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8CMaHo8/AeHUX nomyxHocmeli aepezamie cucmemu. O6rpyHmo-

80HO O0UiNbHICMb YACMOMHO20 peaynto8aHHA 30 KOMBIHAMOPHOI XaPAKMePUCMUKOO 0118 MNiOMPUMKU MAKCU-
manbHo2o KK/. YOockoHasneHo Mmemod y3200HEHHA XapaKmepucmuK ¢homoenekmpuyHoi cmaHuii ma HacocHoi
YCMAHOBKU WAAXOM CUHMe3y 30KOHY YaCMOMHO20 KepyB8aHHA HA OCHO8i KOMBIHaMOopPHOI 3anexHocmi. 3anpo-
MOHOBAHO MemoAUKY 8UbOPY HACOCHUX az2pe2amis 3 ypaxy8aHHAM repesuu,eHHA HOMiHAAb6HOI ToMy#HOCMI Ha-
coca Ha0 nomyxcHicmto npusody 6 1,3—2 pasu, wjo 8ae 3moay po3wupumu 0iarna3oH pezyarsaHHA ma nioeu-
wumu cmabineHicme pobomu 3a HU3bKOI [HConAji. Pesynbmamu modesntosaHHA niomeepounu, wo 3a805Ku
30CMOCYBAHHIO CXeMU rapasnesnbHoi pobomu HACOCi8 3 an20pUMMOM CMYMiHYACMO20 pe2ynto8aHHA MOXHA 00-
cAemu KoeqiyieHma 8UKOPUCMAHHA COHAYHOI eHepail 0219 akyMy1t08aHHA 800U Ha pieHi 58,5 %.

Knrouoei cnosa: akymyno8aHHsA eHepeii, 800a, 8iOHOB/108AHI Oxcepesa eHepeii, COHAYHA padiauis, pomoesniekm-
PUYHA CMAHUYif, COHAYHE BUMPOMIHIOBAHHSA, 2i0POAKYMYMIOBAHHSA, €EeKMpPoCmaHUuis.

Bctyn

Y cyyacHii cBiTOBilA eHepreTUui cnocTepiraeTbca CTPiMKa
TpaHcpopmalia, Wo 3ymosBaeHa HeobXiaHICTIo feKapboHi-
3auii Ta Nnepexon,0m A0 CTanoro po3suTKy. Kntoyosum acne-
KTOM LbOro MpoLecy € 3pOCTaHHA YacTKM BigHOBAIOBAHNX
oxxepen eHeprii (BAE), cepea, AKMX coHAYHA doToeHepre-
TUKA AEMOHCTPYE HalBULLi TeMnu BNpoBagKeHHA. OaHaK
LWMpOKa iHTerpauia ¢boToenekTpuUHmx ctaHuin (PEC) y no-
Ka/IbHi Ta 3arasibHi eHepProcncTemMm CTUKAETbCA 3 dyHaame-
HTa/NIbHOI NPO61EMOD CTOXAaCTUYHOTFO XapaKTepy reHepa-
Lii, LLLO KPUTUYHO 3a/1IEXKMUTb Bif, MOrOAHMUX YMOB, XMapHOCTI
Ta Yacy fobwu. Lle 3ymosntoe roctpy HeobxiaHicTb BUKOpwUC-
TaHHA ePEKTUBHUX CUCTEM aKYMY/IOBAHHA eHeprii Ans BU-
piBHIOBaHHA rpadikiB HaBaHTaXKeHHSA, 3rNaAKyBaHHA NiKiB
reHepauji Ta 3abesneyeHHs HaAiMHOroO eHepronocTaYyaHHsA
cnoskueadis. Cepef, icHYOUMX TEXHONOTIN 36epiraHHA eHe-
prii o4HMM 3 HalBiNbLL NePCNeKTUBHUX, EKONOTIYHMX Ta [10-
BrOBIYHMX PilleHb € T4 POaKyMyNtOBaHHA, 30KpemMa Yy dpop-
MaTi Masnx aBTOHOMHMX KOMMJeKciB abo cuctem 3
BMKOpUCTaHHAM nnasyumx ®EC [1, 2].

Knto4oBoO HayKOBO-TEXHIYHOK NPO6/SEMO0  CTBOPEHHS
edeKTUBHUX aBTOHOMHMX cnctem «PEC — HacocHa ycTaHo-
BKa» € CKNAAHICTb Y3rOAMKEHHA 30BHILWHIX XapaKTepUCTUK
AXKepena ¥UBNEeHHA, AKe MA€e HecTabinbHY BUXiAHY NOTYX-
HICTb, 3 €1EKTPOMEXAHIYHMMMU Ta TiAPaBAIMHUMM XapaKTepu-
CTUKaMWu HacocHux arperaris. Cneuudika poboT Takmx cuc-
TeM nonfArae y HeobxigHOCTi MUTTEBOro 6HanaHCyBaHHA
NOTYXKHOCTi: GOTOENEKTPUYHUI MACUB BUMarae pobotn B

TOULi MaKcMmanbHoi noTyxHocTi (MPP), Toai sk HacocHWin
arperat Ma€ *KOPCTKY 3a1€eXHiCTb CNOXWBAHHA Bif, 4acTOTH
obepTaHHA Ta Hanopy [3]. AK 3a3Ha4alOTb AOCNIAHWKK, KNa-
CUYHi MeToaM NPOEKTYBaHHSA, OPiEHTOBaHI Ha CTabiNbHy Me-
pexy, He 3abe3neuytoTb eHeKTUBHOCTI B YMOBaX aBTOHOM-
HOrO COHAYHOrO WBAEHHA, WO NPU3BOAUTb A0 3HAYHMUX
BTpaT eHeprii abo YacTux aBapilHUX 3yNUHOK cuctemu [4, 5].

ICHYtO4i MeToAUN KepyBaHHA 4YacTO He BPaxXOBYIOTb MOBHOK
MipOO AMHAMIKY NepexifAHMX NPOLLECiB, @ TaKOX HeNiHiHy
3miHy KK/, BigLEHTPOBOro Hacoca B LUMPOKOMY Aiana3oHi
peryntoBaHHA 4actoTn obepTaHHA. CyyacHi AOCHiAMKEeHHA
BKA3ylOTb Ha MEepCrneKTUBHICTb 3aCTOCYBaHHA aAanTUBHMUX
AITOPUTMIB  KEPYBAHHA YacTOTHUMK MepeTBOpHOBaYaMy,
npoTe NUTaHHA NiAHATTA edeKTMBHOCTI poboTM Hacocis 3a
KpUTEpieEM Makcumymy rigpasnivHoro KK B ymoax pi3koi
3MiHM iHCONALIT 3a/1IMLIAETLCA HEAOCTaTHLO BUBYEHUM [6, 7].
OKpemy CKNafHICTb CTAHOBUTb KOPEKTHE MaTeMaTUyHe Mo-
[OaHHA XapaKTEPUCTUK FigPOMALLNH Y BUINALI HENnepepBHUX
3D-noBepxoHb A/19 TOYHOrO MOAENOBAaHHA pPeXKUMIB [8].

Tomy aKkTyanbHMM HayKOBO-TEXHIYHMM 3aBAAHHAM € PO3-
pobKa BAOCKOHANEHUX METOAIB Y3roAKeHHA eHepreTuy-
HUX XapaKTepPUCTUK eNemeHTiB cuctemu, Aki 6 ganun amory
afanTtyBaTn poboTy HacocHoro obnagHaHHA A0 3MIHHOrO
npodinto CoHAYHOI reHepadji, 3abesneyyoun Npu LbOMY
MaKcumanbHui BUPObITOK rigpasniyHoi eHeprii [9, 10].

MeTolo € yA0CKOHaNIEHHA MEeTOAY Y3roAKeHHA XapaKkTepu-
CTMK Hacoca CUCTEMM FigpPOaKyMyNtOBaHHA Ta GOTOENEKT-
PUYHOI CTaHLii 3 ypaxyBaHHAM HepPiBHOMIPHOCTI HaaXxoA-
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YKEHHS COHAYHOI pagiaLii Ha 6a3i MaTeMaTUYHOro MoAento-
BaHHA.

BM3HaYeHHA OCHOBHUX BE/IMYMH Ta IX CKOPOUYEHb: Cyma-
pHa iHCONALIA, WO HAaAXOANTb Ha NOXMAy noBepxHio (1),
KBT/M?, yac go6u (t), roa; kKoedilieHT KopucHoT aii poTo-
eN1eKTPOCTaHLT (1)), %; CymapHa naowa CoHAYHNX Mo-
aynis (S), m%; 06’em BepxHboro sBogocxosuia (Vgp), m3;
06’eM HMxHbOro Bogocxosuia (Vyp), m3; Butpata Boam
Yepes HacoCHY CTaHLi0 (Qpymp), M>/C; enekTpuyHa noTy-
XHICTb ABUrYHa Hacoca (Ppotor), KBT; MeXaHIUHA NOTYX-
HicTb Hacoca (Ppump), KBT; NOTYXHiCTb COHAYHOI eneKkT-
poctaHuii (Byy), KBT; epekTnsHicTb Hacoca (Npymp), %;

MOTYKHiCTb cNoXuBaHHsA (N, ,ns), KBT; piBeHb BOAM y Bep-
XHbOMY pesepsyapi (Z,,), M; piBeHb BOAN Y HUNKHbOMY
pesepsyapi (Zg-), M; rigpoctaTMuyHMit Hanip Hacoca
(Hpump): M.

BuKnag OCHOBHOrO maTtepiany

Moodeno pomoenekmpuyHoi cmaHryii (PEC). Y nopaHin
imiTauinnin mogeni (puc. 1), PEC po3rnaaaerbca SK Kepo-
BaHe A)Kepesio NOTYXKHOCTI, iHTerpoBaHe B TpudasHy me-
pexy 3MiHHOro cTpymy. Ha BiamiHy Big CTaTMYHMX po-
3paxyHKiB, LA MoAeb BPAaXOBYE AMHAMIKY 3MiHN COHAYHOI
iHconAuii npoTArom 406K Ta CTOXAaCTUYHMIA XapaKTep no-
rogHux ymos [3].

Solar station

) Irradiance N\l/mZ)‘ W/mb

NormalDistribution R I R e b
Solar irradiance generator

(\/A;a:rfg 1 Insolation (kW/m2)
Time=0,5min P1=1-15th Jan 24hrs,

P1=2- 15th Apr 24hrs,
P1 =3 - 15th Jul 24hrs,
P1 =4 - 15th Oct 24hrs.
P1 =5 - 365 days of the Year.

PV Array, 300m2, AC380V

Puc. 1. ImimayitiHa modens ®EC

BuxiaHa aKkTMBHa noTyxHicTb ®EC (P,,) y mogeni BusHa-
YaeTbCcA AK OYHKLIA TPbOX OCHOBHWX NapaMeTpiB: piBHA
iHconau;i (1), nnowi ¢poToenekTpuyHoro macusy (S) Ta 3a-
raabHoro KoedoiuieHTa KopucHoi aii cuctemun (n). Onn
BPaxyBaHHA CTOXaCTUYHOrO XapaKTepy HaAXOAMKEeHHA Co-
HAYHOI eHeprii BUKOpUCTaHO KoedilieHT xmapHocTi (). Y
Mmogeni BiH NoAaHuWM AK CTauioHapHWIA BUNAAKOBUI NpoLec
3 HOPMaJIbHUM PO3MOLINOM, WO AAE 3MOTy BPaxyBaTh KO-
pOTKOYacHi pAyKTyau,ii HaaxoAKeHHA COHAYHOI paaiaLii.

BianoBigHoO A0 cTPyKTYpu niacuctemm «Solar Power» po-
3PaxyHOK BUKOHYETbLCS 3a PIBHAHHAM:

va =1(@)-S- T(t) () (1)

ae: I(t) — noTouyHe 3HaYeHHA COHAYHOI iHconauii, BT/m?%;
S — edeKTrBHa NaoWaA COHAYHMX NaHenen, m%; n — KK ne-
peTBOpeHHn (BpaxoBye edeKTUBHICTb NaHenel Ta iHBep-
Topa), B. 0.; &§(t)— KoediuieHT xmapHocTi (cloudiness
factor), wo npeacrasneHnit AK cTalioHapHUIA BUNAAKOBUIA
NpoLec 3 HOPMASIbHUM PO3MOLINIOM.

