC [6, 7, 14, 15].
TemnepaTypa HaBKONMLIHBOIO cepeaoBuLa NiATPUMYBa-
nacA Ha pisHi 20-22 °C.

EHepreTnyHi pexxummn GopmyBanmnca Ha OCHOBI TPbOX TUMO-
Bux npoo¢inis BAE: coHsuHoro (40-170 BT), BiTpoBoro (30—
160 Bt) Ta npodointo manoi N'EC (100-105 BT1). CoHAYHUMN
npodinb mas BMpakeHUn O060BUI NiK, BITPOBUI XapaKTe-
pWU3yBaBCA 3HAYHMMMU KOSIMBAHHAMM, A TiAPOEHEPTETUYHUI
3abe3nevyBaB CTabisibHY nNogadvy MOTYXKHOCTI, WO AaBano
3MOTry BiATBOPUTU peasibHi ymoBM pobOTM aBTOHOMHUX CU-
CTEM OUULLEHHA BOAM.

Ha ocHoBi gocTynHoi noty»KHocTi 6yno chopmoBaHo Tpu
pexnmmn pobotn cuctemn. Y pexkumi HU3bKOi reHepauii
(45—-60 BT) marHitTHa iHAyKujia ctaHoBuna 0.08—0.12 T, ya-
CToTa Hacoca— 18-22Tuy, a npoayktmsHictb — 0.45—
0.55 m3/rog. Y pexunmi cepeaHboi reHepau,ii (95—110 BT) iH-
AyKuia gocAarana 0.18-0.22 Tn, yactoTa Hacoca — 32-36 Iy,
npoAayKTMBHICTb — 0.85—1.00 m3/rog. Y pexxunmi BUCOKOI re-
Hepauii (150-170 BT) iHgyKuin ctaHoBuna 0.28-0.32 Tn, ya-
cToTa Hacoca— 48-52Tuy, a npoayKTuBHicTb — 1.35-
1.55 m3/roa,. OckinbKu coHAYHa Ta BiTPOBA reHepalis xapa-
KTEPU3YIOTbCA 3HAYHUMM KOZIMBAHHAMM, 2 Mana rigpoeHe-
preTMka 3abesneuye cTabinbHy nogayvy MOTYKHOCTI, BUO-
paHi  pexumu  BigobparkaloTb  34aTHICTb  cUCTEMMU
a[anTyBaTM MArHiTHY iHAYKLitO, YacToTy poboTK Hacoca Ta
NPOAYKTUBHICTb A0 3MiHHOI abo cTabinbHOT eHepreTUYHoT
[OCTynHOCTI. TakMi niaxig, Aa€e 3mMOry OWiHUTU peanbHy
e(dEeKTUBHICTb MarHiTHOT CUCTEMM OYMLLEHHS BOAMU B YMO-
Bax, LLLO BiAMNOBiAa0Tb TUMNOBUM Npodinam poboTu BigHOB-
NIIOBAHUX ArKepen eHeprii.

[NA KOXKHOrO 3 TPbOX EHEPreTUYHUX PEXUMIB BUKOHYBANN
cepito 3 N'ATM NOBTOPHUX AochniaiB Tpueanictio 30 XB Ko-
YKEeH, NPOTAroM AKMX 34iMCHIOBANAN PeeCTpaLLito NnapameTpis
Ta Bigbip npob cTiuHOi BOoAW. 3aranbHa TPMBaNicTb A0CAI-
AxKeHb cTaHoBuANa 450 xB, W0 3abe3neyyBano MOMXKIMBICTb
NOPiBHAHHA epeKTUBHOCTI POBOTN CUCTEMMU B PiI3HUX eHep-
reTMYHUX YMOBax, XapaktepHux ana BAE.

