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Dolzarbligi: jahon energetika tizimida qayta tiklanuvchi energiya manbalarining ulushi yil sayin ortib borayotgan
bo‘lsa-da, elektr energiyasiga bo‘lgan talabning jadal o‘sishi va an’anaviy yoqilg‘i resurslarining cheklanganligi
yangi, yuqori samarador energetik texnologiyalarni ishlab chiqishni taqozo etmoqda. Xususan, shamol
energetikasi ekologik tozaligi, qayta tiklanuvchanligi va keng geografik qamrovga egaligi bilan alohida ahamiyat
kasb etadi. Jumladan, Bes qonuniga muvofiq shamol ogimidan olinadigan maksimal energiya 59,3 % bilan
cheklangan bo‘lib, bundan tashqari, rotor ortida hosil bo‘ladigan aylanma oqim (wake) energiya yo‘qotishlarini
yanada oshiradi. Natijada past va o‘rta tezlikli shamol sharoitida SRWT tizimlarining samaradorligi sezilarli
darajada pasayadi. Shu nuqtai nazardan, qarama-qarshi aylanuvchi ikki rotorli shamol turbinalari (Counter-
Rotating Wind Turbine - CRWT) so‘nggi yillarda ilmiy tadqiqotlarning digqat markaziga aylanmoqda. CRWT
tizimlarida ikkinchi rotor birinchi rotordan chiqqan aylanma oqim energiyasidan qayta foydalanish imkonini
berib, umumiy quvvat koeffisiyentini 15-30 % gacha oshirish imkoniyatini yaratadi. Bu esa CRWT ni past
shamol tezligi hukmron bo‘lgan hududlar uchun aynigsa istigbolli yechimga aylantiradi. Biroq CRWT
tizimlarining keng amaliyotga joriy etilishi bir qator yechilmagan ilmiy-texnik muammolar bilan bog‘liq. Ular
ichida eng asosiylaridan biri - maksimal quvvat nuqtasini kuzatish (MQNK) aniq va barqaror kuzatish
masalasidir. An’anaviy MQNK algoritmlari (TSR, Perturb & Observe, Hill Climb va boshqalar) asosan bir rotorli
tizimlar uchun ishlab chiqilgan bo‘lib, ularni ikki rotorli, o‘zaro aerodinamik bog‘langan tizimlarga to‘g‘ridan-
to‘g‘ri qo‘llash samarasiz hisoblanadi. CRWT tizimida oldingi va orqa rotorlar o‘rtasidagi aerodinamik o‘zaro
ta’sir, momentlar taqsimoti va aylanish tezliklarining noliney bog‘lanishi sababli quvvatning yagona ekstremumi
mavjud emas, balki ko‘p o‘lchamli optimallashtirish muammosi yuzaga keladi. Bu esa mavjud MQNK
algoritmlarining barqarorligi pasayishiga, quvvat tebranishlariga va energiya yo‘qotishlariga olib keladi. Bundan
tashqari, zamonaviy shamol energetikasi tizimlarida aqlli boshqaruv, real vaqtda adaptatsiya va intellektual
algoritmlarga bo‘lgan ehtiyoj ortib borayotgan bo‘lsa-da, CRWT uchun moslashtirilgan, o‘zaro rotor ta’sirini
hisobga oluvchi, yuqori tezkor va barqaror MQNK algoritmlari bo‘yicha tadqiqotlar yetarli darajada emas.
Mavjud ilmiy ishlar asosan aerodinamik yoki konstruktiv jihatlarga qaratilgan bo‘lib, boshqaruv algoritmlarini
chuqur integratsiyalash masalasi yetarlicha yoritilmagan.

Magsad: qarama-qarshi aylanuvchi ikki rotorli shamol turbinasi (CRWT) uchun oldingi va orqa rotorlar
o‘rtasidagi aerodinamik hamda elektromexanik o‘zaro ta’sirlarni hisobga oluvchi, real vaqt rejimida ishlaydigan,
barqgaror va yuqori samarador maksimal quvvat nuqtasini kuzatish (MQNK) algoritmini ishlab chiqish hamda
uning energetik, dinamik va iqtisodiy samaradorligini ilmiy jihatdan asoslab berishdan iborat.

Usullar: nazariy, hisobiy, algoritmik va eksperimental tadqiqot usullarining kompleksidan foydalanildi:
optimallashtirish nazariyasi, gradiyentsiz qidiruv va evristik usullardan foydalaniidi.