Y3roKeHHs 3 eNIeKTPUUYHOIO MepeXKeto 34ilcHIoe Tpudas-
HUI iHBepTOp (puC. 2). 3aBAAKM BUKOPUCTAHHIO MEepeTBo-
PEHHA CUMETPUYHWUX CKNagoBUX Mogenb 3abesneuye
CTabiNbHY reHepay,ito aKTMBHOI NOTYKHOCTI P HaBiTb y pasi
cnoTBopeHb abo HecumeTpii Hanpyru B TouLi NPUEAHAHHA
HACOCHOI CUCTEMMU.

Convert solar power to currents

V1= 1/3(Vab-a"2"Vbe)

Avoid division

Alg. Loop 1 a2

s=31(veniz

axpl'2'pia)

Puc. 2. ImimauiliHa modenb iHeepmopa ®EC
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Cuctema onmUCyeTbCA TaKOK NOCNILOBHICTIO MaTEMATUYHNX
onepauin [9, 11]:

1. Po3paxyHOK LiibOBOr0 KOMMAEKCHOTO CTPYMY (I-¢f):
Ons dopmyBaHHA Kepytoumx Bnameis iHBepTopa PEC 06-
UMC/IIOETBCA KOMIJIEKCHE 3HaY€HHA OMOPHOIO CTPYMY o5
33 a/IfOPUTMOM 3BOPOTHOrO 3B’A3KY 33 HaMpyroto NpAmoi
noc/nigoBHOCTI Urer (3HaK « » noO3Hayae KOMMJEeKCHe

CNpAXKeHHsA, KoedilieHT «-2» BHU3Y BKA3ye Ha HanpAMOK
NOTOKY eHeprii — reHepaLis B mepexy):

—-2P

Irep = —= (2)

Uref
2. BuaineHHs Hanpyrv npamoi nocnigosHocTi (U ):
[na KopeKTHOT pobOTM B HECUMETPUUYHUX PerMMax 610K
peani3ye KnacuyHe NepeTBOpPeHHA METOLIB CUMETPUUHUX
CK/TIQ0BMX 418 NPAMOI NOCNIA0BHOCTI:

Uy =1/3)Uap + a- Uy + a*- Uca) (3)

aea = exp(j 2?71) — ¢da3HuMih onepaTop 3cyBy Ha 120°,
Uab) Upe, Upq — NiHiHI Hanpyrny,

U; — BEKTOpP HanNpyr1 Nnpamoi NocnifLoBHOCTI.

3. ®opmyBaHHA 6a3oBoro curHany crpymy (I;):

CTpym npAamoi nocnifoBHOCTI I; po3paxoByeTbCA AK YacTKa
Bif, AiNIeHHA reHepOoBaHOI NOTYXKHOCTI HA Hanpyry NpAmoi
NocCNiAOBHOCTI:

h A

labc Q

p{WE}(YA] ASM

I =(2/3)-(P/Uy) (4)
4. 3BOpOTHE NepeTBOpPeHHA y dbasHi cTpymu:

[Nna oTPMMaHHA Kepyloumx CUrHaniB ana gyxepen crpymy
Cgq Ta Cgp, BUKOPUCTOBYETHLCA da3HUM 3cyB Ha3aza;

Iy =1L-e°=1 (5)
.2TC
Iy =L-a*>=1-e73 (6)
5. PiBHAAHHA 6anaHcy NOTY*KHOCTI:

diHanbHa nepeBipKa moaeni 34icHIoeTbCa 610Kom Power
Measurement, KW NiATBEPANKYE BUKOHAHHA TOTOXKHOCTI
LWAXOM PO3PaxXyHKY aKTUBHOI BUXiQHOT NOTYXHOCTI P,y

3
Poue = Re(5 (v, "1,)} (7)

ImimayjiiiHa modenb HacocHoi ycmaHoeKu. MaTemaTuu-
HUI ONMC MogeNi HAacOCHOI CTaHLii Ha 6asi aCMHXPOHHMX
AuryHis (Afl) Ta Bi4LEHTPOBMX HACOCIB OXOM/IOE TPU
B33aEMONOB’A3aHi PiBHi: eNeKTpomexaHiuHe nepeTBopeHHNA
eHeprii B ABWUIYHI, rigpaBnivyHi XapakTepMUCTMKM Hacoca Ta
aNropuT™M 0b4YmcneHHs poboumx napametpis y Simulink.

HacocHa craHuis (puc. 3) nogaHa ABOMa iA€HTUYHUMM ar-
peratamu, KOMKeH 3 fIKUX CKNa4a€TbCA 3 aCMHXPOHHOIO
[ABUTYHa 3 KOPOTKO3aMKHEHUM POTOPOM Ta BiALLeHTPOBOro
Hacoca 3 KepOoBaHOK YacTOTO 0b6epTaHHA.
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e ch

—pump_me P_pumps_mech

Q

LPamp Q_pumps.

P_maotor_elec

= — P_moior_elec
e 1

ki ™ ] Tarqua_pump1
e 2 »
ki la™ snlll;= Taorque_pumpz

Fotor_speedi_p Rotor speedi, pu Torque_shafti —— <] Torque_pump_1
15/8 | Gear reducar P_purngi_EW ——(+
|+ P_pump_mech
‘Gear reducer
T =|Head_pumpi, m Q_pumpi_m3h |+
»+ Q_pump
Head_m
Pumpi
Eaﬂ:\r_spead?_g}—h Rotar speed?, pu Torque_shaft?_ou < Torque_pump_2
| Gar reducar P_pumg2_kW —
| Head_pump2, m Q_pump2_math —
Pump2

Puc. 3. ImimauyiliHa modenb HACOCHOI cmaHrUii Ha 6a3i ACUHXPOHHUX 08U2YHIB Ma 8i0UEHMPO8UX HACOCI8:
a—yvacmuHa 1, 6 —yacmuHa 2

[OnHamika acMHXPOHHOro ABUIyHa B CUCTEMi KoopauHaT
dq, saka 06epTaeTbCA 3 CUHXPOHHOK LWIBUAKICTIO, ONU-
CYETbCA cucTeMolo AudepeHLianbHUX pPiBHAHb Hanpyr Ta
noTtokosyenneHsb [9]:

s
dt
g
dt

Usq = Rslsq + — WeWsq

Usq = Rsisq +

d
0=Ryirg+ % - (we - wr)lprq

d¥rq _
dt

— WeWsq

0 =Ryirq+ (We = W) Pra

PiBHAHHA pyXy poTOpPa, WO BU3HaYa€e 3MiHy YacToTu obep-
TaHHA Nig BNAMBOM eneKTpomarHitHoro momeHty (T,) Ta
momeHTy onopy Hacoca (Tgpqre):
dwp,
dt

ae | — cymapHuiti MOMeHT iHepuii arperarty,

(9)
=T, — Tshaft

Wy, MEXaHIYHA KYTOBA WBUAKICTD.

OcHoBol Mogeni Hacoca (nmigcuctema, puc. 4) € BUKOpU-
CTAaHHA TigPOMEXaHIYHNX XaPaKTEePUCTUK, aNnpPOKCMMOBa-
HUX 33 [I0MOMOroH ABOBMMIPHUX Tabauub nowyky (2-D
Lookup Tables) [8].

ANropuTM 064MCNeHHA BUXiAHUX NapameTpiB 6a3yeTbcA Ha
3aKOHax nogibHocTi Ana BigLEeHTPOBUX MalLMH. BuxigHni
Hanip (H) ta KKA (1pyump) PO3paxoBytoTbesa Ak GyHKLi no-
ToYHOI BMTpaTH (Q) i YyacTtoTn obepTaHHA (n, 06/xB):

H = fH(Q'n);

[ns noBinbHOI YacToTn obepTaHHA n Hanip H BU3HavaeTbCA
33 aNPOKCMMALIMHUM NONIHOMOM ZLPYroro NOPAAKY:

Npump = ﬁ)(Q: n) (10)

(11)

HQM) = Hp () — k- ?

nom
Ona bopmyBaHHA NOBEPXOHb XapaKTePUCTUK BUKOPMUCTO-
BYETbCA iHTepnonsuis metogom pchip (KRy6iyHMi cnnaliH)
Ons 3abe3neyeHHn ragKocTi GyHKLin:

Minterp = interp1(Qraw, Hraw, Qcommons ’PChiP') (12)
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1°800/1500 W’@
Rotor speed?, pu
pu to RPM multiplicator
22 R [
Head_pump1, m
RPM
[H_static]
2-D Tiu) Eta_pump]
— ul
+ Eta_pump
1 > uz ]
’ ;f PR B%D H_sys a o Qflow
H=H+k"Q" _flopr - »
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| Head_purmp N
2.0 Tiu) |P_hydro1]
@) - =
> ump]
R »{uz
Pump Head Model1
—»+

=

Q_pump1_m3/h

[Q_flow] >

L@%%

[H_static] + e
H=H+k*Q"3
Eta_pump] | Eta_percant
[RPM] SRR

(2 )
P_pump1_kW
P_KW »<{F_hydrol]
¢
" :
Torque_Nm , mulfiplicatar_ Torgue_shaft1

P

15000800

Mom_torque

Puc. 4. Nidcucmema HacocHoi cmaHUyii Ha 6a3i 8idueHmMposux Hacocie

Bisyanisauis nosepxoHb (Surface Plots) (puc. 5) aae amory
OLUiHUTU AMHaMmiKy Hacoca (Ha MpuKnagi BiAUEeHTPOBOro
Hacoca Grundfos NB-200-400-308, 1000 06/x8, 15 KBT) npwu
perynioBaHHi 4acToT obepTaHHA: noBepxHA Hanopy H vy
nepeTMHax AeMOHCTpYe napaboniuny sanexHicte H~n?.
Mpu 3HWMKEHHI YacToTn obepTaHHA 3 1000 go 250 06/x8
MaKCMMaNbHWUIA Hanip arperaty 3MeHLYeTbCA Maike y 15

MoeepxHs Hanopy H = f(Q, RPM)

12

15

10

H M)

200
300
Q [M3/ron} 400 200

pasis (3 12.87 go 0.8 m). NosepxHa KKA n = f(Q,RPM)
MAE€E BMPAXKEHUM «rpebiHb» AOLiNbHUX pexumis. Poboumnii
AianasoH KK ana BUCOKUX 06epTiB NexnTb y mexkax 20—
81 %. Baxknneoto ocobMBICTIO € Te, WO 3a MBOKOro pery-
N0BaHHA 4YacToTh (Huxkde 400 06/x8) 30Ha Bucokoro KK/
Pi3KO 3BY}KYETHCA, @ MO0 MaKCMMasibHe 3HAYEHHA Majae
Huxkue 70 %.

MoeepxHs KKA Eta = f(Q, RPM)

40

KKI [%]

20

1000

100
0 Q[m*roa]

Puc. 5. IHmeprnonbosaHi 2idpomexaHiyHi xapakmepucmuku 8idyeHmposo20 Hacoca

H = fH(Q'n)l

Npump = f;7(Q' n)

59



BiaHosntoBaHa eHepreTvka. Ne 1/2026 | KomniekcHi npobaemu eHepreTUYHUX cUCTEM Ha ocHoBi HBJE

Bnok fcn (P1) peanizye matemaTMyHy MoAeNb MepeTBo-
PEeHHA rigpaBAiYHUX NapameTpiB HA MexaHiYHUI MOMEHT
Ha Bany. lgpaBaiyHa NOTYXHICTb PO3PAXOBYETLCA, AK:

Phyg = p-g-Q-H (13)
Mig yac poboTn Ha makcumymi (Q =~ 400 m3 /rox, H
10 M) BoHa cTaHOBUTb NpMbAN3HO 10.9 KBT. MexaHiuHuni
MOMEHT BU3HAYAETbCA Yepes NOTYKHICTb Ha Bany Ta Ky-
TOBY LWWBWUAKICTb:

~
=~

_ Prya (14)
= e

OcKinbku nepeaasanbHe YMCao ctaHoBUTL 1500/800, mo-
MEHT, AKWIA BUHWMKAE Ha BaNly aCUHXPOHHOTO ABUTYHA,
6yne y 1.9 pasza 6inblwmm, HiXK MOMEHT Ha Bany Hacoca, a

yacToTa obepTaHHA 4BUryHa — BigNOBI4HO, BULLOIO.