Tab.. 2 y3aranbHIOE TPU PEXMMU POBOTU CUCTEMMU, LLLO Bif-
NoBiJAlOTb Pi3HMM PIBHAM AOCTYNHOI NOTYXHOCTI Big, Big-
HOB/IOBAHMX AxKepen eHeprii. KoXeH peXxum xapaKrepusy-
€TbCA MNEBHUM [iana3oHOM eNeKTPUYHMUX MNapameTpis,
NPOAYKTUBHICTIO HAaCOCHOrO arperaty M TUMNOBUMM YyMO-
BaMM, 32 AKX TaKa MOTYXKHICTb € AOCTYMHOK B peasbHUX
ABTOHOMHUX EHEPreTUYHUX CUCTeMAX.

Ta6nuua 2. Pexxumun pob0oTn cuctemun 3a yMoB KuUBAeHHA Big BAE

Napamerp Pexxum 1. Pexxum 2 . Pexxum 3.
(Hu3bKa reHepauia BOE) | (cepegHs reHepauia BAE) (Bucoka reHepauis BAE)
MoTyHicTb, BT 45-60 95-110 150-170
MarHiTHa iHgyKuis, Tn 0.08-0.12 0.18-0.22 0.28-0.32
YacroTa Hacoca, Iy, 18-22 32-36 48-52
MpoayKTUBHICTb, M3/rog, 0.45-0.55 0.85-1.00 1.35-1.55

PaHoK / Beuip, xmap-
HicTb, cnabkuit BiTep

Tunosi ymosu BAE

CepeaHiii COHSIYHWUIN AeHb,
NoMipHWUI4 BiTEp

MonyaeHHWIM NiK COHUA, CUNb-
HWi4 BiTep abo cTabinbHa mana
Mec
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CrtoBnuacTtuit rpadik (puc. 2) intoctTpye nopiBHAHHA edeKTn-
BHOCTi OYMLLEHHS CTIYHUX BOA 3a Pi3HUX NpodiniB »Kus-
NIEHHA Big, BiAHOBAOBAHUX AXKepen eHeprii. AHanNi3 oTpu-
MaHWX AaHMX NOKa3aB, Lo PiBEHb Ta CTabiNbHICTb reHepauy,i
MaloTb BU3HAYaNbHUW BMAMB HA KiHUEBI MOKA3HUKM OYM-
eHHA. HectabinbHMiM XxapaKTep BiTPOBOro npodinto npms-
BOAMB [0 3HWXKEHHA edeKTUBHOCTI OKpemmux eTanis obpo-
6KM, WO NOB’A33HO 3 KOAMBAHHAMMW HaMpyrM W 4YacToTu
poboTn HacocHoro arperaTy. HaTomicTb cTabinbHe KuB-
NeHHA Big manoi MEC 3abe3neyyBano piBHOMIpHY Ta nepea-
6auyBaHy poboTy cucTeMM, LW,0 NO3UTUBHO NO3HAYAN0CA HA
3arasibHin epeKTUBHOCTI NpoLecy.

COHAYHMIA peXknMm, NONpU XapakTepHi 4060Bi KONMBAHHA

MOKa3HMKMN OYMLLEHHA 32 OKPEMMMMW napameTpamu. 30K-
pema, MakCMMasibHUX 3Ha4YEeHb AOCATHYTO CaMe 3a YMOB CO-
HAYHOTO XWMBNIEHHA: CTYMiHb 3HWXXEHHA MOKa3HuKa COD
cTaHoBMB 58 %, a BUAaneHHs 3aranbHoro Fe — 72 %. Le cBi-
O4YUTb NPO Te, LLLO HABITb 3@ HAABHOCTI AMHAMIYHUX 3MiH NO-
TY)KHOCTi COHAYHa reHepawia moke 3abesneyyBaTy BUCO-
KWl piBeHb eeKTUBHOCTI MarHiTHOT 06p06KM CTiYHMX BOA.