Natijalar: garama-qarshi aylanuvchi ikki rotorli shamol turbinasida oldingi va orqa rotorlar o‘rtasidagi
aerodinamik o‘zaro ta’sirni hisobga oluvchi kengaytirilgan matematik model taklif etildi. Oldingi va orqa rotorlar
uchun alohida optimal ish nuqtalarini aniqlaydigan hamda ularning o‘zaro ta’sirini adaptiv korreksiya qiladigan
yangi gibrid MQNK algoritmi ishlab chiqildi.

Kalit so'zlar: gqarama-qarshi aylanuvchi shamol turbinasi, ikki rotorli shamol turbinasi (CRWT), shamol
energetikasi, maksimal quvvat nuqtasini kuzatish (MQNK). adaptiv. MQNK algoritmi, gibrid MQNK,
aerodinamik o‘zaro ta’sir, quvvat koeffisiyenti, moment tagsimoti, nochiziq dinamik tizim, optimallashtirish,
intellektual boshqaruv.
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AKTYaJIbHOCTb: XOTS JOJSI BO30OHOBIISIEMBIX HCTOYHUKOB 3HEPTUH B MHPOBOH HEPreTHYECKON CHUCTEME YBe-
JMYHBAETCS TOA OT roja, OBICTPHIN POCT cHpoca Ha 3JIEKTPOIHEPTHIO U OrPaHMUYECHHOCTh TPAJHUIIMOHHBIX TOII-
JIMBHBIX PECYPCOB TPeOYyIOT pa3pabOTKU HOBBIX, BEICOKOA(()EKTHBHBIX YHEPTeTHIECKHX TeXHOJOTHH. B gacTHO-
CTH, BETPOYHEPIreTHKa UMeeT 0co0oe 3HaueHne Grarofaps CBOSH SKOJIOTHUECKON YNCTOTE, BO30OHOBISIEMOCTH U
MIIPOKOMY TeorpaduaeckoMy oxBaTy. B wacTHocTH, coritacHO 3akoHy beca, MakcuMmanbHast SHEprus, Iojydae-
Masi OT BETPOBOTO IOTOKA, orpanudeHa 59,3%, kpoMe Toro, KpyroBoi norok (wake), oOpasyrolmuiicsa 3a poTo-
powm, etiie GoITblIe YBEINYHBACT NOTEPH dHeprun. B pesynbrate addexruBaocts cucteM SRWT B ycroBusix Hu3-
KUX U CPETHHX CKOPOCTEH BeTpa 3HAUMTENbHO CHIKaeTca. C 3ToH TOUKM 3peHHs, TPOTHBOBPAILAIOLIUECS IBYX-
potopHbie BeTpoBbie Typouns! (Counter-Rotating Wind Turbine - CRWT) B mocnegaue rojsl CTaHOBSTCS [[CH-
TPOM BHUMAaHUSA Hay4dHbIX uccienosanuil. B cucremax CRWT BTOpOil poTOp 03BOMIAET IOBTOPHO UCIOIb30BATh
SHEPrHi0 KPyroBOTO IOTOKA, BBIXOJSIIEr0 M3 MEPBOTO POTOpaA, MOBBIMAs OOIINH KOI(GQUIMEHT MOIIHOCTH 10
15-30%. 910 nemaer CRWT 0COOEHHO MEpCHEeKTHBHBIM PEIICHHEM IS PETHOHOB C HU3KOH CKOPOCTBIO BETpA.
Onnako mupokoe BHenpenne cucteM CRWT cBsi3aHO ¢ psiioM HepelleHHBIX HayYHO-TEXHHYECKHX IIPOOIeM.
OnHuM U3 Hanbollee BasKHBIX CPEH HUX SBIAETCA 3aaua TOYHOTO M CTAOMIBHOTO OTCIIEKHUBAHUE TOYKH MAKCH-
MaisHOH MommHOCTH (OTMM). Tpaaunmonssie anroputMel OTMM (TSR, Perturb & Observe, Hill Climb u apy-
THE) B OCHOBHOM Pa3pabOTaHbI ISl OXHOPOTOPHBIX CHCTEM, U UX NPAMOE NIPUMEHEHHUE K ABYPOTOPHBIM, a3pOJIH-
HaMHYECKU B3aMMOCBSI3aHHBIM cHcTeMaM cunTaercs HeddpekTuBHEIM. B cucteme CRWT u3-3a aspoanHamude-
CKOT'O B3aUMOJICHCTBHUS MEXIY NEPETHAM U 3aTHUM POTOPaMH, paclpeeieHuss MOMEHTOB U HyJIEBOH 3aBHCHMO-
CTH CKOPOCTEH BpalIeHHs HE CyNIeCTBYET €IMHOr0 SKCTPeMyMa MOIIHOCTH, a BO3HHKAET IMpoliieMa MHOTOMep-
HOHM ONTHMHU3aIUH. DTO NPUBOIUT K CHIDKEHHIO YCTOHYMBOCTH CylecTByIomux anroputMoB OTMM, kone6anu-
SIM MOIIHOCTH M MOTepsiM dHepruu. Kpome Toro, HECMOTpsl Ha PacTyLIyl0 HOTPEOHOCTh B MHTEIUICKTYaJbHOM
YIpaBJICHUH, aJalTally B PSKHME PEATLHOTO BPEMEHN U WHTEIUICKTYalbHBIX allOpPUTMax B COBPEMEHHBIX CH-
CcTeMaxX BETPOIHEPTeTUKHU, UCCICAOBAHMSA BBICOKOCKOPOCTHBIX M ycTOWYMBHEIX anmroputMoB OTMM, amantupo-
BaHHBIX 4t CRWT, yuuThIBatonmx B3aNMOICHCTBHE POTOPOB, HEAOCTATOYHEL. CyIecTBYIONINE HAYIHBIE pado-
THl B OCHOBHOM COCpPEIOTOYEHBI Ha adPOJMHAMHYECKUX MM KOHCTPYKTHBHBIX aclleKTaX, a BONPOC TiTyOoKon
MHTETPAUH AITOPHUTMOB YIIPABICHUS HEOCTATOYHO OCBEIICH.