3arasiom HacoC MA€E BUCOKY YYT/IMBICTb A0 3MiHM YacTOTw.
3oHa eHeproedekTMBHOI poboTtn (KKLO, > 75 %) 3ocepe-
O)eHa B gianasoHi 700-1000 o6/xe Ta BuTpaTr 150-
350 m3/roa. Y3rogeHHs 3 ®EC: npu 3HUMKEHHI COHAYHOT
iHconAauji (i, BiANOBIAHO, YacTOTK KMBNeHHs ALl), poboua
TOYKa Hacoca byae 3MilllyBaTUCs MOBEPXHED Hanopy BHU3.
Mpwu yacToTax HUYe 400 06/x8 (110 Bianosigae npmbAn3HO
20 Iy Ha ABMUTIYHI) HACOC MOXE BUITK 3 PEKMUMY KOPUCHOI
nojadi, AKWO CTaTUYHUKA HaMip CUCTEMU MNEPEBULLMUTL
2.1 m. Li paHi € 6a3oto gna po3pobku anroputmy MPPT-Ke-
pYBaHHA, AKUA NOBUMHEH YTPMMYBATU YacTOTy 06epTaHHA B
30Hi MaKcumanbHoro KK Hacoca, nonpu CTOXaCTUYHI
3MiHM NOTYXKHOCTi COHAYHOI CTaHU,i.

Y3200)eHHA nomyxHocmi azpezamie gpomoenekmpuy-
HOI cmaHyii ma HacocHoi ycmaHoeku. AnA 3abe3neyeHHs
MaKCMManbHOI eHeproedpeKTUBHOCTI cuctemn «PEC —
ACUHXPOHHUIM ABUIYH — HAcoC» B YMOBAX CTOXaCTUYHOI
3MiHW COHAYHOT iHCONALT 3anponoHOBaHO MeToAMKy bara-
TOPIBHEBOrO Y3rog)eHHA napameTpis. B ocHosy anro-
pUTMY MOKMAZEeHOo NPUHLMN aganTauii 40 NOTOYHOro eHep-
reTM4HOro pecypcy, aHaforivyHUA MeTody BUMKOPWUCTAHHA
YaCTKOBUX TiAPOMEXAHIYHUX XapaKTePUCTUK ANA Trigpo-
Typ6iH TMNy KannaHa [12].

Bubip BCTaHOBMEHOI MOTYKHOCTI GOTOENEKTPUYHOIO Ma-
cusy By, Ta cunosoro enektpoobnagHaHHa 6asyetbea Ha
BM3HAY€HHi POHOYOT TOUKM:

® HOMiHaNbHA NOTYXHICTb PEC By, p;

BCTAHOBNEHA NOTYXHICTb Pyopor n Ta POBOUMIA pEXUM
npusBoay Hacoca;

P,

® pump_

BCTAHOB/IEHA MOTYXHICTb
Hacoca;

n Ta pobounin pexrum

HominaneHa nomyxcHicmo ®EC P, ,,: po3paxyHKoOBe 3Ha-
YeHHA, AKe NPUMNMAETbCA Ha piBHi 95 % Big, BCTaHOBAEHOI
NOTYXXHOCTi POTOENEKTPUYHOIO MACMBY 3a CTAHOAPTHUX
ymoB BunpobysaHb (STC). Takuin nigxia pae 3mory
BpaxyBaTM eKcn/jyaTaliliHi BTpaTu B CMI0BOMY iHBEPTOPI,
NagiHHA Hanpyrn B KabenbHUX NiHiAX, @ TaKOX Tena0BuUM
Apend XxapaKTepUCTUK HaNiBNpPOBiAHMKOBUX NaHeNen (3Hu-
»eHHA KK npu HarpisaHHi Buwe 25 °C, wo 3abesneuye
TOYHilLlE eHepreTUYHe y3rogKeHHa AKepena 3 HaCOCHUMMU
arperatamu).

BcmaHoeneHa nomyxHicmb ma poboyuli pexcum npu-
800y Hacoca. Ha BigMiHy BiZ, KNaCUYHUX CUCTEM i3 XKUBJIEH-
HAM Bif, cTabinbHOI MepeKi, Ae NOoTyXKHiCTb ABUIYHa Nigbu-
paeTbcA 3 KoediuieHTom 3anacy 1.1-1.15 BigHOCHO
HaBaHTAXEHHA, Y CUCTEMAX 3i CTOXAaCTUYHUM AXKepesiom
6a30BMM OpieEHTMPOM BUCTYNAE Npodinb reHepauii PEC. 3a
HOMIHANbHUIN peXMM PoOBOTU CUCTEMM [OLINBHO NPUIA-
MaTm CTaH, 3a AIKOro BMXigHa NOTYXHICTb CTaHOBUTb K, Bif
MaKCUMasIbHO MOMKAUBOIT reHepauii Proror n = Ky * Poy n-

CmyniHyacme Kepy8aHHA npueodamu Hacocie. Ans pos-
WMPEHHA Aiana3oHy poboTu cuctemu 3 Bucokum KK y
nepioan HWU3bKOI IHCONALLIT 3aCTOCOBAHO CTPYKTYpPY 3 ABOMA
napasenbHO MPaLYMMU HAaCOCHUMWU arperatamm MeH-
Wwoi  oAuHWYHOT  noTyskHocTi.  KoediuieHtn  Kp; =
0.3...0.47, K, = 0.6 ....0.95 3a ¢i3nuHoIo0 cyTTIO BU3HaYa-
FOTb YMOBY BBIMKHEHHA ABUIYHA AK MiHIMaNbHY MNOTYKHiCTb
reHepau,ii PEC (BiZHOCHO BCTAHOB/EHOI), 33 AKOI Byae no-
AAHO CUTHAN Ha BBIMKHEHHA ABUrYHa. 3a ymosw (B, (t) >
Kp1* Pyy n) crcTeMa iHiLilOE MyCK Nepuoro HacoCHOro ar-
peraty, a Npu JOCATHEHHI piBHA reHepauii (P, (t) > Ky,
By ) BiAOYBAETbCA NIAKMIOYEHHA APYroro arperaty, Wo
3abe3neuye cTyniHYacTe y3roasKeHHs NoTy»KHOCTi HaBaHTa-
YKEHHA 3 LOCTYNHOI COHAYHOIO EHEpTIEl.

AdanmueHe pe2ynio8aHHA YacMomu 3d yHieepcasnbHOK
XapaKkmepucmuKoro [10]. KiHuese Y3rogKeHHs
3[IACHIOETLCA LWNAXOM HenepepBHOI KOpeKuii vactotm
o0bepTaHHA (1) 3a/eXHO Bif, MOTOYHOI AOCTYMHOI MOTYK-
HOCTi Ppy, mppt- BUKOPUCTOBYIOUM OTPUMaHi NOBEPXHI iH-
TeprnonAuji, cucrtema KepyBaHHA B peasibHOMY Yaci
po3B’A3y€e PiBHAHHA BanaHCy NOTYXKHOCTI 3 TOYKMU 30PpY MaK-
CUMANBHOTO Uy qx ANA NOTOUHOTO By

va = Prmotor(M Q) * Mmotor = Ppump (n,Q)- Npump " Mmotor (14)
Lle nae 3mory peanisyBaTi TPAEKTOPIO KePYBaHHS, O NpPo- Byump.n = 0.95 Prygtor n & 7 KBT (15)

XoanTb Yepes «rpebiHb» nosepxHi KK, HacocHoi ycTa-
HOBKM, MiHIMi3yloun BTPaATM eHeprii Npu BigXMNEHHAX Big,
HOMiHaNbHOrO pexumy [6, 7].

BcmaHoeneHa nomyxHicme ma pobouuli pexcum npu-
800y Hacoca. Po3rnsaHemo Ha npuknagai PEC i3 BcTaHoB/E-
How noTyxHicTio (B, , = 20 KBT) 3 gBoma npusogamm
HacociB NOTYXHIcTIO (Protor n = 7,5 KBT), AkKi napanens-
HO MpPALOOTb 33 aITOPUTMOM CTYMIHYACTOrO BK/OYEHHS:
nepwwi sig K,, = 0.37, apyruii 8ig Kp,; = 0.75, pobounii
Hanip (H = 7 m). Cnepwy po3risHEMO Hacoc, SKWM
CMiBBMMIPHWI 3 MOTYXKHICTIO ABUIYHA:

Bisbmemo BigLeHTposui Hacoc Grundfos NB_150200182
BCTAHOBNEHOI MOTYXKHICTb 7 KBT.

Cnepuy HeobxiaHO Ha OCHOBI YHiIBepCabHOI XapaKTepUCTU-
Kun nobyayBaT 3aKOH peryntoBaHHA 3a Makcumymom KK,

[na BU3HauYeHHA AOLINbHUX PEeXUMIB eKcryaTauii Hacoc-
HOro arperaty po3rn1AHemMo MOro eHepreTuYHi xapaktepu-
CTMKU. OcKinbKkM poboTa Hacoca B 30HaX HU3bKOI epeKTuB-
HOCTi NpM3BOAMTb A0 NepeBUTPaT eNeKTpoeHepril,
nobyaosa KombiHaTopHOi niHii (Combinator Line) 6a-
3YETbCA HA MPUHLUMNI NIATPUMKN MAaKCUMaNbHO MOXK/INBO-

60



BiaHoBAtoBaHa eHepreTvka. Ne 1/2026 | KomniekcHi npobaemu eHepreTUYHUX cMCTEM Ha ocHosi HBJE

ro KKl 3a 3miHK yacToTn obepTaHHA poboyoro Koneca.
YA0CKOHANeHo BigomuiA anroputm nobynosmn KombiHaTop-
HWX 3aN1EXHOCTEW ANA NOBOPOTHO-N0MATEBUX FigPOTYPOiH,
onucaHmn y poborTi [12], wasxom oro aganTaLii 4na Bia-
LEeHTPOBMX HACOCHUX YCTAHOBOK. KNlOYOBOIO BiAMIHHICTIO
YO,0CKOHA/IEHOTO NiAXOAY € 3aCTOCYBAHHA iHTepnonALii me-
TOAOM €epMITOBUX KyBiyHMX chnanHiB ana ¢opmyBaHHA
HenepepsBHUx nosepxoHb KK/, Ta BBEeAeHHA A04ATKOBOI
ymoBu obmekeHHA pob0o4oi 30HM 3a MiHIMasbHUM CTaTUY-
HUM Hanopom (H < Hmin), LLLO A€ 3MOry AOCNIANTU eHepre-
TUYHY edeKTUBHICTb peXxmnmis. Peanisauito 3anponoHoBa-
HOrO afIfOPUTMY HaBeAEHO HUXKYeE:

1. Ha ocHoBI BXigHUX MacKBiB gaHUx BUTPaTH Q, Hanopy H
Ta KK/| ana ¢ikcoBaHnx 3HayeHb 4acTtoTM obepTaHHA
RPM npoBepeHO iHTEPMOAALLO METOAOM €PMIiTOBUX
KybiuHMX crnnanHis (pchip) Ha chinbHy ciTRy BUTpaT. Le
Jano 3mory OTpUMaTW HenepepBHi noBepxHi H =

f(@mn)TaKKA = f(Q,n).

2. [AnAa KoXKHOI i30iHii YacToTn ob6epTaHHA BU3HAYEHO TO-
YKy N0KanbHOro makcmumymy KKA. KoopanHaTtu Lunx To-
Yok (Q, H) dopmyloTb TpaeKTOPil0 HalleKOHOMIYHiWOT
po60TM Hacoca — KOMBIHATOPHY AiHito.