[onaTkoBO BCTAHOBNEHO, LLO MUTOMi BUTPATU €/1eKTPOEHE-
prii TakoX BigpisHANUCA 3aneXHo Big TMny BAE: ana coHa-
YHOrO KMBNEHHA BOHW cTaHoBuAn 1.08 kKBT-roa/m3, ana Bi-
TpoBoro— 0.92 kBTrog/m3, a ana  manoi  TEC-—
1.03 kBt-roa/m3. Lie cBigunTh Npo pisHy eHepreTMuHy Bap-
TiCTb 3abe3neyeHHsA PobOTN CUCTEMM 33 KOXKHOTo npodinto

iHTEHCMBHOCTI  reHepauii, NPOAEMOHCTPYBaB HalBULL  reHepauii.
80%
70%
60%
50%
40%
30%
20%
10%
0%
3BaKeHi Fe 3aranbHui MyTHicTb
pevyoBUHU
M CoHAYHa M BiTpoBa Mana lEC

Puc. 2. EhbekmueHicmb o4UUEHHA

[N KOMNAEKCHOI OLiHKK ByN0 BBEAEHO iHTerpanbHUi no-
KasHUK eHeproedeKkTuBHocTI (/EE), AKNI BpaxoBye ogHOYa-
CHO fKICTb OYMLLEHHA M MUTOMI BUTPATK eHeprii. oKasHUK
BM3Ha4anu 3a Gopmynoto:

IEE = 1
SEC @

Oe n — y3aranbHeHa epeKTUBHICTb OYMLLEHHA (y YacTKax),
SEC — nuTomi BUTpaTu eHeprii, KBT-roa/m3.

Y3aranbHeHy epeKTUBHICTb OUYULLLEHHA BU3HAYaIU AK cepe-
AHE 3HayeHHA 3HMXKeHHA COD, 3Ba*KEHUX pPEeYOBUH,

3aranbHoOro Fe Ta myTHocTi. OTpuMmaHi pesynbtatu (Tabn. 3)
OEMOHCTPYIOTb, WO HalbIiNbLWKIA iHTEerpanbHUIA MOKa3HUK
eHeproedeKTMBHOCTI CNOCTEPIraETbCA B peXXMMi poboTH Cu-
CTeMU, AKUWA BiAMNOBIAAE COHAYHOMY KUBAEHHIO. 33 YMO-
BaMM HU3bKOI reHepauii BAE cuctema cnoXuBae Halime-
HLLY KiNbKicTb eHeprii Ha ogMHULO0 06’eMmy BoAM, BOAHOYAC
3abe3nevyoum fOCTaTHLO BUCOKMI PiBEHDb OUMLLEHHA. BiT-
pOBE KMBNEHHA XapaKTepM3yeTbCA NOMipHOI eHeproede-
KTUBHICTIO, TOAI AIK PEeXUM, WO BiANOBIAAE KUBMEHHIO Bif,
manoiMEC, xoya 11 3a6e3neyye BUCOKY NPOAYKTUBHICTb, Ma€
HaMHMXYMIM nokasHuK |IEE yepe3 Halbinbwi nutomi BU-
TpaTW eHeprii.

Tabnuua 3. IHTerpanbHUii NOKa3sHUK eHeproepeKTMBHOCTI A4NA Pi3HUX gxKepen BAE

Dxepeno BAE Y3aranbHeHa epeKTUBHICTb OUNLLEHHS, N SEC, kBt'rog/m? IEE = n/SEC
CoHAaYHa 0.66 0.53 1.25
BiTpoBa 0.58 1.03 0.56
Mana MeC 0.63 1.60 0.39

336



BiaHoBAtoBaHa eHepreTuka. Ne 2/2026 | Figpo-BoaHEBa eHepreTUKa

BUCHOBKU. Pe3ynbTtat gocnigKeHHA niagTBepaKyoTb 40-
LLiNbHICTb 3aCTOCYBAHHA MArHIiTHOI CUCTEMMW OYMLLEHHA CTi-
YHUX BOJA, Y NOEAHAHHI 3 BIAHOBAOBaHMMU AXKepenamu
eHeprii. CucTema NpoaeMoHcTpyBasia 34aTHIcTb cTabinbHO
dYHKUiOHYBaTW 3a pisHUX NpodiniB reHepalLii, oaHaK ii npo-
OYKTUBHICTb iCTOTHO 3a/1€}KUTb Bif, PiBHA Ta XapaKTepy no-
Aadi NOTYXKHOCTI.