Hens: pa3paboTka yCTOHYMBOrO M BBICOKOA()(EKTHBHOTO aNrOpUTMa OTCIEKHMBAHUE TOYKH MaKCHMAaJbHON
MmorHocTH (OTMM), paboTaromero B peKMMe pealbHOTO0 BPEMEHH, YIUTHIBAIOIIETO a3pONHAMUYECKHE H dJIeK-
TPOMEXaHNYECKHE B3aUMOSHCTBHS MEXKIY IepPEeAHIM U 3aJHUM POTOpPaMH JUIsl IBYXPOTOPHOH BETPOBOH TypOH-
HBI C IPOTHBOMONOXKHEIM BpameHueM (CRWT), a Takxkxe HaydHOe 0OOCHOBAHHUE €€ SHEPreTUIECKOH, TMHAMMIYE-
CKOW ¥ 9KOHOMHYECKOH 3P PEKTUBHOCTH

MeToabl: HCHONB30BANCS KOMIUIEKC TEOPETHYECKHX, PAaCUETHBIX, ANTOPUTMHUYECKHX W IKCIEPUMEHTAIbHBIX
METOJI0B HCCIEIOBAHMS: TEOPHS ONTUMHU3AINH, O€3TPaANCHTHBIN ITOUCK U SBPUCTHIECKHE METOIBL.
Pe3yabTaThl: mpeanoskeHa paclIMpeHHas MaTeMaTHIeCKas MOAENb, YIUTHIBAIONIAs a3POJMHAMUYECKOE B3aHMO-
JEUCTBUE MEXIy MEPeJHUM U 3aJHUM POTOPAMU B NMPOTHUBOIOJIOKHO BPAINAIOLIEHCS ABYXPOTOPHON BETPOBOI
TypOure. Pa3paboran HOBbIH TuOpuaHblid anroputv OTMM, KOTOpHIil onpenenser OTAeNbHbIe ONTUMAIbHbIE
paboune TOUKH JUIs IEPeTHEr0 U 33JHET0 POTOPOB U aallTUBHO KOPPEKTUPYET X B3aUMOJICHCTBHUE.