HanipHa xapakrepuctuka Q=f(H)

— — —1350 RPM
— — —1500 RPM
=== Combinator Line

0 50 100 150 200 250 300 350 400 450

3. [AnA KOXKHOT TOYKM KOMBIHAaTOPHOT 3a/1eXKHOCTi pO3paxo-
BAHO CNOMMBAHY MOTYXHiCTb.

4. BpaxoBylouM TEXHIYHI BUMOIM 0 CMCTEeMM, Ha rpadikax
BBEeAEHO nopir Hanopy H = 7 m. Poboui pexumu, Lo 3a-
6e3nevytoTb Hanip BulLe 3agaHoro nopory, Bigobpa-
KEHi CyuinbHUMK NiHIAMK, TOAI AK 30HM HU3bKOTO Ha-
nopy (H < 7 M) nokasaHi NnyHKTUpoOMm.

Pe3ynbtaTom po3paxyHKy € CiIMEeNCTBO eHepreTUYHWUX Xa-
paKTePUCTUK (pUc. 6, @), Ha AKMX YePBOHOIO JliHiED 3 Map-
Kepamu HaHeceHo Combinator Line. Lis niHia aae 3mory pe-
anisyBaTM anropMtM 4YacTOTHOTO PEery/toBaHHA, AKUI
3abesneyye MiHiMasbHy MUTOMY BUTPATYy eneKkTpoeHeprii
npwv 3abe3neyeHHi HeobxigHOI Nogadi Hacoca.

MopAag 3 peryntoBaHHAM 32 makcumymom KK, ana cuctem,
LLLO NpaLOOTb Ha Mepey 3 GiKcoBaHMM CTaTUYHMM OMOo-
pom (30Kpema, HaKayyBaHHAa Boau [AEC), pouinbHO
PO3MNAHYTU APYIUIA anropuTM PEeryatoBaHHA — 33 MeXKer
MiHimanbHO pgonyctumoro Hanopy H >= Hmin. Ha
BiAMiHY Bif nepLluioro niaxoay, Ae NpiopuTeTOM € eHeproe-
dEKTUBHICTb, Lei anropuTm OpiEHTOBaHMI Ha 3abesne-
YeHHA MAKCMManbHO MOMKIMBOI MPOAYKTUBHOCTI Hacoca
npuv nNiaTPUMLi TUCKY, HeobXxigHOro Ana MnoAONaAHHSA
riApaBaiyHOro onopy cMcTemu.

HanipHa xapakrepuctuka Q=f(H) (Boundary H=7)

Q, m3/ron
EnepreTuuna xapaxktepuctnka KKO=f(Q)

ol — — —450 RPM

- — — —600 RPM

e 750 RPM

60 B N — — —900 RPM

o N 1050 RPM

= - = 1200 RPM

- & \ — — —1350 RPM

[Ered f’ -~ — — —1500 RPM
= 2, —@— Combinator Line

}l
%
20 °
0
0 50 100 150 200 250 300 350 400 450
Q, m3/ron
MoTtyxnicts P=f(Q)

i — — —450 RPM

— — —600 RPM

750 RPM

— — —900 RPM

— — —1350 RPM
— — —1500 RPM
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a
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= - ~< — — —1350 RPM
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4 ~o Himit Line
—_—————— S
2 i
C-——-1_C ~
0 -
1] 50 100 150 200 250 300 350 400 450
Q, m3/ron
EnepreTnuna xapaktepuctuka KKO=f(Q) (Boundary H=7)
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- -~ — — —600 RPM
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&
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— — —900 RPM
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1] 50 100 150 200 250 300 350 400 450
Q, m3/roa

Puc. 6. YHigepcanbHa 2idpasniyHa xapakmepucmuka Hacoca Grundfos NB_150200182 7 kBm ma 0ea anzopummu pezy-
A10BAHHA: 3a makcumymom KK/] (a) ma 3a miHimansHUM Haropom (6)

[na dopmyBaHHA TPAEKTOPIT perytoBaHHA 3a MeXKeto
Hanopy 3aCTOCOBAHO TaKWUi aNropuUTMm:

1. [nAa KoXHOI i3oniHii yactotn obeptaHHa RPM nposo-
anTbes aHanis ¢yHkuii H = f(Q). Anroputm 3Haxo-
OWTb KPaWHIO TOYKY (MakcumanbHy BUTPATY Qjimit), 32
AKOK Hanip Hacoca CTae MeHWWMM 33 noporose

3HayeHHss H >= Hmin (gna Haworo npukaagy ue
7 m). OcKinbKM npu yactoTax obepTtaHHA 450, 600 Ta
750 06/xB HanipHa xapakTepuctuka Hacoca NB 150-
200/182 nepebyBae HUKYe BKA3aHOrO MOPOry Ha
BCbOMY Z1iaMa3oHi BUTPAT, Lji PeXXMMU BUKNHOYAKOTHCA 3
dopMyBaHHA aKTUBHOI TPAEKTOPIi peryntoBaHHA.
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2. CyKynHicTb 3HaMAEHWUX TPAHUYHUX TOYOK GOpPMYE Ha
rpadikax (puc. 7, 6, puc. 8, 6) Apyry KombiHaTOpPHY Ni-
Hil0, MO3HaYeHy 3eN1eHOol0 NiHiel 3 MapKkepamu. BoHa
NPOXoAMTb Yepes3 TOYKM NepeTMHY HanipHUX XapakTe-
PUCTUK 3 i30/iHiel0 H = 7 m, Wwo BiaNoBigae KpaliHili npa-
Bill Mexi eKcnayaTaliiHOi 30HM Hacoca. Y BUMNaAKy Ha-
coca 7 KBT (puc. 6, 6) maemo nuwe 1 pobouy TOUKY, WO
3abe3neuye MiHimanbHWI Hanip.

[na TouoK, Wwo Hanexatb NiHii Hyjpy,ir, BAKOHYETLCA PO3-
PaxyHOK BignoBigHMx 3HaYeHb KK/ Ta cnokmBaHOi no-
TYXHOCTI.

MopiBHANbHMI aHaNi3 OTPUMAHUX PE3YbTaTiB NOKA3YE, WO
peryntoBaHHa 3a Combinator Line (puc. 6, a) 3a6e3neuye
poboty arperaty y BEP-30Hi (Best Efficiency Point), Toai Ak
perynioBaHHA 3a MeXeto Hanopy (puc. 6, 6) ae 3mory mak-
CUMIi3yBaTV 06’eM BMKaYaHOi BOAM B yMOBAX HaAIMLLIKOBOT
noTy»HocTi ®EC, He3BaXKatoun Ha aeske 3HuxeHHA KK/ Ta
3POCTaHHA CMOXMBAHOI NOTYKHOCTI.

BianoBigHO, UiNbOBMM 3aKOHOM peryatoBaHHA € TaKWUM 3a-
KOH, KW 3abe3neyye MaKCUMANbHO MOXK/INBE 3HAYEHHSA
KKA npu H >= Hmin, To6TO 32 NepliMm 3aKOHOM pery-
NIOBaHHA (puC. 6, @), Ta KOAM HEMOXKAMBO MiZTPMMYBATU
makcumym KK, To BiH 3abe3neyye perynioBaHHA 3a me-
e MiHiManbHO AoNyCcTMMOro Hanopy (puc. 6, 6).

3 npuknagy Ha puc. 6 BMAHO, WO He3BaKatouM Ha
CNiBBUMIPHICTb BCTAHOBIEHOT MOTY}KHOCTI HAacoca 3 NOTYX-
HicTio aBuryHa (piBH. 1.15), Hacoc BUxoauTb Ha pobounit

HanipHa xapakrepuctuka Q=f(H)

— — —250RPM
=== Combinator Line

200 250 300 350 400

Q, m3frog
EnepreTnuna xapakrepuctuka KKO=Ff(Q)
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a

pexxum nvwe Ha 100 % obepTi, Ta byaAb-AKi KONMBAHHA
Hanopy B 6inblly CTOPOHY NpW3BEAyTb A0 3HAYHOro
nagiHHA KK, abo 40 3ynMHKKW HakadyyBaHHA BOAM Yepes He-
cTayy Hanopy. BianosigHo, 3actocyBaHHA piBHOCTI (1.15)
Npuv BU3HAYEHHi MOTYXXHOCTI Hacoca € CnpaBea/IBUM,
AKLLO Hacoc npautoBaTMme npu GpikcoBaHOMy Hamnopi Ta Ya-
cTOTi 06epTaHHA ABUIYHA 6€3 peryatoBaHHA WBUAKOCTI.

PosrnaHemo Hacoc, aknit mae 30%-11 Ta 100%-i1 3anac 3a
NOTY*KHICTIO BiZHOCHO ABUIYHa:

Poump,, = 1.3 Pmotor, =~ 10 KBT (16)
Ppump_n =2 Pmotor_n ~ 15 kBT (17)
Bisbmemo BigueHTpoBuit Hacoc Grundfos NB_150-

315.2/293 BcTaHoOBMEHOW MOTY»KHicTb 10 KBT Ta Grundfos
NB_200-400/308 scTaHOBAEHOO MOTY}KHicTO 15 KBT i npo-
BeA,EeMO aHaNoriYHi PO3PaXyHKU.

Mopsag 3 perynoBaHHAM 33 makcumymom KR ana cuctem,
WO NpaLtooTb HA Mepexky 3 GiKCoOBaHMM CTAaTUYHMUM OrMOo-
pom (30Kpema, HaKaudyBaHHAa Boau [AEC), pgouinbHo
PO3rNAHYTU APYrMIA anropuTM PeryatoBaHHA — 33 MeEXKe
MiHimanbHO pgonyctmmoro Hanopy H >= Hmin. Ha
BiAMIHY Bif, NnepLioro nigxoay, Ae NPiopUTETOM € eHeproe-
dEeKTUBHICTb, Lei anropuTm OpiEHTOBaHMI Ha 3abesne-
YeHHA MAKCUMANbHO MOXJ/NBOI NPOAYKTUBHOCTI Hacoca 3a
NiATPUMKM TUCKY, HEOBXiAHOro ANA NOAONAHHA rigpaBAiy-
HOro OnNopy CUCTEMMU.

HanipHa xapaktepuctuka Q=f(H) (Boundary H=7)

U — 1000 RPM
—— 900 RPM
800 RPM
— — —700 RPM
— — —B00 RPM
500 RPM
— — —400 RPM
— — —250 RPM
Hdimit Line
0 50 100 150 200 250 300 350 400
Q, m3/rog
EHepreTuyHa xapaktepuctuka KKO=f(Q) (Boundary H=7)
iy ——— 1000 RPM
- ———— 500 RPM
g = 800 RPM
- = — — —700 RPM
— — — 600 RPM
500 RPM
— — —400 RPM
— — —250 RPM
Hdimit Line
0 50 100 150 200 250 300 350 400
Q, m3/roa
MotyxHicTe P=f(Q) (Boundary H=7)
Ls 1000 RPM
e 900 RPM
800 RPM
— — —700 RPM
— — —B00 RPM
. 500 RPM
] — — —400 RPM
- — — —250 RPM
o Hdimit Line

200
Q, m3/rog

250 300 350 400

Puc. 7. YHisepcaneHa 2idpaeniyHa xapakmepucmuka Hacoca Grundfos NB_150-315.2/293 10 KBm ma 2 3aKOHU pe2yto-
8aHHA: 30 makcumymom KK/ (a) ma 3a miHimaneHUm Hanopom (6)
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HanipHa xapakrepucTtuka Q=f(H)
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Hanipna xapakrepuctuka Q=f(H) (Boundary H=7)
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EHepreTuyHa xapakrepuctuka KKO=f(Q) (Boundary H=7)
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Puc. 8. YHisepcasnbHa 2idpasaiyHa xapakmepucmuka Hacoca Grundfos NB_200-400/308 15 kBm ma 2 3aK0HU pe2ynio-
8aHHA: 30 Makcumymom KK (a) ma 3a miHimaneHum Hanopom (6)

AHani3 xapakTtepucTuk Hacocis NB 150-315.2/293 (pwuc. 7)
Tta NB 200-400/308 (pwvic. 8) pae 3mory po3LMPUTU PO-
3yYMiHHS B3aEMO3B’A3KY MiXX BCTAaHOBJ/IEHOK MNOTYMKHICTIO
npuBoAy Ta peasibHUM poboumm Aiana3soHOM cUCTEMMU:

e Ha BigmiHy Big moaeni NB 150-200/182, sika BUX0AUTb
Ha pobouunii pexnm auwe Npu HoMiHanbHUX obepTax,
Hacoc NB 150-315.2/293 3gatHuii 3abesnevysatu cTa-
6inbHY Noaayvy Boau BxKe npu yactoTi 80 % i Bue. Lle
BKA3Y€ Ha HAABHICTb 3HAYHOrO «rigpaBniYHOro 3anacy»,
LLLO A,A€E 3MOTY CUCTEMI KEPYBAHHA edeKTUBHO BUKOPUC-
TOBYBATU NOTYKHICTb GOTOENEKTPUYUYHOI CTaHLLT HABITb Y

nepioan HMU3bKOT iHcoNAL,ii.