Halisuily edeKTMBHICTb ounLLeHHA 3adikcoBaHO 3a ymMOB
COHAYHOTO YMBAEHHA: CTYMiHb 3HMXEHHA NoKasHuKa COD
cTaHoBMB 58 %, a BuAaneHHaA 3aranbHoro Fe — 72 %. Lie cBi-
OYNTb NPO BMCOKY aAanTUBHICTb MarHiTHOI TexHoorii 40
NPOrHO30BaHUX peXMMiB reHepauii Ta ii 34aTHICTb epeKTn-
BHO MpaLoBaTV HaBiTb 3@ HaAABHOCTI JO6OBUX KONMBAHb
noTyHocTi. CTabinbHe *KMBneHHn Big manoi NEC Takox 3a-
6e3nevyBano piBHOMIpHY pobOTy cMCTEMM, TOAi AK HecTa-
6inbHUI BiTPOBUI Mpodinb NPU3BOAUB A0 3HUNKEHHA pe-
3yNIbTaTUBHOCTI OKPEMUX €TamniB OYULLEHHA.

Mutomi BMTpaTM enektpoeHeprii (0.92-1.08 kBT-roa/m3)
NiaTBEPANKYIOTb EHEPreTUYHY  AOLINbHICTb 3aNponoHoBa-
HOI CMCTeMM 3a YMOBW paLjioHanbHOro BMbopy Axkepena
YKMB/IEHHA Ta ONTUMI3aL,ii peXxumis poboTu.

OTKe, iHTErpPOBaHa MarHiTHa CMCTEMA OYULLEHHA € Mnepcne-
KTUBHOIO TEXHOJIOTIED ANA BMKOPUCTAHHA B aBTOHOMHMX
abo ribpUaHMX eHepreTUUHMX KommnaeKcax. Ii edpeKTUBHICTb
3HAYHOI MipPO0 BM3HAYAETLCA CTAbINIbHICTIO Ta CTPYKTYPOLO
€HepronocTayaHHA, WO MNiAKPECNOE BAXKAUBICTb NpPaBUIb-
Horo nigbopy Ta moaentoBaHHA npodinis reHepad;i Big BAE.
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Abstract. The article presents the results of an experimental
study on the operation of a magnetic wastewater treatment sys-
tem powered by various types of renewable energy sources. Dur-
ing the experiments, characteristic generation profiles of renew-
able energy sources were reproduced, which made it pos-sible to
evaluate the system’s response to fluctuations in available power
and to determine the sensitivity of technological parameters to
unstable energy supply.

The obtained results demonstrated that the efficiency of mag-
netic treatment significantly depends on the type and stability of
the power source. It was found that power variations inherent to
different renewable energy sources affect the intensity of the
treatment processes and the system’s energy performance.

The conducted research confirms the feasibility of using renewa-
ble energy sources to power magnetic wastewater treatment
systems, particularly in autonomous or hybrid energy complexes.
The findings can be used to optimize operating modes, develop
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adaptive control algorithms, and assess the prospects for scaling the technology.
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Introduction. The growing demand for clean water, com-
bined with increasingly stringent requirements for the en-
ergy efficiency of technological processes, highlights the
need for treatment systems capable of maintaining high
performance under conditions of limited or unstable en-
ergy resources. In this context, technologies powered by re-
newable energy sources (RES) are of particular importance,
as they enable autonomous operation and minimize energy
consumption.

Electromagnetic treatment is considered a promising ap-
proach that combines low energy demand with the ability
to intensify natural physicochemical processes. The action
of an electromagnetic field promotes changes in the struc-
ture of water clusters, increases ion mobility, and improves
conditions for coagulation and sedimentation of contami-
nants, including heavy metals and organic substances. As a
result, magnetic methods demonstrate high efficiency in
removing suspended solids, metals, and certain organic
compounds, making them suitable for both industrial and
municipal wastewater treatment systems [1-5].

