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Dolzarbligi: O‘z-0‘zini qo‘zg‘atish - bu sistema elementlari va generator chulg‘amlarida kuchlanish va tokning
(U va I) o‘z-o‘zidan ortib ketishi bilan xarakterlanuvchi elektromagnit noturg‘unlikdir. O‘z-0°zini qo‘zg‘atish
sodir bo‘lishining zaruriy sharti stator zanjirida mashinaning induktiv karshiligi bilan tebranish konturini vujudga
keltiruvchi ulangan sig‘imning mavjud bo‘lishidir. Mashina chulg‘amlarining xususiy va o‘zaro qarshiliklari
rotor aylanganda vaqt davomida o‘zgaruvchanligi sababli konturda elektr tebranishlar so‘nmasdan, aksincha ortib
boruvchi sharoit yuzaga kelishi mumkin. Bu 0°z-0‘zini qo‘zg*‘atishni ifodalaydi. Sinxron generatorning o°z-o‘zini
qo‘zg‘atish jarayoni salbiy holat hisoblanadi, chunki kuchlanish va toklarning qiymatlari juda katta bo‘lishi
mumkin va eng asosiysi ularni boshqarib bo‘lmaydi.

Magsad: An'anaviy noayon qutbli sinxron generatorning Matlab Simulink modeli yordamida o°z-o‘zini
qo‘zg‘atish jarayonini modellashtirish va tahlil qilishdan iborat.

Usullar: tadgiqot jarayonida sinxron generatorlarning elektromagnit o‘tkinchi jarayonlari nazariyasi, matematik
aproksimasiya, differensial tenglamalarni echishning Runge-Kutta usuli, 0‘z-0‘zini qo‘zg‘atish jarayonlarini
MatLab Simulink dasturida modellashtirish, olingan natijalarni taqgqoslash va qayta ishlashda matematik statistika
usullaridan foydalanilgan.

Natijalar: An'anaviy noayon qutbli sinxron generatorning Matlab Simulink modeli yordamida o‘z-o‘zini
qo‘zg‘atish jarayonini modellashtirish natijalari keltirilgan.

Kalit so‘zlar: noayon qutbli sinxron generator, magnit tizim, modellashtirish, sinxron generatorning o‘z-o0‘zini
qo‘zg‘atish jarayoni, asinxron o‘z-0‘zini qo‘zg‘atish jarayoni.
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AkTyansHOocTh: (CaMOBO30YXIE€HHE —  JJIEKTPOMAarHUTHAs HEYCTOHYHMBOCTb, XapaKTEPHU3YIOMIAsCs
CaMOTIPOM3BOJIFHEIM YBeNIMueHneM HanpspkeHus u Toka (U u [) B ameMeHTax cuCTeMBl 1 0OMOTKaX TeHepaTopa.
HeoOX0auMbIM ~ YCIIOBHEM BO3HHKHOBEHHS CaMOBO30YXICHHUs SIBISETCS HauuM4yhe B LN craTopa
HOAKIIOYEHHOII eMKOCTH, co3farouiel KojaeOaTeNbHbli KOHTYP ¢ MHAYKTHBHBIM CONPOTUBICHHEM MAIKHBI.
[TockonbKy yaebHbIE U B3aUMHBIC COMPOTHUBIICHHUS OOMOTOK MAIIMHBI U3MEHSIOTCS C TSUEHHEM BPEMEHU MPH
BpAIL[CHUH POTOPA, MOT'YT BOSHUKHYTH YCJIOBHS, IPU KOTOPBIX dJIEKTPUUECKUe KoJeOaHus B IIENH HE 3aTyXaloT,
a, Ha00OpOT, HapacTarT. JTO Ha3bIBaeTCs caMoBO30yxaeHHeM. IIpomecc caMoBO30YXICHUS CHHXPOHHOTO
TeHepaTopa CYNTAETCsl HETaTHBHBIM SIBJICHHUEM, MTOCKOJIBKY 3HAYCHUS HANPSOKCHHH W TOKOB MOTYT OBITH OYSHB
0OJBIIMMH, a TIIABHOE, UM HEBO3MOXKHO YIIPABJIATH.

Heab: MozaenupoBaHue W aHAIH3 MPOIECCa CaMOBO30YKICHUS OOBIYHOTO HESIBHOIIONIOCHOTO CHHXPOHHOTO
reHeparopa ¢ UCrosib3oBanreM Mojaenn MatLab Simulink.