[na Hacoca NB 200-400/308 cnocTepiraetbca LIMPOKa
30Ha Bucokoro KK/, (noHaa 80 %), Aka 3milLyeTbCAa 3a
«KOMbBIHATOpPHOM 3aneHicTio». Le nigTeepaye, Wo
BCTAHOB/IEHA MOTYXHICTb NPUBOAY BMKOPUCTOBYETLCA
epeKTMBHO He /iMLe B OAHIN Touli, a B yCboMy Aiana-
30Hi peryntoBaHHs Big 70 go 100 % weMAKOCTI.

3acTocyBaHH#A piBHOCTI (15) a4na unx moaenen 3anuwa-
€TbCA METOAMYHO MPABUIAbHUM A/1A OLHKM MNiKOBOro
CNoXuBaHHA. O4HaK, BPaxoBYOYM BUCOKY KPYTU3HY Ha-
NipHUX XapaKTepuUCTUK, byab-AKa 3miHa WBKMAKOCTI obe-
PTaHHA NPUBOAUTbL A0 CYTTEBOI 3MiHM CMOXMBAHOI NO-
TYXHOCTI, Lo BMMarae 0608’a3koBoro BpaxyBaHHA KK,
Hacoca fiK 3miHHoi BeninunHu KK, = f(Q, n).

Ons pocnigeHux BUCOKOHanipHUx mogenen (pisH. 16
Ta 17) KO/NMBaHHA OMNOpYy Mepei He € KPUTUYHUMMU.
AKwo ana mogeni 150-200/182 3pocTaHHA Hanopy
03Ha4yano npunuHeHHa pobotn, 1o ana NB 150-

315.2/293 ue npuBeae Aulle A0 HE3HAYHOrO 3MiLLeHHSA
po6040T TOUKM B30BXK XapaKTePUCTUKMU.

Takum ymHom, BMGip Hacoca 3 NEBHMM HAAJMLIKOM 3a
Hanopom (siK y Bunaakax 3 NB 150-315.2 ta NB 200-400)
nepeTBOPIOE BCTAHOB/IEHY NOTYXHICTb NpMBOAY 3 0bMmexKe-
HOrO pecypcy Ha rHyYKWin iHCTPYMEHT peryitoBaHHs. Pobo-
YU PeXnm NPUBOLY B TaKMX CUCTEMAX XapaKTePU3YETbCA
BMCOKOIO KMBYYICTIO Ta 34aTHICTIO A0 rNTMOOKOro eHeproe-
$EKTMBHOrO peryntoBaHHA WBUAKOCTI, WO € paLioHabHUM
ONA CUCTEM i3 COHAYHUM KUBEHHAM.

Cumynsayia pobomu HacocHoi ycmaHoeKu eid ®PEC. byno
NpoBeAEeHO iMiTaLiiHe MOAENOBAaHHA YCTAHOBKM 3 TaKUMM
xapaktepuctukammu: naowa @PEC— 150 M?, MOTYXHICTb
ABUryHa — 7,5 KBT, KiNbKiCTb ABUIYHIB — 2, MOTYXHICTb BiJ-
LeHTpoBoro Hacoca — 15 KBT, KinbKicTb Hacocis — 2 (puc. 9).

AHani3 poboTtn HacocHoi ycTaHoBKM Big PEC (puc 9) noka-
3aB TaKi KNt04Y0oBi acnekT! GyHKLiOHYBaHHA CMCTEMMU:

1. Mpsma 3anexHicTb Big piBHA iHCONALLT Ta eHepPreTUYHNIM
noteHuian: PoboTa CUCTEMU YIiTKO KOPENIOE 3 piBHEM
COHAYHOI pagiauii (3eneHa niHiA). 3a pPo3paxyHKOBUI
nepiog, (4o6y) 3aranbHa KinbKiCTb AOCTYNHOI COHAYHOI
eHeprii ctaHosuna 112.51 kBt-rog,. NeHepauia novnHa-
€TbCA NPWU AOCATHEHHI MOPOroBOro PiBHA OCBITNIEHOCTI
Ta NPUNUHAETLCA NPW MOro NaAiHHI BBEYepi.

EdeKTMBHICTb CNOXKMBAHHA eNeKTpoeHeprii Hacocamm:
3i 3reHepoBaHOI eHeprii Ha pPobOoTy eneKkTPOoLABUIYHIB
HacoCHUX arperaTis 6ysno BuTpayeHo 75.09 KBT-rog,
(eneKktpuyHa eHepris). MpY LbOMY KOPUCHA MeXaHiYHa
eHepria Ha BaJly HacociB cTaHoBMna 65.82 kBTrog,.
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PisHMUA MiXX UMMM NOKa3HMKaMM CBigYUTbL NPO BTPATH
B €/IeKTPOABUIYHAX Ta NepeTBOPIOBaYax YacToTu, NpoTe
KK nepeTBOpeHHA 3a/MULIAETLCA Ha BUCOKOMY PiBHi
(6nn3bKo 87 %).

CtyniHyacTe peryntoBaHHA HaBaHTa)KeHHs: padik Ke-
pytodoro curHany (Pump signal) aemoHcTpye aganTme-
HiCTb cucTemu:

e [lpu NnomipHii iHconAL,i NpaLoe 0OANH Hacoc.

e VY nikosi roanHu (iHTepsanm yacy aHa 600—650 xB Ta

700-850 xB) NigKAO4aETLCA APYIUIA arperarT.

Cucrtema ycniwHoO BignpautoBana TMMYacoBe 3aTiHEHHA
(xmapHicTb) B iHTepBani Yacy 650—700 xB, KOPOTKOYa-
CHO BiZK/IIOUMBLUKN APYIMA HAacoc A5 36eperkeHHn cTa-
6inbHOCTI.

5. YTunisauia HagAnwkoBoi eHeprii (Secondary Load): Cu-
cTemMa epeKTMBHO BUKOPMCTOBYE EHEPrito, AKY Hacocu

HE MOXYTb CMOXWUTU B KOHKPETHWUIA MOMEHT Yacy (Ha-

[ABUTyHiB abo Nnif Yac NpoBaniB HaBaHTaXeHHs). 3a 406y
Ha BTOPWMHHE HaBaHTaXXeHHA 6y/n0 cnpaMoBaHO
19.04 kBT-roa. Lle 3HauHO nigBuLye 3aranbHnin Koedi-
LiEHT BUKOPUCTAHHA BCTAaHOBEHOI NOTyXHOCTi PEC.

3aranbHa ePeKTUBHICTb BUKOPUCTAHHA COHAYHOI eHep-
rii: IHTerpanbHU NOKa3HUK KoedilieHTa BUKOPUCTAHHA
COHsAYHOI eHeprii (Solar usage) ctaHoBuB 58.50 %. Llel
napametp (CniBBigHOLWEHHA KOPMUCHOI MeXaHiYHOI po-
60TK HacociB i BCiei A4OCTYNHOI COHAYHOT eHeprii) € go-
CUTb BUCOKUM [5, 13] Ans aBTOHOMHUX cucTem 6e3 ma-
CMBHMX HaAKOMW4yBadiB eHeprii, WO CBig4YNTbL Npo
BAANMIM Niabip NOTYKHOCTI HAacociB NO BigHOLWEHHIO A0
MOTY}KHOCTi COHAYHUX NAHENEN.

lpadik niaTBEpAKYE, L0 3aNPONOHOBAHA CXema 3 ABOMaA
HACOCHUMM arperatamu Ta iHTENEKTYya/lbHUM KepyBaHHAM
[A€ 3MOry MaKCMManbHO edeKTUBHO BMKOPUCTOBYBaTU
HepiBHOMIpPHY reHepaLito COHAYHOI eNeKTPOCTaHLi, 3a6e3-
nevytoum ctabinbHy pobOTy Ta yTUAi3auito Haa/MLLIKIB
eHeprii.

npuKknag, KON reHepaLl,iﬂ nepesuLlye HOMiHan

o T T T T T T T

Pump signal{10 - 1st "0On" , 20=1st+2nd "On"}
—— Poawver both motor (elec), KW

Power pump both (mech), KW

501~ irradiance®0.1, W/m2 7]

, e P genieration, kW
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40— -1

agl -

20 -

or /-J\,/ ‘L |_ I

/_/_J [
0 Il =
1 1 1 1 1 1 1

400 600

t, x8

800D 1000 1200 1400

Puc. 9. Mpaghik pobomu HacocHoi ycmaHoeKu 8i0 PEC enpodosi 24 200

Ha ocHOBi aHanisy nepexigHoOro npouecy NycKky ABUryHa
MOXHa 3p0BUTU TaKi BUCHOBKM L,O0AO MOro TPUBANOCTI Ta
XapakTepy:

1. KopoTkuit aHanis npouecy

TpuBanicTb: NpoLEC Ay>Ke KOPOTKOYaCHUIM, TpnBae 611M3bKO
0.2c.

XapaKTep: Lue TUNOBUI NYCK — NPAMUIA MYCK abo KOopCTKa
XapaKTEPUCTUKA PO3TOHY, WO CYNPOBOAMKYETbCA Pi3KMM
CTPUOKOM CMOXMBAHHA fAK AKTUBHOI, TaK i peakTUBHOI
eHeprii 3 HAaCTYNMHUM WBUAKMUM 3aTyXaHHAM KONUBAHb.

2. MikoBa akTUBHa NOTYXHiCTb Pmax="43 KBT. [likoBa peakK-
TMBHa MNOTYXHicTb Qmax="36 KBAp. loBHa NOTYHiCTb:

= |Ppax® + Spax> = ~56.1kBa

Smax

3. KpaTHicTb nepeBaHTa*KeHHA: AKLWO HOMIHA/NbHA NOTYXK-
HiCTb Hacoca cTaHOBWUTb 7.5 KBT, To myckoBuiA cniecKk y
56.1 KBA nepeBsuLLye HOMiHan y 5—7 pasiB. ABTOHOMHI /

ribpMaHi iHBEPTOPM MatoTb MepeBaHTaXKyBabHY 34aTHICTb,
ane 3a3Buyail ue 1.5-2 pasu Big HOMiHaNy NPOTArom Kinb-
KOX CeKyHA,. CTpnHOoK y 56 KBA 418 HUX € 3aHAATO BEJIUKUM.
LLlob cuctema npautoana ctabinbHo 6e3 BeanYesHoro 3a-
nacy NOTY»KHOCTi iHBepTOpa (HanpuKNaa, BCTAaHOB/IEHHSA iH-
BepTopa Ha 60 KBT gna asuryHa 7.5 KBT € eKOHOMIYHO He-
AOUiNbHUM), HeOBXigHO BMKOPUCTOBYBATU NAABHUIA NyCK
260 yacToTHMI nepeTBoptoBay (K Ha pwuc. 6) (VFD). Ue
[acTb 3MOTy PO3TArHYTK Yac nycky (3 0.2 ¢ Ao 5-10 c) i 3HKU-
3UTU MiKOBY MOBHY NMOTYXKHICTb (Smax) 40 3HaY€Hb, 6IN3bKMX
[0 HOMiHany, 3 AKMMMK iIHBEPTOP YNOPAETLCA.