Integrating magnetic technologies with renewable energy
sources opens the possibility of developing autonomous or

energy-adaptive water treatment systems capable of sta-
ble operation under conditions of fluctuating or limited
electricity supply. The low and flexible energy requirements
of magnetic systems allow their effective integration with
solar panels, wind turbines, or small-scale hydrogenera-
tors. Such combinations not only reduce operational costs
and lower the carbon footprint but also enable the deploy-
ment of treatment modules in remote areas, at small en-
terprises, or in locations with irregular electricity supply.

Thus, the use of renewable energy sources in combination
with magnetic technologies creates the prerequisites for
developing energy-efficient, environmentally safe, and
technologically flexible water treatment systems capable of
maintaining stable operation even under significant fluctu-
ations in available power.

Among the various types of renewable energy sources, the
most promising for powering magnetic water treatment sys-
tems are solar, wind, and small-scale hydropower (Table 1).
Each of these sources has its own technical and operational
characteristics that determine the feasibility of their effec-
tive integration with magnetic technologies, which are dis-
tinguished by low and flexible energy requirements [6-10].
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Solar energy is one of the most widespread and convenient
options for autonomous power supply of water treatment
systems. Photovoltaic panels provide stable daytime gener-
ation, and their modularity allows easy scaling of power
output according to the needs of a specific installation [11].
For magnetic systems, which consume relatively small
amounts of electricity, solar panels can serve as the primary
power source, especially in regions with high insolation.
The use of battery storage makes it possible to compensate
for daily fluctuations in generation and ensure continuous
operation even at night or during cloudy weather. In addi-
tion, solar systems require minimal maintenance, making
them suitable for remote or hard-to-reach areas.

Wind energy is an effective complement or alternative to
solar systems, especially in regions with high average an-
nual wind speeds. Wind turbines are capable of generating
electricity regardless of the time of day, which increases the
overall stability of the power supply. For magnetic water

treatment systems that can operate in adaptive modes,
wind generation is fully compatible, as it allows the equip-
ment to function even under conditions of uneven energy
input. The combination of wind turbines with solar panels
creates a synergistic effect, since periods of low solar activ-
ity are often compensated by increased wind activity.

Small-scale hydropower is the most stable and predictable
energy source among renewable options, as it provides
consistent generation throughout the day [12-13]. Even
low-power hydrogenerators can supply sufficient electric-
ity for the operation of magnetic systems, making them
particularly valuable for rural areas, mountainous regions,
or facilities located near natural or artificial watercourses.
The advantage of small hydropower lies in its high reliability
and minimal dependence on weather conditions, which al-
lows it to be used as a base power source, supplemented
by solar or wind installations to cover peak loads.

Table 1. Characteristics of Renewable Energy Sources for Powering Magnetic Water Treatment Systems

Advantages for the

Type of RES System

Limitations

Compatibility with

Magnetic System Technical Features

High availability;
easy scalability; low
operating costs

Solar energy

tuations

Dependence on in-
solation; daily fluc-

Suitable for electro-
magnets and pumps
during daytime;
works well with bat-
tery storage

MPPT controllers; opera-
tion at 12/24/48 V; possi-
bility of pulsed modes

Generation inde-
pendent of time of
day; complements
solar energy

Wind energy

open areas

Instability of wind
flows; requires

Inverter converters; rota-
tional speed control;
buffering via batteries

Ensures operation
at night; suitable for
cyclic pump modes

Most stable genera-
tion; 24/7 opera-
tion; high predicta-
bility

Small hydropower

variations

Requires access to a
watercourse; sea-
sonal water level

Can serve as a base
power source for
the entire system

Constant voltage/cur-
rent; minimal fluctua-
tions; possibility of oper-
ation without batteries

The energy profile of magnetic systems is determined by
three main components — electromagnets, pumping
equipment, and control systems — each of which has its
own consumption characteristics and specific load dynam-
ics. Analyzing the energy characteristics of these elements
is a key prerequisite for developing autonomous or en-
ergy-adaptive water treatment complexes capable of oper-
ating efficiently under conditions of variable and unstable
generation from renewable energy sources.