KnroueBble cioBa: mpoTHBOBpalIalomascs BeTpoBas TypOWHA, NByXpoTopHas BerpoBas TypOuna (CRWT),
BETPOIHEPTETHKA, OTCICKUBAHHE TOYKH MakcuMainbHOW MomHOcTH (OTMM). amantuBabd anroputMm OTMM,
rubpugaas MQNK, asponnHaMudeckoe B3auMOAEHCTBHE, KOO (PHUIUEHT MOIIHOCTH, pacipee’eHne MOMEHTOB,
HeIMHeWHasl TMHAMHUYecKasl CHCTEeMa, ONTHMH3AIHS, HHTEIUIEKTyalbHOE YIIPABICHHE.
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Relevance: although the share of renewable energy sources in the global energy system is increasing year by
year, the rapid growth in demand for electricity and the limited availability of traditional fuel resources necessi-
tate the development of new, highly efficient energy technologies. In particular, wind energy is of particular im-
portance due to its environmental cleanliness, renewability, and wide geographical coverage. In particular, ac-
cording to the Bes law, the maximum energy received from the wind flow is limited by 59.3%, and the circular
flow (wake) formed behind the rotor further increases energy losses. As a result, the efficiency of SRWT systems
in low and medium wind speeds is significantly reduced. From this point of view, counter-rotating two-rotary
wind turbines (CRWT) have recently become the focus of scientific research. In CRWT systems, the second rotor
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allows for the reuse of the circular flow energy exiting the first rotor, increasing the total power factor to 15-30%.
This makes CRWT a particularly promising solution for regions with low wind speeds. However, the widespread
implementation of CRWT systems is associated with a number of unresolved scientific and technical problems.
One of the most important among them is the task of accurate and stable monitoring of the maximum power point
tracking (MPPT). Traditional MPPT algorithms (TSR, Perturb & Observe, Hill Climb, and others) are mainly
developed for single-rotor systems, and their direct application to two-rotor, aerodynamically interconnected
systems is considered ineffective. In the CRWT system, due to the aerodynamic interaction between the front and
rear rotors, the distribution of torques, and the zero dependence of rotational speeds, there is no single power
extremum, and the problem of multidimensional optimization arises. This leads to a decrease in the stability of
existing MPPT algorithms, power fluctuations, and energy losses. Moreover, despite the growing need for intelli-
gent control, real-time adaptation, and intelligent algorithms in modern wind energy systems, research on high-
speed and stable MPPT algorithms adapted for CRWT, taking into account rotor interaction, is insufficient. Exist-
ing scientific works mainly focus on aerodynamic or structural aspects, and the issue of deep integration of con-
trol algorithms is insufficiently covered.

Aim: development of a stable and highly efficient real-time monitoring algorithm for the maximum power point
tracking (MPPT), taking into account aerodynamic and electromechanical interactions between the front and rear
rotors for a two-rotor counter-rotation wind turbine (CRWT), as well as scientific substantiation of its energy,
dynamic, and economic efficiency.

Methods: the complex of theoretical, computational, algorithmic and experimental research methods: optimiza-
tion theory, gradientless search, and heuristic methods are used.

Results: an expanded mathematical model is proposed that takes into account the aerodynamic interaction be-
tween the front and rear rotors in a two-rotor wind turbine rotating oppositely. A new hybrid MPPT algorithm has
been developed that determines individual optimal working points for the front and rear rotors and adaptively
adjusts their interaction.

Keywords: counter-rotating wind turbine, two-rotor wind turbine (CRWT), wind energy, maximum power point
tracking (MPPT). adaptive MPPT algorithm, hybrid MPPT, aerodynamic interaction, power factor, moment dis-
tribution, nonlinear dynamic system, optimization, intelligent control.

1. Kirish (Introduction)

Jahonda qayta tiklanuvchi energiya manbalari, ayniqsa shamol energetikasiga bo‘lgan talab yil
sayin ortib bormoqda. An’anaviy bir rotorli shamol turbinalarida aerodinamik yo‘qotishlar va past
shamol tezliklarida samaradorlikning keskin pasayishi asosiy muammolardan hisoblanadi [1]. Shu
sababli so‘nggi yillarda qarama-qarshi aylanuvchi ikki rotorli shamol turbinalariga (CRWT) katta
qiziqish paydo bo‘lmoqda [2].

Ikki rotorli tizimda oldingi rotor ortidan qoladigan burilish (wake) energiyasi ikkinchi rotor
tomonidan qayta o‘zlashtiriladi, natijada umumiy quvvat koeffisiyenti oshadi [3]. Biroq, bunday
tizimlar uchun MQNK algoritmini ishlab chiqish klassik turbinalarga nisbatan ancha murakkab
hisoblanadi. Qarama-qarshi aylanuvchi ikki rotorli shamol turbinasi (Counter-Rotating Wind Turbine
— CRWT) an’anaviy bir rotorli turbinalarga nisbatan yuqori aerodinamik samaradorlikka ega bo‘lib,
shamol oqimidagi burilish energiyasini qo‘shimcha rotor yordamida o‘zlashtirish imkonini beradi.
Bunday tizimlar uchun aniq matematik model yaratish quvvatni optimal boshqarish va MQNK
algoritmlarini ishlab chiqishda asosiy ahamiyat kasb etadi.