BUCHOBKM

1. Po3pobsieHO KOMMAEKCHY iMiTaliltHy Mofenb CUCTeMM
«PEC — aCMHXPOHHUI eNeKTPONpPUBOL — BiALEHTPOBWUM
HAcocCy», AKa, Ha BigMiHy Bifg, CTaTUYHUX PEXKMMIB, BPaXo-
BYE CTOXACTUYHWI XapaKTep COHAYHOI iHconAauii Ta gun-
HaMiKy nepexigHux npouecis. Lle gano 3mory peanisy-
BATW afanTUBHI aNrOPUTMK KepyBaHHSA, Lo 6a3ytoTbea
Ha MUTTEBOMY BanaHci NOTYXKHOCTEMN.
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. ObrpyHTOBaHO AOLINbHICTL 3aCTOCYBaHHA anropuTmy
peryntoBaHHA 3a KOMBIHAaTOPHOI XapaKTepUCTUKOH
(Combinator Line). MopiBHANbHUIA aHani3 NOKa3as., L0
KepyBaHHA 4acToTo 0bepTaHHA 3 yTpMMaHHAM pobo-
Yoi TOYKM Ha MaKkeumymi KK, € Halibinbl eHeproedek-
TUBHUM. Y pasi HEMOXAMBOCTI NIATPUMKN LbOro pe-
XuMy yepes 6pak notyxHocti PEC cuctema NoBUHHA
nepexoauTN Ha anropuTM NiIATPUMKKN MiHIManbHO A0-
nyctumoro Hanopy (H >= Hmin).

BaockoHaneHo meToauky BUB6Opy HacoCHOro arperaTy.
BcTaHOB/IEHO, WO KNACUYHUI Niaxia A0 BMbopy Hacoca
(Ppump ™ Pmotor) € HeeEKTUBHMM AnAa cuctem 3 poToene-
KTPOCTaHLLIEID AK OCHOBHOIO [}KEPesa *KMUBAEHHA, OCKi-
NbKM 0BMeXKYE AianasoH peryntoBaHHA. JoBeaeHo, Lo
AnA 3abesneyeHHA poboTN HACcOCIB ¥ 30HI BUCOKOI ede-
KTMBHOCTI 33 3MIHHOrO Hamopy Ta 4acToTh o0bepTaHHA,
HOMIHa/IbHA NOTYXKHiCTb HACOCA MA€E NepPeBULLYBaTH NO-
TY»KHicTb npmsoay B 1,3-2,0 pa3u. Lle no3sonse cucremi
npautoBatM B 30Hi BMcokoro KK/ HaBiTb y pasi 3HuM-
YKEHHA YacToTh obepTaHHA Ao 70-80 % Big HOMiIHaNb-
HOI.

NigTBepaxeHo edeKTUBHICTb CTYMIHYACTOrO KepyBaHHA
napanenbHMMKU Hacocamu. Cumynsuia 4060BOro UMKy
NOKasasa, Lo BUKOPUCTAHHA ABOX Napasie/ibHUX Haco-
CHUX arperaTiB 0O4HAKOBOI MNOTYXHOCTI, AKi MalOTb Pi3Hi
piBHi BMMKAHHA, AA€ 3MOry A0CATrTN KoediliieHTa BUKO-
PUCTaHHA COHAYHOI eHeprii Ha piBHi 58,50 %. [pwn
LbOMY cucTema 3abe3neuvye KOpUCHE BUKOPUCTAHHA
HaA/MLLKIB reHepaLii (61m3bko 17 % Big 3arasibHOT eHe-
prii) 419 BTOPUHHOIO HaBaHTAXKEHHS.

BusHaueHi BMMorn ao cunosoro obnagHaHHA. AHanis
nepexigHux Npouecis BUABUB, LLO NPAMMUIN NMYCK aCUHX-
POHHUX ABUTYHIB BUKNMKAE CTPMOKM MOBHOT NOTYKHOCTI
[0 56 KBA (nepeBaHTa)KeHHA y 5—7 pasis), WO € KpUTU-
YHUM ANA aBTOHOMHMX iHBepTOpiB. Lle 0brpyHTOBYE He-
06xigHicTb 000B’A3KOBOrO0 BMKOPWUCTAHHA YaCTOTHUX
nepeTBoptoBaydie abo NpPUCTPOIB MAaBHOrO Nycky Ans
0bMeKeHHs MYCKOBUX CTPYMIB Ta Y3roKeHHna 3 nepe-
BaHTaXyBaNbHO 34aTHICTIO iHBEpTOpIB.

. Y10CKOHaneHo BifomMMUIiA anroputm nobyaosu KombiHa-
TOPHWX 3aN€XHOCTEW A1A NOBOPOTHO-/10MATEBUX Figpo-
Typ6iH, onuncaHuit y poborTi [12], wnaxom oro aganta-
Lii 4NnA BigLEHTPOBUX HACOCHMX YCTaHOBOK. Kntouosoto
BiAMIHHICTIO YAOCKOHANEHOro NigxoA4y € 3acTOCyBaHHA
iHTeprnonAuii MeToAoM epMiTOBUX KyBiuHWUX cnnainHis
ans GopMyBaHHA HenepepBHMX noBepxoHb KK, Ta BBe-
OEHHSA 0043aTKOBOI YMOBM 06MeKeHHs poboyoi 30HM 3a
MiHIMaNbHMUM CTaTUYHMM Hanopom (H < Hmin), wo aae
3MOry AOCNIANTU eHepreTUYHY ePeKTUBHICTb peXuMmis.
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Abstract. The paper addresses the problem of improving the 1.2 National Technical University of Ukraine “Igor
energy efficiency of autonomous pumped storage systems  Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine.
based on photovoltaic (PV) power plants. Based on the de-  1|qtitute of Renewable Energy of NAS of Ukraine
veloped simulation model of the "PV —induction motor drive

— centrifugal pump" system, an algorithm for matching the installed capacities of the system units has been de-
veloped. The expediency of frequency control based on the combinator characteristic to maintain maximum effi-
ciency is substantiated. The method for matching the characteristics of the photovoltaic station and the pumping
unit has been improved by synthesizing a frequency control law based on the combinator dependence. A method-
ology for selecting pump units is proposed, taking into account the excess of the pump's nominal power over the
drive power by 1.3-2 times, which allows expanding the control range and increasing operation stability under
low solar insolation. Simulation results confirmed that the application of a parallel pump operation scheme with
a stepped control algorithm allows achieving a solar energy utilization coefficient for water storage at the level of
58.5%.

Keywords: energy storage, water, renewable energy sources, solar radiation, photovoltaic power station, solar
irradiation, pumped storage, power plant.

Introduction [3]. As researchers note, classical design methods oriented
towards stable grid conditions do not ensure efficiency op-
eration in standalone solar power systems, resulting in sig-
nificant energy losses or frequent emergency system shut-
downs [4, 5].

The modern global energy sector is undergoing a rapid
transformation driven by the need for decarbonization and
the transition to sustainable development. A key aspect of
this process is the increasing share of renewable energy
sources (RES), among which solar photovoltaics demon-  Existing control methods often do not fully account for the
strates the highest implementation rates. However, the  dynamics of transient processes, or the nonlinear change in
widespread integration of photovoltaic power plants (PV  the efficiency of a centrifugal pump over a wide range of
plants) into local and national power systems faces a fun-  rotational speed regulation. Modern studies indicate the
damental problem due to the stochastic nature of genera-  promise of applying adaptive control algorithms for fre-
tion, which critically depends on weather conditions, cloud  quency converters; however, the issue of increasing pump
cover, and time of day. This necessitates the urgent use of  operation efficiency based on the criterion of maximum hy-
efficient energy storage systems to level load curves, draulic efficiency under conditions of sharp insolation
smooth generation peaks, and ensure a reliable power sup-  changes remains insufficiently studied [6, 7]. A separate dif-
ply to consumers. Among existing energy storage technol-  ficulty is the correct mathematical representation of hy-
ogies, hydro-accumulation is one of the most promising,  graulic machine characteristics in the form of continuous

environmentally friendly, and durable solutions, particu-  3p surfaces for accurate mode modeling [8].

larly in the format of small autonomous complexes or sys-
tems using floating PV plants [1, 2]. Therefore, an urgent scientific and technical task is the de-

velopment of improved methods for matching the energy
The key scientific and technical task in creating efficient au-  .h5racteristics of system elements, which would allow
tonomous "PV — pumping unit" systems is the complexity

of matching the external characteristics of the power
source, which exhibits unstable output power, with the
electromechanical and hydraulic characteristics of the
pumping units. The specific operational feature is that such ~ The aim is to improve the method for matching the charac-
systems require instantaneous power balancing: the pho-  teristics of a pumped hydro storage system pump and a
tovoltaic array must operate at the Maximum Power Point ~ Photovoltaic power plant, taking into account the non-uni-
(MPP), while the pumping unit’s power consumption is formity of solar radiation input, based on mathematical
strongly dependent on rotational speed and hydraulichead ~ modeling.

adapting the operation of pumping equipment to the vari-
able profile of solar generation, while ensuring maximum
hydraulic energy production [9, 10].
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Definition of the main variables and their abbreviations:
total insolation incident on an inclined surface (1), kW/m?,
time of day (t), h; efficiency of the photovoltaic system
(Mpv), %; total area of solar modules (S), m?; volume of the
upper reservoir (Vyg), m? volume of the lower reservoir
(V.r), m? water flow rate through the pumping station
(Qpump), mM°/s; electrical power of the pump motor
(Pmotor), kW; mechanical power of the pump (Byymp), kKW;
power of the solar power plant (B,,), kW; pump efficiency
(Mpump), %; power consumption (N ,ns), kW; water level in

the upper reservoir (Z,,.), m; water level in the lower reser-
voir (Zgy), m; hydrostatic pump head (Hpymp), M.

Main Material

Photovoltaic Plant (PV Plant) Model. In the presented sim-
ulation model (Fig. 1), the PV plant is considered as a con-
trollable power source integrated into a three-phase AC
grid. Unlike static calculations, this model takes into ac-
count the dynamics of solar insolation throughout the day
and the stochastic nature of weather conditions [3].

Solar station

Irradiance (W/m2)

. 11 <Wim2>
M NA 2 .- i :

NormalDistribution i e e e e e
Solar irradiance generator

\'\f;irfa ; Insolation (kW/m2)
Time=0,5min P1=1-15th Jan 24hrs,

P1 =2 - 15th Apr 24hrs,
P1 =3 - 15th Jul 24hrs,
P1 =4 - 15th Oct 24hrs.
P1 =5 - 365 days of the Year.

PV Array, 300m2, AC380V <

W 8

Fig. 1. Simulation model of the PV plant

The output active power of the PV plant (F,,) in the model
is defined as a function of three main parameters: the inso-
lation level (1), the area of the photovoltaic array (S) and the
overall system efficiency (n). To account for the stochastic
nature of solar energy input, the cloud cover coefficient (§)
is used. In the model, it is represented as a stationary ran-
dom process with a normal distribution, which allows for
the consideration of short-term fluctuations in solar radia-
tion.

According to the structure of the "Solar Power" subsystem,
the calculation is performed using the following equation:

va = I(t)-S- T(t) &) (1)

where: I(t) — current value of solar insolation, W/m?; S —
effective area of solar panels, m?; n —efficiency (accounts
for the efficiency of the panels and the inverter), relative
units; §(t) — cloudiness factor, represented as a stationary
random process with a normal distribution.

Grid synchronization is provided by a three-phase inverter
(Fig. 2). Thanks to the use of symmetrical components
transformation, the model ensures stable generation of ac-
tive power P even under voltage distortions or asymmetry
at the point of connection of the pumping system.