MeTtoapi: B mporiecce ucciae0BaHUsS HCIOIB30BATNCH TEOPHS DJICKTPOMATHUTHBIX MEPEXOMHBIX MPOIIECCOB
CHHXPOHHBIX T'€HEepaTopoB, MaTeMaTH4ecKas ammpokcumarms, wmeTox Pynre-KyTrTel ms  perueHus
nuddepeHIMaNbHbIX  YPaBHEHHUH, MOJEIHPOBaHHE MPOLECCOB CaMOBO30yaeHHs B mporpamme MatLab
Simulink, MaTeMaTHYeckre CTATUCTHIECKAE METOMBI JJIsi CPaBHEHHS M 00paOOTKH MOITYYEHHBIX PE3yIbTaToB.
PesyabTatel: [lpencraBieHbl pe3ynbTaThl MOJICIUPOBAHUS TIpoOIlecca CaMOBO30YKICHUS TPaIUIMOHHOTO
CHHXPOHHOTO I'eHepaTopa ¢ HeCTaOMIBHBIMH MOJTIOCAMH C HCTIONIb30BaHueM Mozenn Matlab Simulink.
KnioueBble c10Ba: HETBHOMOIIOCHBIN CHHXPOHHBIN T€HEPATOP, MATHUTHAS CHCTEMa, MOJICIIMPOBAHHUE, TIPOLIECC
caMOBO30Y>KIeHHs CHHXPOHHOTO TeHEPaTOpa, aCHHXPOHHBIN IpoLece CaMOBO30YKICHNUS.
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Relevance: Self-excitation is an electromagnetic instability characterized by a spontaneous increase in voltage
and current (U and I) in system elements and generator windings. A necessary condition for self-excitation is the
presence of a connected capacitance in the stator circuit, creating an oscillatory circuit with the machine's
inductive reactance. Since the specific and mutual resistances of the machine windings change over time during
rotor rotation, conditions may arise in which electrical oscillations in the circuit do not attenuate, but rather
increase. This is called self-excitation. The self-excitation process of a synchronous generator is considered a
negative phenomenon, since voltages and currents can be very high and, most importantly, impossible to control.
Aim: To model and analyze the self-excitation process of a conventional non-salient-pole synchronous generator
using the MatLab Simulink model.

Methods: The study utilized the theory of electromagnetic transient processes in synchronous generators,
mathematical approximation, the Runge-Kutta method for solving differential equations, modeling of self-
excitation processes in MatLab Simulink, and mathematical statistical methods for comparing and processing the
obtained results.

Results: The results of modeling the self-excitation process of a traditional synchronous generator with unstable
poles are presented using the Matlab Simulink model.

Keywords: non-salient-pole synchronous generator, magnetic system, modeling, self-excitation process of a
synchronous generator, asynchronous self-excitation process.

1. Kirish (Introduction)

O‘z-0°zini qo‘zg‘atish - bu sistema elementlari va generator chulg‘amlarida kuchlanish va tokning
(U va I) o‘z-o°‘zidan ortib ketishi bilan xarakterlanuvchi elektromagnit noturg‘unlikdir. O‘z-o‘zini
qo‘zg‘atish sodir bo‘lishining zaruriy sharti stator zanjirida mashinaning induktiv karshiligi bilan
tebranish konturini vujudga keltiruvchi ulangan sig‘imning mavjud bo‘lishidir. Mashina
chulg‘amlarining xususiy va o‘zaro qarshiliklari rotor aylanganda vaqt davomida o‘zgaruvchanligi
sababli konturda elektr tebranishlar so‘nmasdan, aksincha ortib boruvchi sharoit yuzaga kelishi
mumkin. Bu 0‘z-0°zini qo‘zg*atishni ifodalaydi. Sinxron generatorning o‘z-o0‘zini qo‘zg‘atish jarayoni
salbiy holat hisoblanadi, chunki kuchlanish va toklarning qiymatlari juda katta bo‘lishi mumkin va
eng asosiysi ularni boshqarib bo‘lmaydi.

2. Materiallar va usullar (Methods and materials)

Sinxron mashinalarning differensial tenglamalarini tuzishda va ularni echishda quyidagi
chekinishlarni hisobga olinadi [1-5]:
1) sinxron mashinaning po‘lat o‘zagining magnit singdiruv-chanligi cheksizlikga teng va
to‘yinmagan;
2) stator va rotorning magnit maydoni havo orlig‘i bo‘ylab sinusoidal tarqaladi;
3) faza chulg‘amlari simmetrik;
4) tinchlantiruvchi (dempfer) chulg‘am sterjenlari rotor o‘qiga nisbatan simmetrik joylashgan.
Mashinaning stator kuchlanishlari tenglamasi 3.2-a. rasmga ko‘ra quyidagicha bo‘ladi:

N

UA:iArs-l_%

dt

t (1)

dy
dt

bu yerda iy, is, ic — stator faza toklarining oniy qiymati; 7 — stator faza chulg‘amining aktiv qarshiligi;
¥4, ¥, ¥c— stator faza chulg‘amlarining oqim ilashimligi [6].
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al

1-rasm. Ayon qutbli sinxron mashinaning a) faza (A, B, C) koordinata tizimida va b) rotorning (d, q)
koordinata tizimidagi ko rinishi.