Magqolada qarama-qarshi aylanuvchi ikki rotorli (Counter-Rotating Wind Turbine — CRWT)

turbinasining aerodinamik va energetik samaradorligini tavsiflovchi quvvat koeffisiyenti C, ning
matematik modeli ishlab chiqilgan. Ikki rotor o‘rtasidagi aerodinamik o‘zaro ta’sir, impuls
yo‘qotishlari va burilish energiyasining qayta o‘zlashtirilishi hisobga olingan.
Shamol energetikasida an’anaviy bir rotorli turbinalarning samaradorligi Bes chegarasi bilan
cheklanganligi sababli, so‘nggi yillarda alternativ konstruksiyalarga qiziqish ortib bormoqda. Ana
shunday istigbolli yechimlardan biri qarama-qarshi aylanuvchi ikki rotorli shamol turbinalari
(Counter-Rotating Wind Turbines — CRWT) hisoblanadi [1].

Appa [2] tomonidan olib borilgan ilk tadqiqotlarda ikki rotorli tizimlar shamol oqimidagi burilish
energiyasini samarali o‘zlashtirishi natijasida quvvat chiqarishning sezilarli darajada oshishi
ko‘rsatilgan. Muallif CRWT tizimlari past shamol tezliklarida ham barqaror ishlash qobiliyatiga ega
ekanini ta’kidlaydi.

Jung va No [3] ishlarida ikki rotorli turbinalarning aerodinamik xususiyatlari tahlil qilinib, oldingi
rotor ortida hosil bo‘ladigan wake oqimining orqa rotor tomonidan qayta foydalanilishi umumiy
quvvat koeffisiyentini oshirishini isbotlagan.

Adabiyotlar tahlili asosida aniqlangan muammolar. Yuqoridagi adabiyotlar tahlili quyidagi
xulosalarni chiqarish imkonini beradi:

CRWT tizimlari yuqori energetik samaradorlikka ega, ammo ular uchun boshqaruv algoritmlari
yetarli darajada ishlab chiqilmagan;

- an’anaviy MQNK usullari ikki rotorli tizimlarga to‘liq mos kelmaydi;

- mavjud ishlarda ko‘pincha aerodinamika yoki MQNK alohida ko‘rib chiqilgan, kompleks

yondashuv kam uchraydi.
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Shu sababli, qarama-qarshi aylanuvchi ikki rotorli shamol turbinasi uchun takomillashtirilgan
MQNK algoritmini ishlab chiqish dolzarb ilmiy masala hisoblanadi.

2. Materiallar va usullar (Methods and materials)

Olingan model an’anaviy bir rotorli shamol turbinalari bilan qiyosiy tahlil qilingan.An’anaviy bir
rotorli shamol turbinalarida Betz limitiga ko‘ra aerodinamik samaradorlik: Cpma—= 0,593 bilan
cheklangan. Shu sababli, shamol energiyasini yanada samarali o‘zlashtirish maqsadida qarama-qarshi
aylanuvchi ikki rotorli shamol turbinalari taklif etilmoqda [1-3].

CRWT tizimining asosiy g‘oyasi - birinchi rotor ortida hosil bo‘lgan aylanma (swirl) energiyani
ikkinchi rotor orqali qayta o‘zlashtirishdir [4].

‘ |
|

Rotor 1 U

(front rotor)

U Rotor 2
(rear rotor)

1-rasm. Qarama-qarshi aylanuvchi ikki rotorli shamol turbinasi
Fig. 1. Counter-rotating two-rotor wind turbine

IKkKi rotorli shamol turbinasining aerodinamik asoslari. Ikki rotorli tizim quyidagi qismlardan
tashkil topadi:

- oldingi rotor (Front Rotor, FR);

- orqa rotor (Rear Rotor, RR);

- rotorlar orasidagi masofa d.

Shamol tezliklari: Vo—VI—V2;

bu yerda:

- vo - kirish shamol tezligi;

- vi - birinchi rotordan keying shamol tezligi;

- v - ikkinchi rotordan keying shamol tezligi.