Convert solar power to currents

—i)

Csa

V1= 1/3(Vab-a"2*Vbe)

a2

Solar Power

&>

s=3 (V2

=

Fig. 2. Simulation model of the PV plant inverter

The system is described by the following sequence of math-
ematical operations [9, 11]:

1. Calculation of the target complex current (I..f):

To form the control actions of the PV plant inverter, the
complex value of the reference current I,..; current is cal-
culated using a feedback algorithm based on the positive
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sequence voltage Ures (the sign « » denotes complex con-

jugation, the coefficient "-2" at the bottom indicates the di-
rection of energy flow — generation into the grid):

—2P (2)
Iref =
Uref
2. Extraction of the positive sequence voltage (U, ):

For correct operation in asymmetrical modes, the block im-
plements the classical transformation of the symmetrical
component’s method for the positive sequence:

Uy =1/3)(Uap +a-Up + a*- Uca) (3)
where a = exp(j %n) — is the 120° phase shift operator,

Uap) Upe, Usq — are the line voltages,
U, —is the positive sequence voltage vector.
3. Formation of the base current signal (I;):

The positive sequence current I, is calculated as the quo-
tient of dividing the generated power by the positive se-
quence voltage:

I, =(2/3)- (P/Uy) (4)

¥

¥

labe Q

POV my

4. Inverse transformation into phase currents:

To obtain control signals for the current sources Cs, and
Csp, @ backward phase shift is used:

lg =5L-e°=1 (5)

2 (6)

ch :11'a2211'e_]3

5. Power balance equation:

The final verification of the model is performed by the
Power Measurement block, which confirms the identity ful-
fillment by calculating the active output power P,,;:

3 _
Pout = RE{E (Vl ’ Il)} (7)

Simulation model of the pumping unit. The mathematical
description of the pumping station model based on induc-
tion motors (IM) and centrifugal pumps encompasses three
interconnected levels: electromechanical energy conver-
sion in the motor, the hydraulic characteristics of the pump,
and the algorithm for calculating operational parameters in
Simulink.

The pumping station (Fig. 3) is represented by two identical
units, each consisting of a squirrel-cage induction motor
and a centrifugal pump with a controlled rotational speed.

o[ 0.29

— WH P electric (kW)

[/ QURVA)

e

Asynchronous Engine

— oo

orque_pump._1 —.\_
=1

Rotor speed (p.u.)

—» Rotor_spead1_pul

—
3

>

N ASM1

oA e
“Te=

[} [X) W@b_n
m
T
E;\)
T

ASM Meacurements

B

f

A
WY

1=,

Te (p.u.)

— Motor_torque_pu1

Asynchronous Engine

farque_pump_2 —
=1
{

&

A A
1 =
“Te=
[

Te 2 (p.u.)

— Motor_torque_pu2




BiaHoBAtoBaHa eHepreTvka. Ne 1/2026 | KomniekcHi npobaemu eHepreTUYHUX cMCTEM Ha ocHosi HBJE

P ch
Eae P_pumps_mech

Q
LT Q_pumps

]

P_motor_slec

= — P_moior_elec
I 1

SnSTE Tarqua_pump
I z

Sl LT Torqua_pump?

Rolor speadi, pu

Torque_shafti

——————< Torque pump_1

158 | Gear reducar P_pumpi_KW ———+
»|+ P_pump_mech
‘Gear reducer
7 | Head_pump1. m Q_pumpi_maih o
»|+ Q pump
Head_m
Pump1
Eotor_spead?_i}—b Rotor speed, pu Torque_shaft?_pu > Torque_purnp_Z‘
| Gear reducar F_pumg2_kwW
| Head_pumpZ. m 0_pumpZ_m3/h —
PumpZ

Fig. 3. Simulation model of the pumping station based on induction motors and centrifugal pumps: (a) —part 1, (b) — part 2

The dynamics of the induction motor in the dq coordinate
system, which rotates at a synchronous speed, is described
by a system of differential equations of voltages and flux
linkages [9]:

Usqg = Rgigq + % — WeWsgq

Usq = Rsisqg + d;ﬂ:q — WeWsq @)
0 =Ryirg + % — (We — W )Yrq
0=Rﬂm+dﬁ”—@%—w»wﬁ

The rotor equation of motion, which determines the
change in rotational speed under the influence of the elec-
tromagnetic torque (7, ) and the pump load torque (Tgpq5¢):
dwpy,
dt
where: | — is the total moment of inertia of the unit;

=T, — Tshaft (9)

W, — is the mechanical angular velocity.

The basis of the pump model (subsystem, Fig. 4) is the use
of hydromechanical characteristics approximated using
two-dimensional lookup tables (2-D Lookup Tables) [8].

The algorithm for calculating the output parameters is
based on the affinity laws for centrifugal machines. The
output head (H) and efficiency (1pymp) are calculated as

functions of the current flow rate (Q) and rotational speed
(n, rpm):

H = f;(Q,n), Npump = fn(Q'n)

For an arbitrary rotational speed (n), the head (H) is de-
termined by a second-order approximation polynomial:

(10)

(11)

HQM = Hp () — k- @?

nom
To form the characteristic surfaces, interpolation using the
pchip method (cubic spline) is applied to ensure the
smoothness of the functions:

Ninterp = interpl(Qran Hyaw, Qcommon ’pchip’) (12)

The visualization of surfaces (Surface Plots) (Fig. 5) allows
evaluating the pump dynamics (using the example of the
Grundfos NB-200-400-308 centrifugal pump, 1000 rpm, 15
kW) during rotational speed regulation: the head surface (H)
in cross-sections demonstrates a parabolic dependence
(H~n?). When the rotational speed decreases from 1000 to
250 rpm, the maximum head of the unit decreases by almost
15 times (from 12.87 m to 0.82 m). The efficiency surface
(n = f(Q,RPM)) has a pronounced "crest" of optimal
modes. The operating efficiency range for high speeds is
within 20-81%. An important feature is that, with deep fre-
quency regulation (below 400 rpm), the high-efficiency zone
narrows sharply, and its maximum value drops below 70%.
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Fig. 5. Interpolated hydromechanical characteristics of a centrifugal pump

H = fH(Q:n)’ Npump = fn(Q:n)

The function (P1) block implements a mathematical model ~ When operating at the maximum (Q =~ 400 m3/h,H =

for converting hydraulic parameters into mechanical 10 m),‘it is approximately 10.9 kW. The mechanical
torque on the shaft. The hydraulic power is calculated as: torque is determined through the shaft power and the an-

gular velocity:
P, =p-g-Q-H 13 P,
hyd p-g-Q (13) T = hyd (14)
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Since the gear ratio is 1500/800, the torque generated on
the shaft of the induction motor will be 1.9 times greater
than the torque on the pump shaft, and the motor's rota-
tional speed will be correspondingly higher.

In general, the pump has a high sensitivity to frequency
changes. The zone of energy-efficient operation (efficiency
> 75%) is concentrated in the range of 700—-1000 rpm and
flow rates of 150-350 m3/h. Matching with the PV plant:
with a decrease in solar insolation (and, accordingly, the
supply frequency of the induction motor), the pump's op-
erating point will shift down the head surface. At frequen-
cies below 400 rpm (which corresponds to approximately
20 Hz on the motor), the pump may exit the useful delivery
mode if the static head of the system exceeds 2.1 m. These
data form the basis for developing an MPPT control algo-
rithm, which must keep the rotational speed in the zone of
the maximum pump efficiency, despite the stochastic
changes in the power of the solar power plant.

Matching the power of the photovoltaic plant and pump-
ing unit assemblies. To ensure the maximum energy effi-
ciency of the "PV plant — induction motor — pump" system
under conditions of stochastic changes in solar insolation, a
methodology for multilevel parameter matching is pro-
posed. The algorithm is based on the principle of adapta-
tion to the current energy resource, analogous to the
method of using partial hydromechanical characteristics for
Kaplan hydro turbines [12].

The selection of the installed capacity of the photovoltaic
array (P,,) and power electrical equipment is based on de-
termining the operating point:

e nominal power of the PV plant (B, ,);

e installed power (Pp,,t0r ) and operating mode of the

pump drive;

installed power (Pyymp »n) and operating mode of the
pump;

Py, =

This enables the implementation of a control trajectory
that passes through the "crest" of the pumping unit's effi-
ciency surface, thereby minimizing energy losses during de-
viations from the nominal mode [6, 7].

Installed power and operating mode of the pump drive.
Let us consider an example of a PV plant with an installed
capacity of (B, , =20 kW) with two pump drives of
(Pmotor n = 7,5 kW) power, operating in parallel accord-
ing to a stepwise switching algorithm: the first from (K, =
0.37), the second from (Kp; = 0.75), with an operating
head of (H = 7 m). First, let us consider a pump that is
commensurate in terms of motor power:

Ppump_n = 0.95 Protorn =7 kw (15)

We will take a Grundfos NB_150200182 centrifugal pump
with an installed power of 7 kW.

First, it is necessary to construct a control law based on the
maximum efficiency using the universal characteristic.

To determine the optimal operating modes of the pumping
unit, let us consider its energy characteristics. Since pump

Pmotor(nr Q) "MNmotor = Ppump (Tl, Q) *Mpump " Mmotor

Nominal power of the PV plant (P, ,,): a calculated value,
which is assumed to be at the level of 95% of the installed
capacity of the photovoltaic array under Standard Test Con-
ditions (STC). This approach allows accounting for opera-
tional losses in the power inverter, voltage drops in cable
lines, as well as the thermal drift of the semiconductor pan-
els' characteristics (a decrease in efficiency when heated
above 25 °C, which ensures more accurate energy matching
between the source and the pumping units).

Installed power and operating mode of the pump drive.
Unlike traditional systems powered by a stable grid, where
the motor power is selected with a safety factor of 1.1-1.15
relative to the load, in systems with a stochastic source, the
PV generation profile serves as the primary reference. It is
advisable to consider the state where the output power is
(K,) of the maximum possible generation (Pr0r n = Kp -

P,y ») as the nominal operating mode of the system.

Stepwise control of pump drives. To expand the system's
operating range with high efficiency during periods of low
insolation, a structure with two parallel-operating pumping
units of lower unit power is applied. The coefficients
(Kpy =03..047, K,; =0.6...0.95) inherently define
the motor start condition as the minimum PV generation
power (relative to the installed capacity) at which the signal
to turn on the motor is issued. Under the condition
(Byy (t) > Kpq * By 5), the system initiates the start of the
first pumping unit, and upon reaching the generation level
(Pow(t) > Kpy * By n), the second unit is connected,
providing stepwise matching of the load power with the
available solar energy.

Adaptive frequency regulation based on the universal
characteristic [10]. Final matching is performed through
continuous correction of the rotational speed (n) depend-
ing on the current available power Py, ;¢ Using the ob-
tained interpolation surfaces, the control system solves the
power balance equation in real-time from the perspective
of maximum Q4 for the current P,

(14)

operation in low-efficiency zones leads to excess electricity
consumption, the construction of the Combinator Line is
based on the principle of maintaining the maximum possi-
ble efficiency while changing the impeller's rotational
speed. The well-known algorithm for constructing combi-
natory dependencies for Kaplan hydro turbines, described
in [12], has been improved by adapting it for centrifugal
pumping units. The key difference of the improved ap-
proach is the application of Hermite cubic spline interpola-
tion to form continuous efficiency surfaces and the intro-
duction of an additional condition to limit the operating
zone based on the minimum static head (H < Hmin), which
allows for the investigation of the energy efficiency of the
modes. The implementation of the proposed algorithm is
provided below:

1. Based on the input data arrays of flow rate Q, head H,
and n for fixed rotational speed values (RPM), interpo-
lation using the Hermite cubic spline method (pchip)
was performed on a common flow rate grid. This al-
lowed for obtaining continuous surfaces H = f(Q,n)

andn = f(Q,n).
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2. For each rotational speed isoline, the point of local max-
imum efficiency was determined. The coordinates of
these points (Q, H) form the trajectory of the most eco-
nomical pump operation — the Combinator Line.