Electromagnets generate the magnetic field required for
the removal of ferromagnetic particles or magnetic
sorbents and typically operate in a stable mode, which
makes their energy consumption predictable. The power
level is determined by the field induction, core design, and
duration of the operating cycle. The use of modern materi-
als, high-efficiency magnetic cores, and optimized winding
configurations makes it possible to minimize losses and en-
sure stable operation even under limited energy availabil-
ity, which is characteristic of renewable energy sources.

In the context of renewable-powered operation, electro-
magnets have several advantages that make them particu-
larly compatible with unstable generation.

First, they can operate in pulsed mode, synchronizing their
consumption with peak output from solar panels or wind
turbines.

Second, the magnetic field induction can be reduced with-
out a critical loss of particle removal efficiency, providing
energy adaptivity and enabling the system to adjust to the
available power in real time.

Third, under conditions of low renewable energy genera-
tion, electromagnets can switch to a cyclic operating mode
(for example, 5 minutes “on” / 5 minutes “off”), which al-
lows the system to remain functional without a significant
reduction in treatment quality. Thus, the structural and en-
ergy characteristics of electromagnets make them
well-suited for operation under variable power conditions
typical of solar, wind, and small hydropower installations.
This enables the development of efficient, flexible, and en-
ergy-independent magnetic water treatment systems.

The pumping equipment, which ensures water circulation
through the magnetic module, is one of the most energy-in-
tensive components of the treatment system, and its energy
demand largely depends on water flow rate, hydraulic
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resistance of pipelines, required pressure, and supply
modes. Unlike electromagnets, pumps operate under dy-
namic conditions, where the load can vary significantly de-
pending on system throughput and flow characteristics. In
systems powered by renewable energy sources, pumps have
several features that determine their efficiency and adapta-
bility.

Thanks to their ability to flexibly regulate output, pumps can
operate under partial-load conditions, adapting to the varia-
ble power supplied by solar or wind installations. Under low
renewable energy generation, the system can switch to cy-
clic water supply—for example, 3 minutes of operation fol-
lowed by a 7-minute pause—while maintaining overall treat-
ment efficiency. During periods of high solar or wind activity,
pumps can operate at increased capacity, synchronizing their
performance with generation peaks and providing more in-
tensive treatment. The use of battery storage makes it pos-
sible to smooth out load fluctuations and maintain pump op-
eration during critical periods when generation is minimal. In
addition, modern inverter technologies enable pump
start-up even at low voltage, which is a significant advantage
for autonomous RES-based systems.

The control systems ensure coordinated operation of elec-
tromagnets and pumps in magnetic water treatment units
and maintain the stability of the technological process. Un-
der renewable-powered conditions, their role becomes
particularly important, as they are responsible for adapting
the equipment to variable and uneven energy generation.

Summarizing the operational characteristics of electromag-
nets, pumping equipment, and control systems under re-
newable energy supply provides the basis for a practical as-
sessment of the efficiency of an integrated magnetic
wastewater treatment system.

Problem Statement. The aim of this work is to experimen-
tally investigate the efficiency of a magnetic wastewater
treatment system powered by different types of renewa-
ble energy sources, as well as to determine the impact of
variable available power on treatment quality, energy
performance, and the optimal operating modes of the sys-
tem.

Presentation of the Main Material. To evaluate the perfor-
mance of the magnetic wastewater treatment system, an
experimental study was conducted to assess its operation
under different energy supply conditions. The experimental
setup (Fig. 1) includes an electromagnetic module, a varia-
ble-frequency pump, a control unit, a system of pipelines,
tanks for raw and treated wastewater, as well as laboratory
instruments for determining water quality parameters.

Model wastewater was used in the study, with the follow-
ing initial characteristics: chemical oxygen demand — 420
mg/L, suspended solids concentration — 180 mg/L, total
iron content — 12 mg/L, and pH — 7.2. The volume of a
single treatment cycle was 50 L.