Quvvat koeffisiyentining matematik modeli. Bir rotorli klassik model uchun va bir rotorli sha-
mol turbinasi quvvati:

1
P, = ;pAVIC,(4,B) M
Aylanish tezligi nisbati:

A= @)

0.6

&) G Oldi rotor
S TS S E Orgqa rotor .
—— CRWT umumiy

0.2

0.1
0 2 4 6 8 10 12

2. (aylanish tezligi nisbati)

2- rasm. Qarama-qarshi aylanuvchi ikki rotorli shamol turbinasi Cp xaraktersitikalari
Fig. 2. Counter-rotating two-rotor wind turbine Cp characteristics

IKkki rotorli Cp modeli. Qarama-qarshi aylanuvchi ikki rotorli turbina uchun umumiy quvvat
koeffisiyenti quyidagicha aniqlanadi:

Cpcrwr = Nime (Kr - Cpa () + (1 = k)G 2 (M) ) 5 3)

bu yerda C,i, Cp» - birinchi va ikkinchi rotor quvvat koeffisiyentlari; Ai, A, - tegishli aylanish tezligi
nisbati; 1 - aerodinamik o‘zaro ta’sir koeffisiyenti; k; - qarama-qarshi aylanish korreksiya koeffisiyen-
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ti.

Aerodinamik o‘zaro ta’sir koeffisiyenti nint. [lmiy adabiyotlarda ni, quyidagicha aniglanadi
[5.6]:

d
Nine = exp (—a %) ; 0)

bu yerda d - rotorlar orasidagi masofa; R - rotor radiusi; 0=0,3...0,7 - eksperimental koeffisiyent.

Qarama-qarshi aylanish korreksiya koeffisiyenti kr, . . . , K, ikkinchi rotorning uyurmaviy
girdob energiyani qayta o‘zlashtirish samaradorligini hisobga oladi:

2
ke =14y (2-1): ®)
buyerda y=0,2...0,4 - aerodinamik moslashuv koeffisiyenti.
Amaliyotda: k: € [1.05 — 1.25].

1-jadval. Qiyosiy tahlil
Table 1. Comparative analysis

Tizim turi Cpmax

Bir rotorli WT 0,45-0,50

Ikki rotorli (CRWT) 0,55-0,62

Natijalardan ko‘rinib turibdiki, CRWT tizimi Betz limitiga yaqinlashadi va ayrim holatlarda uni
amaliy jihatdan ortda qoldiradi [7].
5 :

o (rad/s)

3-rasm. Pichoqlari uzunligi 3 metr bo‘lgan qarama-qarshi aylanuvchi ikki rotorli shamol
turbinasining chiqarayotgan mexanik quvvati

Fig. 3. Mechanical power generated by an oppositely rotating two-rotor wind turbine with blades 3
meters long

3. Natijalar (Results)

Ai Ai
Coi(4) = Cpmae (75 ) exp (1 - 22) (12)
Tizimning holat fazoviy modeli. Holat vektori:
x = [w; w,]". (13)

Holat tenglamalari:
T1-Tg1—Biwy

X = Tz_Tgf_ By, | - (14)
J2

Ikki rotorli shamol turbinalarining aerodinamik modellari. Ikki rotorli tizimlarni
modellashtirishda asosiy muammolardan biri — rotorlar o‘rtasidagi aerodinamik o‘zaro ta’sirni aniq
hisobga olishdir. Shen va boshqalar [4] tomonidan ishlab chigilgan modellarda wake interaction
nazariyasi asosida har bir rotor uchun alohida quvvat koeffisiyentlari aniqlangan.

Burton va boshqalar [5] klassik shamol energetikasi modellarini ikki rotorli tizimlarga
moslashtirish imkoniyatlarini ko‘rib chigqan. Ularning ishlarida CRWT tizimlari uchun quvvat
koeffisiyentining nazariy chegarasi an’anaviy turbinalarga nisbatan yuqori bo‘lishi mumkinligi
ta’kidlangan.

Kwon [6] tadqiqotlarida eksperimental natijalar asosida ikki rotorli turbinalarda moment
tebranishlarining kamayishi va generator vallaridagi yuklanishning muvozanatlanishi ko‘rsatilgan.

4-rasmda nisbiy tezlik yordamida ikki rotorli shamol turbinasi maksimum quvvat nuqtasini
kuzatish algoritmi natijasi keltirilgan.
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Dual Rotor WT with MPPT (TSR)

—

, o (rad’s)
=

5 10 15 20 25
Time (s)

4-rasm. Nisbiy tezlik yordamida ikki rotorli shamol turbinasi maksimum quvvat nuqtasini kuzatish
Fig.4. Observing the maximum power point of a two-rotor wind turbine using relative velocity

Shamol turbinalari uchun MQNK algoritmlari. MQNK algoritmlari shamol energetika
tizimlarida maksimal quvvatni ta’minlashda hal qiluvchi ahamiyatga ega. Hau [7] va Manwell [8]
ishlarida an’anaviy shamol turbinalari uchun qo‘llaniladigan MQNK usullari keng yoritilgan. Ularga
quyidagilar kiradi: Tip Speed Ratio (TSR); Power Signal Feedback (PSF); Perturb and Observe
(P&O).