3. For each point of the combinatory dependence, the
power consumption was calculated.

4. Taking into account the technical requirements of the
system, a head threshold of H = 7 m was introduced on
the graphs. Operating modes that provide a head above
the specified threshold are shown with solid lines, while
low-head zones (H < 7 m) are shown with dashed lines.

The calculation result is a family of energy characteristics
(Fig. 6, a), on which the Combinator Line is plotted as a red
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line with markers. This line allows for the implementation
of a frequency control algorithm that ensures minimum
specific electricity consumption while providing the re-
quired pump delivery.

Along with regulation based on maximum efficiency, for
systems operating on a grid with a fixed static resistance (in
particular, water pumping for a pumped-storage hydro-
power plant), it is advisable to consider a second control
algorithm — based on the minimum allowable head H >=
Hmin. In contrast to the first approach, where energy effi-
ciency is the priority, this algorithm is oriented towards en-
suring the maximum possible pump performance while
maintaining the pressure required to overcome the hydrau-
lic resistance of the system.
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Fig. 6. Universal hydraulic characteristic of the Grundfos NB_150200182 7 kW pump and two control algorithms: by max-
imum efficiency (a) and by minimum head (b)

The following algorithm is applied to form the control tra-
jectory based on the head limit:

1. For each rotational speed isoline RPM, the function
H = f(Q)isanalyzed. The algorithm finds the extreme
point (maximum flow rate Qj,i:) beyond which the
pump head falls below the threshold value H >=
Hmin (for our example, this is 7 m). Since at rotational
speeds of 450, 600, and 750 rpm, the head characteris-
tic of the NB 150-200/182 pump remains below the
specified threshold across the entire flow range, these
modes are excluded from the formation of the active
control trajectory.

2. The set of identified limit points forms a second Combi-
nator Line on the graphs (Fig. 7, b, Fig. 8, b), indicated
by a green line with markers. It passes through the

intersection points of the head characteristics with the
H = 7 m isoline, which corresponds to the far-right
boundary of the pump's operating zone. In the case of
the 7 kW pump (Fig. 6, b), there is only 1 operating point
that ensures the minimum head.

3. For the points belonging to the H;y;; line, the corre-
sponding efficiency and power consumption values are
calculated.

A comparative analysis of the obtained results shows that
regulation according to the Combinator Line (Fig. 6, a) en-
sures the unit's operation in the BEP zone (Best Efficiency
Point), whereas regulation based on the head limit (Fig. 6, b)
allows for maximizing the volume of pumped water under
conditions of excess PV plant power, despite a slight de-
crease in efficiency and an increase in power consumption.
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Accordingly, the target control law is one that ensures the
maximum possible efficiency value at H >= Hmin, i.e., ac-
cording to the first control law (Fig. 6, a), and when it is impos-
sible to maintain the maximum efficiency, it provides regula-
tion based on the minimum allowable head limit (Fig. 6, b).

From the example in Fig. 6, it is evident that despite the
commensurability of the installed pump power with the
motor power (1.15), the pump enters the operating mode
only at 100% speed, and any upward head fluctuations will
lead to a significant drop in efficiency or a cessation of wa-
ter pumping due to insufficient head. Consequently, apply-
ing the equality (1.15) when determining pump power is
valid only if the pump operates at a fixed head and motor
rotational speed without speed control.

Let us consider a pump that has a 30% and a 100% power
margin relative to the motor:

Byump, = 1.3 Pmotor, = 10 kW (16)
Poumpn = 2 Pmotorn = 15 kW (17)

Let us take the Grundfos NB_150-315.2/293 centrifugal
pump with an installed power of 10 kW and the Grundfos
NB_200-400/308 with an installed power of 15 kW and per-
form similar calculations.

Along with regulation based on maximum efficiency, for
systems operating on a grid with a fixed static resistance (in
particular, water pumping for a pumped-storage hydro-
power plant), it is advisable to consider a second control
algorithm — based on the minimum allowable head limit
H >= Hmin. In contrast to the first approach, where en-
ergy efficiency is the priority, this algorithm is oriented to-
wards ensuring the maximum possible pump performance
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while maintaining the pressure required to overcome the
hydraulic resistance of the system.

An analysis of the characteristics of the NB 150-315.2/293 (Fig.
7) and NB 200-400/308 (Fig. 8) pumps allows for a broader un-
derstanding of the relationship between the installed drive
power and the actual operating range of the system:

e Unlike the NB 150-200/182 model, which enters the
operating mode only at nominal speeds, the NB 150-
315.2/293 pump is capable of providing stable water
delivery at frequencies as low as 80% and above. This
indicates a significant "hydraulic margin," allowing the
control system to effectively utilize the power of the
photovoltaic plant even during periods of low insolation.

e For the NB 200-400/308 pump, a wide zone of high
efficiency (over 80%) is observed, which shifts according
to the "combinatory dependence." This confirms that
the installed drive power is utilized effectively, not just
at a single point, but across the entire regulation range
from 70% to 100% speed.

e The application of equality (15) for these models
remains methodologically correct for estimating peak
consumption. However, given the high steepness of the
head characteristics, any change in rotational speed
leads to a substantial change in power consumption,
requiring the mandatory inclusion of pump efficiency as
a variable, Efficiency = f(Q, n).

e For the studied high-head models (Egs. 16 and 17),
fluctuations in grid resistance are not critical. While for
the 150-200/182 model an increase in head meant the
cessation of operation, for the NB 150-315.2/293, it will
only result in a slight shift of the operating point along
the characteristic.
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Fig. 7. Universal hydraulic characteristic of the Grundfos NB_150-315.2/293 10 kW pump and two control laws: by maxi-
mum efficiency (a) and by minimum head (b)
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Fig. 8. Universal hydraulic characteristic of the Grundfos NB_200-400/308 15 kW pump and two control laws: by maxi-
mum efficiency (a) and by minimum head (b)

Thus, choosing a pump with a certain head surplus (as in
the cases of the NB 150-315.2 and NB 200-400) trans-
forms the installed drive power from a limited resource
into a flexible regulation tool. The operating mode of the
drive in such systems is characterized by high survivability
and the ability to achieve deep, energy-efficient speed
regulation, which is well-suited to solar-powered systems.

Simulation of the pumping unit operation from a PV plant.
A simulation modeling of the installation was performed
with the following characteristics: PV plant area — 150
m2, motor power — 7.5 kW, number of motors — 2, cen-
trifugal pump power — 15 kW, number of pumps — 2

(Fig. 9).
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Fig. 9. Operating profile of the PV-powered pumping unit over a 24-hour period

An analysis of the PV-powered pumping unit operation (Fig.
9) revealed the following key aspects of the system's func-

tioning:

1. Direct dependence on insolation levels and energy po-
tential: The system's operation clearly correlates with
the level of solar radiation (green line). During the
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calculated period (24 hours), the total amount of avail-
able solar energy was 112.51 kWh. Generation begins
when the threshold level of irradiance is reached and
ceases when it drops in the evening.

2. Electricity consumption efficiency of the pumps: Out of
the total generated energy, 75.09 kWh (electrical en-
ergy) was consumed for the operation of the pumping
unit’s electric motors. Meanwhile, the useful mechani-
cal energy on the pump shafts amounted to 65.82 kWh.
The difference between these figures indicates losses in
the electric motors and frequency converters; however,
the conversion efficiency remains at a high level (ap-
proximately 87%).

3. Stepwise load regulation: The control signal graph
(Pump signal) demonstrates the system's adaptability:

e One pump operates during moderate insolation.

e During peak hours (time intervals 600—650 min and
700-850 min), the second unit is connected.

4. The system successfully handled temporary shading
(cloudiness) during the 650—700 min interval, briefly
disconnecting the second pump to maintain stability.

5. Utilization of excess energy (Secondary Load): The sys-
tem effectively utilizes energy that the pumps cannot
consume at a specific point in time (for example, when
generation exceeds the motors' nominal rating or dur-
ing load dips). Over the 24-hour period, 19.04 kWh was
directed to the secondary load. This significantly in-
creases the overall capacity factor of the installed PV
plant power.

6. Overall solar energy utilization efficiency: The integral
solar usage coefficient amounted to 58.50%. This pa-
rameter (the ratio of the pumps’ useful mechanical
work to the total available solar energy) is quite high for
standalone systems without massive energy storage
units, which indicates a successful selection of pump
power relative to the solar panel capacity [5, 13].

The graph confirms that the proposed scheme with two
pumping units and intelligent control allows for the most
efficient use of the non-uniform generation of the solar
power plant, ensuring stable operation and the utilization
of excess energy.

An analysis of the motor starting transient process allows
for the following conclusions regarding its duration and
character:

1. Brief Analysis of the Process

e Duration: The process is very short-lived, lasting ap-
proximately 0.2 s.

e Character: This is a typical direct-on-line (DOL) start or
a "hard" acceleration characteristic, accompanied by a
sharp spike in both active and reactive energy con-
sumption, followed by rapid damping of oscillations.

2. Peak active power: Pmax="43 kW. Peak reactive power:
Qmax="~36 kVAr.

e Total (Apparent) power:

Ppax’ + Spmax” = ~56.1kW.

Smax =
3. Overload Ratio

If the nominal power of the pump is 7.5 kW, the starting
surge of 56.1 kVA exceeds the nominal rating by 5-7 times.
Off-grid/hybrid inverters have an overload capacity, but it
is typically only 1.5-2 times the nominal rating for a few
seconds. A surge of 56 kVA is far too large for them. To en-
sure the system operates stably without a massive reserve
of inverter power (for example, installing a 60 kW inverter
for a 7.5 kW motor is economically impractical), it is neces-
sary to use a soft starter or a variable frequency drive (VFD)
(as shown in Fig. 6). This will allow for extending the starting
time (from 0.2 s to 5-10 s) and reducing the peak apparent
power (SS_{max}$) to values close to the nominal rating,
which the inverter can handle.

Conclusions

1. A comprehensive simulation model of the "PV plant —
induction drive — centrifugal pump" system has been
developed. Unlike static models, it accounts for the sto-
chastic nature of solar insolation and the dynamics of
transient processes, enabling the implementation of
adaptive control algorithms based on instantaneous
power balance.

2. The feasibility of applying a control algorithm based on
the Combinator Line has been substantiated. Compara-
tive analysis showed that rotational speed control,
maintaining the operating point at maximum efficiency,
is the most energy-efficient approach. When this mode
cannot be maintained due to insufficient PV power, the
system should switch to an algorithm that maintains the
minimum allowable head (H >= Hmin).

3. The methodology for selecting pumping units has been
improved. It was established that the classical approach
to pump selection (Ppump ~ Pmotor) is ineffective for sys-
tems with a PV plant as the primary power source, as it
limits the regulation range. It has been proven that to
ensure pump operation within a high-efficiency zone
under variable head and rotational speed, the nominal
pump power should exceed the drive power by 1.3-2.0
times. This allows the system to operate in a high-effi-
ciency zone even when the rotational speed decreases
to 70-80% of the nominal value.

4. The effectiveness of stepwise control for parallel pumps
has been confirmed. Daily cycle simulations showed
that using two parallel pumping units of equal power
with different activation levels achieves a solar energy
utilization coefficient of 58.50%. Additionally, the sys-
tem ensures the beneficial use of excess generation (ap-
proximately 17% of total energy) for a secondary load.
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5. Requirements for power equipment have been defined.
Analysis of transient processes revealed that direct-on-
line starting of induction motors causes apparent power
spikes up to 56 kVA (a 5-7 fold overload), which is
critical for off-grid inverters. This justifies the
mandatory use of variable frequency drives (VFD) or
soft starters to limit starting currents and match the
inverter's overload capacity.

6. The well-known algorithm for constructing combinatory
dependencies for Kaplan turbines, described in [12], has
been improved through its adaptation for centrifugal
pumping units. The key distinction of the refined
approach is the application of Hermite cubic spline
interpolation to form continuous efficiency surfaces
and the introduction of an additional condition to limit
the operating zone based on the minimum static head
(H < Hmin), allowing for a detailed investigation of
operating mode energy efficiency.
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