Magnetic treatment was carried out using an electromag-
net based on the laboratory electromagnet EM-2M. The
pipeline section with the water flow was positioned be-
tween the poles of the electromagnet, ensuring a uniform
magnetic field exposure to the liquid in a continuous-flow
mode. The electromagnet generated a magnetic induction
in the range of 0.05-0.35 T, monitored by a TPM-1M mag-
netic induction sensor with an accuracy of £0.01 T. This con-
figuration made it possible to investigate the influence of
the magnetic field on coagulation processes, agglomera-
tion of suspended particles, and iron removal under condi-
tions of real fluid movement through the pipeline.

Magnetic Module

AW

Electromagnets with
Adjustable Induction

Control Unit (PLC)

Analyzers

(coo][-==](-==][-~"]

COD  Susp Solids Total Fe

Turbidity

Pump with Frequency
Converter

Wastewater

Treated Water

Fig. 1. Diagram of the experimental setup
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The pump module consisted of a surface centrifugal pump
“Dnipro” NBC-0.5, which operated through an INSTART fre-
quency converter with a power rating of 0.4 kW. The con-
verter received power simulated according to renewable
energy generation profiles via the control unit and pro-
duced a regulated output voltage of 60-220 V and a fre-
quency of 15-55 Hz, ensuring the adaptation of the pump
operation to the available power. Under low generation
conditions, the output voltage ranged from 60 to 110 V; un-
der medium generation — from 120 to 170 V; and under
maximum generation — from 180 to 220 V. This allowed
the pump capacity to be maintained within 0.45-1.55 m3/h
depending on the available energy.

The control unit provided power supply and regulation,
monitored the operating parameters of the electromagnet
and the pumping module, and recorded the main electrical
characteristics during the experiment. The data were col-
lected in real time and used for subsequent processing and
analysis.

The operating conditions and duration of the experiments
were determined by the need to reproduce realistic oper-
ating modes of an autonomous water treatment system.

Since the setup is laboratory-based, the experiments were
carried out under controlled conditions, without reference
to actual weather factors. Instead, typical energy profiles
were used, formed on the basis of reference characteristics
of low-power solar panels, wind turbines, and small hydro-
power plants [6, 7, 14, 15]. The ambient temperature was
maintained at 20-22 °C.

The energy regimes were formed on the basis of three typ-
ical renewable energy profiles: solar (40-170 W), wind (30—
160 W), and small hydropower (100—105 W). The solar pro-
file exhibited a pronounced daily peak, the wind profile was
characterized by significant fluctuations, and the hydro-
power profile provided a stable power supply, allowing the

operating conditions of autonomous water treatment sys-
tems to be realistically reproduced.

Based on the available power, three operating modes of
the system were defined. In the low-generation mode (45—
60 W), the magnetic induction ranged from 0.08 to 0.12 T,
the pump frequency from 18 to 22 Hz, and the flow rate
from 0.45 to 0.55 m3/h. In the medium-generation mode
(95-110 W), the induction reached 0.18-0.22 T, the pump
frequency 32-36 Hz, and the flow rate 0.85-1.00 m3/h. In
the high-generation mode (150-170 W), the induction was
0.28-0.32 T, the pump frequency 48-52 Hz, and the flow
rate 1.35-1.55 m3/h.

Since solar and wind generation are characterized by con-
siderable variability, while small hydropower provides a
stable power supply, the selected modes reflect the sys-
tem’s ability to adapt magnetic induction, pump frequency,
and flow rate to both fluctuating and stable energy availa-
bility. This approach makes it possible to evaluate the
real-world performance of the magnetic water treatment
system under conditions corresponding to typical renewa-
ble energy generation profiles.

For each of the three energy regimes, a series of five re-
peated experiments was performed, each lasting 30
minutes, during which system parameters were recorded
and wastewater samples were collected. The total duration
of the study was 450 minutes, which made it possible to
compare the system’s performance under different energy
conditions characteristic of renewable energy sources.

Table 2 summarizes the three operating modes of the system
corresponding to different levels of available power from re-
newable energy sources. Each mode is characterized by a
specific range of electrical parameters, the pump unit’s flow
rate, and the typical conditions under which such power lev-
els are available in real autonomous energy systems.