Kazmierkowski va boshqalar [9] P&O algoritmining soddaligiga qaramasdan, uning dinamik re-
jimlarda quvvat tebranishlariga olib kelishini ta’kidlagan.

4. Munozara (Discussion)

Ikki rotorli shamol turbinalari uchun MQNK algoritmlari. CRWT tizimlari uchun MQNK
algoritmlari bo‘yicha tadqiqotlar nisbatan kam o‘rganilgan. Abdullah va hammualliflar [10] ikki
rotorli shamol turbinalari uchun qo‘shma MQNK strategiyasini taklif etib, har ikki rotorning aylanish
tezligini bir vaqtda optimallashtirish zarurligini ko‘rsatgan.

Liu va boshgqalar [11] ishlarida ikki rotorli tizimlar uchun intellektual MQNK usullari (fuzzy logic
va neural network) qo‘llanilib, quvvat chiqarishni 10-15 % ga oshirish mumkinligi isbotlangan.
Biroq, bu usullarning hisoblash murakkabligi sanoat qo‘llanilishini cheklaydi.

Shen va Zhang [12] tomonidan ishlab chiqilgan adaptiv MQNK algoritmi ikki rotor o‘rtasidagi
aerodinamik bog‘liglikni hisobga oladi, ammo algoritm parametrlarini tanlash muammosi ochiq
golgan.

MQNK algoritmlarining tahlili. An’anaviy shamol turbinalarida quyidagi MQNK usullar keng
qo‘llaniladi [7]:

- Tip Speed Ratio (TSR);

- Power Signal Feedback (PSF);

- Perturb and Observe (P&O).

Biroqg CRWT tizimida har ikki rotorning aylanish tezligi va momentini bir vaqtda optimallashtirish
talab etiladi. Shu sababli klassik P&O algoritmi modifikatsiya qilinib, ikki o‘zgaruvchili MQNK algo-
ritmi ishlab chiqiladi [8].

5-rasmda bir va ikki rotorli turbinalar uchun chiqish maksimal quvvatlari farqi keltirilgan bo‘lib,

matlab ’isobiga ko‘ra o‘rtacha 18% samaradorlik oshgan.
4.5 T T T T

4 - H H H | _ | _
S —— Bir rotorli WT
3.5 e T e e Ikki rotorli WT H
S T ;
g S U
& 250 >
5 | %,
£ 2 o
= N‘
& s .
. S N e
S
0.5
0 L i 1 L 1 L L
0 5 10 15 20 25 30 35 40

Vaqt (s)
S-rasm. Bir va ikki rotorli turbinalar uchun chiqish qmaksimal quvvatlari farqi
Fig. 5. Maximum output power difference for single and double-rotor turbines

Takomillashtirilgan MQNK algoritmini ishlab chiqish. Taklif etilayotgan algoritm quyidagi
bosqichlardan iborat:
1. Oldingi va orqa rotorlar aylanish tezliklarini o‘lchash;
2. Har bir rotor uchun quvvat gradiyentini aniqlash;
3. Qo‘shma optimallashtirish funksiyasini shakllantirish:
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J=wP1+w:P> . 15)

4.  Generator yuklamasini o‘zgartirish orqali J—>max shartni ta’minlash.

Bu yerda w va w - og‘irlik koeffisiyentlari [9].

Taklif etilgan MQNK algoritmi blok-sxemasi ikki rotorli shamol turbinasida oldingi va orqa rotor-
larni alohida optimallashtirish bilan birga, ular o‘rtasidagi aerodinamik o‘zaro ta’sirni ham hisobga
oladi, bu esa an’anaviy MQNK algoritmlaridan asosiy farqni tashkil etadi.

6-rasmda taklif etilgan MQNK algoritmi blok-sxemasi keltirilgan.

MQNK algoritmining blok-sxyemasi (ilmiy bayon):
il Qarama-qarshi aylanuvchi ikki rotorli shamol turbinasi

uchun taklif etilgan MQNK algoritmining ishlash ketma-

Hisoblash ketligi quyidagicha amalga oshiriladi:
A1 = wiR/v 1. Shamol tezligi v, oldingi va orqa rotorlarning aylanish
A2 = W2Ry/(kv-v) tezliklari 1 va ®2 real vaqt rejimida o‘lchanadi.
l 2. O‘Ichangan parametrlar asosida oldingi va orqa rotor-
Oldingi rotor TSR-MPPT— wg: lardpchun uchish tezligi koef-fisiyentlari A1 va A2 hisobla-
nadi.
l 3. Oldingi rotor uchun TSR (Tip Speed Ratio) usuliga
Orqa rotor Power-based MPPT—w;+ asoslangan MQNK algoritmi orqali optimal aylanish tezligi
1 ®1* aniqlanadi.

4. Orga rotor uchun quvvat gradiyentiga asoslangan

(Z: r:,; ::::,:::::T::I (Power-based MQNK) algoritm yorda-mida maksimal
1 quvvatga mos keluvchi aylanish tezligi w2* belgilanadi.
N 5. Oldingi va orqa rotorlar o‘rtasidagi aerodinamik
I Tborbh 0, 0 ge“m“m”gq‘— o‘zaro ta’sir hisobga olinib, adaptiv korreksiya bloki orqali
v ol* va ®2* qiymatlari moslashtiriladi.
O'zaro ta'sir korreksiyasi 6. Hisoblangan optimal aylanish tezliklari generatorlarni
@f @f moskaslifiish boshgarish tizimiga yubo-riladi.
4 7. Algoritm navbatdagi vaqt qadami uchun takrorlanadi.
Ushbu algoritm CRWT tizimida ikki rotorning birgalik-

da optimal boshqarilishini ta’minlayd

6-rasm. Taklif etilgan MQNK algo-
ritmi blok-sxemasi

Fig.6. Block diagram of the proposed
MPPT algorithm

7-rasmda, Pareto front yuqori quvvat - yuqori narx o‘rtasidagi muvozanatni ko‘rsatagan hamda
ikki rotorli shamol turbinasi uchun pareto nuqtalari yuqori samaradorlik sohasida jamlanishi keltiril-
gan.

LT

’ #  Pareto optimal

: 10
Cost (kS)

4
Power (kW)

6 20

7-rasm. Ikki rotorli shamol turbinalar uchun xarajat-quvvat-samaradorlik talablari bo‘yicha taxlili
Fig.7. Analysis of cost-power-efficiency requirements for two-rotor wind turbines

MATLAB modellashtirish natijalari. MATLAB mubhitida ishlab chigilgan model quyidagi na-
tijalarni ko‘rsatdi:

- quvvat chiqarish 8—15 % ga oshdji;

- past shamol tezliklarida barqaror ish ta’minlandi;

- momenti tebranishlari kamaydi.

Bu natijalar ishlab chigilgan MQNK algoritmining samaradorligini tasdiqlaydi [10].
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5. Xulosa (Conclusion)

1. Ishlab chigilgan matematik model:
- ikki rotor o‘rtasidagi aerodinamik ta’sirni hisobga oladji;
- MQNK, NSGA-II va PSO algoritmlari bilan integratsiya qilishga mos;
- MATLAB muhitida real vaqt modellashtirish uchun qulay.

2. Aerodinamik o‘zaro ta’sir effektlarini mexanik va elektr dinamikasi bilan bog‘lash orqali
qarama-qarshi aylanuvchi ikki rotorli shamol turbinasining nochiziqli matematik modeli ishlab chi-
qildi. Bu model shamol energetikasida yuqori samarador CRWT tizimlarini loyihalash uchun nazariy
asos bo‘lib xizmat qiladi.

3. CRWT tizimida oldingi va orqa rotorlar o‘rtasidagi aerodinamik o‘zaro ta’sir hisobga olin-
maydigan an’anaviy MQNK algoritmlari samarasiz ekani ilmiy jihatdan tasdiglandi.

4. Yangi taklif etilgan adaptiv gibrid MQNK algoritmi oldingi rotor uchun TSR, orqa rotor uchun
Power-based usulini qo‘llab, ular o‘rtasidagi ta’sirni korreksiya qilish imkonini berdi.

5. MATLAB muhitida simulyasiya qilish natijasida taklif etilgan algoritm quvvat chiqarishni
an’anaviy usullarga nisbatan 12-25 % ga oshirish, quvvat tebranishlarini 30—40 % ga kamaytirish va
past shamol tezliklarida barqarorlikni ta’minlashini ko rsatdi.

6. Qiyosiy tahlillar algoritmning energetik, dinamik va texnik ko‘rsatkichlar bo‘yicha ustunligini
isbotladi va CRWT tizimida maksimal samaradorlikka erishish imkoniyatini ta’minladi.

7. Tadqiqot natijalari CRWT tizimlarini O°zbekiston Respublikasining past va o‘rta shamol tezli-
kli hududlarida qo‘llash uchun ishonchli ilmiy-amaliy asos yaratdi.
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