Table 2. Operating Modes of the System Under RES Power Supply

Parameter Mode 1 Mode 2 Mode 3
(low RES generation) (medium RES generation) (high RES generation)
Power, W 45-60 95-110 150-170
Magnetic induction, T 0.08-0.12 0.18-0.22 0.28-0.32
Pump frequency, Hz 18-22 32-36 48-52
Throughput, m3/h 0.45-0.55 0.85-1.00 1.35-1.55
Typical RES conditions | Morning/evening, cloudy | Average sunny day, mod- Midday solar peak, strong wind,
weather, low wind erate wind or stable small hydropower

The bar chart (Fig. 2) illustrates a comparison of
wastewater treatment efficiency under different renewa-
ble energy supply profiles. Analysis of the obtained data
showed that the level and stability of power generation
have a decisive influence on the final treatment perfor-
mance. The unstable nature of the wind-energy profile led
to reduced efficiency of certain treatment stages, which is
associated with fluctuations in voltage and pump operating
frequency. In contrast, the stable power supply from the
small hydropower profile ensured uniform and predictable

system operation, positively affecting the overall treatment
efficiency.

Despite the characteristic daily fluctuations in generation
intensity, the solar mode demonstrated the highest treat-
ment performance for several parameters. In particular,
the maximum values were achieved under solar power sup-
ply: the reduction in COD reached 58%, and the removal of
Fe reached 72%. This indicates that even under dynamic
power variations, solar generation can provide a high level
of efficiency for magnetic wastewater treatment.
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Fig. 2. Treatment efficiency

It was additionally established that the specific energy con-
sumption also varied depending on the type of renewable
energy source: for solar power supply, it was 1.08 kWh/m3,
for wind power — 0.92 kWh/m3, and for small hydropower
— 1.03 kWh/m3. This indicates differences in the energy
cost of operating the system under each generation profile.

To provide a comprehensive assessment, an integral en-
ergy efficiency index (IEE) was introduced, which simulta-
neously accounts for treatment quality and specific energy
consumption. The index was determined according to the
following formula:

n
IEE =
SEC’ o

where n - is the generalized treatment efficiency (fractional

value), SEC - is the specific energy consumption, kWh/m?3,

The generalized treatment efficiency was determined as
the average reduction of COD, suspended solids, total iron,
and turbidity. The obtained results (Table 3) show that the
highest integral energy efficiency index is observed in the
operating mode corresponding to solar power supply. Un-
der low-generation conditions of renewable energy
sources, the system consumes the least amount of energy
per unit volume of water while still providing a sufficiently
high level of treatment. Wind power supply is characterized
by moderate energy efficiency, whereas the mode corre-
sponding to small hydropower, despite ensuring high
throughput, has the lowest IEE value due to the highest
specific energy consumption.

Table 3. Integral Energy Efficiency Index for Different RES Sources

RES source Generalized treatment efficiency, n SEC, kWh/m?3 IEE=n [ SEC
Solar 0.66 0.53 1.25
Wind 0.58 1.03 0.56
Small hydropower 0.63 1.60 0.39

Conclusions. The results of the study confirm the feasibility
of using a magnetic wastewater treatment system in com-
bination with renewable energy sources. The system
demonstrated the ability to operate stably under different
generation profiles; however, its performance is signifi-
cantly influenced by the level and nature of the available
power supply.

The highest treatment efficiency was recorded under solar
power conditions: the reduction in COD reached 58%, and
the removal of total iron reached 72%. This indicates the
high adaptability of the magnetic technology to predictable
generation patterns and its ability to operate effectively
even under daily power fluctuations. Stable power supply

from small hydropower also ensured uniform system oper-
ation, whereas the unstable wind-energy profile led to re-
duced efficiency in certain treatment stages.

The specific energy consumption (0.92—1.08 kWh/m?3) con-
firms the energy feasibility of the proposed system, pro-
vided that the power source is selected appropriately and
the operating modes are optimized.

Thus, the integrated magnetic treatment system is a prom-
ising technology for use in autonomous or hybrid energy
complexes. Its effectiveness is largely determined by the
stability and structure of the energy supply, which high-
lights the importance of proper selection and modeling of
renewable energy generation profiles.
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