Fig.1. View of a salient-pole synchronous machine in (a) the phase (A, B, C) coordinate system and
(b) the rotor (d, q) coordinate system.

Bo‘ylama o‘q Ko‘ndalang o‘q
d o‘qi qo‘qi
Xisoblash Sinxron o‘q
o‘qi

2-rasm. dempfer va qo‘zgatish chulg‘ami uchun (d, q) o‘qlari bo‘yicha kuchlanishlar tenglamasi
quyidagicha bo‘ladi:

Fig. 2. For the damper and field windings shown in the figure, the voltage equations along the (d, q)
axes are as follows:

_ir Y
;oo dt

AWy
dt )
W,
dt |

bu yerda Ur— qo‘zg‘atish chulg‘amidagi kuchlanish; i; ipa, ip, — qo‘zg‘atish va dempfer chulg‘amining
d va g o‘qlari bo‘yicha toklari; r; rpa, rpy — qo‘zg‘atish va dempfer chulg‘amining d va q o‘qlari
bo‘yicha aktiv qarshiklari; W5 Wps, Wpy, — qo‘zg‘atish va dempfer chulg‘amining d va q o‘qlari
bo‘yicha oqim ilashimligi [6].

Sinxron mashinaning oqim ilashimligi tenglamalari:

~

0=i,,r,, +

0=ip1p, +
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Wy =L, + M gig+ M, cic+ M i, +M,,in, +M,pipn,
Wy =Lgip + M i, + M. +MB] . +M gy, +MBqu‘Dq
We=Leic+Mepip+Meyi,+Moi, +Mepin, +Mepjp,
W, L,z, +MfAiA+M‘,BiB+MfCiC+MfDdiDd

Wpa = Lpgipa + Mpads+Mpags + Mp,dec + M pafls

Wi =Lpgip, t Mpjis+Mpgig+Mp,de+Mp i,

bu yerda L Ba M — har xil chulg‘amning induktivligi va o‘zaro induktivligi hamda

G)

Mup=Mps; Myu=My; Mpas=Maaq Ba Ly — Stator faza chulg‘amlarining induktivligi va o‘zaro
induktivligi, mashinaning d o‘qi va A fazasi o‘qlari orasidagi 6 burchakning davriy funksiyasidir [6,

2-5]: [20, 2-5].

Stator faza chulg‘amlarining induktivligi va o‘zaro induktivligi, mashinaning d o‘qi va A fazasi

o‘qlari orasidagi 6 burchakning davriy funksiyasidir [6, 2-5]:
L,=L,+L,cos20

L,=L,+L, 005[26’+2Tﬂ)
L.=L,+ L, cos(2¢9+4§j

2
M, =M, +Mzcos( H_Tj

M, .=M,+M, cos[2¢9+2—”j
3

M,.=M,+ M,cos26

bu yerda Ly=2M, Ba L;=M., stator chulg‘amlari simmetrik joylashtirilgan.

J

“4)

Sinxron generator chulg‘amlari orasidagi o‘zaro induktivlik quyidagi ko‘rinishga ega [6, 8-11]:

M, =M ,,cosO

Af

2
My =M ., cos[&—?ﬂ

N— —

2
My =M ,, COS(Q + Tﬂ

M g =m,,, cos 6

M, =mADdcos(6’—2T”j

M p, =m cos[0+2§j

M ,p, =m,p,co80

M g, =mAchos(6’—2?”j
27:)

M p, =myp, cos(0+
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bu yerda My, maaa, mapg — A fazasi chulg‘ami va qo‘zgatish chulg‘ami d va q o‘qlari hamda dempfer
konturlarining mos kelish paytidagi o‘zaro induktivlik.

(4) va (5) tenglamlar tizimini echish qiyinligining sababi shundaki, induktivlik va o‘zaro induktivliklar
rotor holatining davriy funksiyasi hisoblanadi [6, 2-5].

Stator va rotor konturlarining oqim ilashimligi tenglamalari quyidagicha:

W, =Ly, + MAd(i_f + iDd)
v, =L i +MAqiDq

sq°sq

. .3 .
l//f:Lflf-l_MAdld-l_EMAdlsd ©

. .3 .
Wpa = Lpaips + MAdlf + EMAdlsd

Aq”sq

.3 .
WDq:LquDq+EM i

bu yerda Ly, L, — sinxron generator stator chulg‘amining d va q o‘qlari bo‘yicha induktivligi;
M 4q, M 44— sinxron mashinaning d va q o‘qlari bo“yicha har qanday juft konturning o‘zaro induktivligi.
Quyidagi dinamik ekvivalent sxemasi yordamida an'anaviy sinxron generatorning tenglamalari

tuziladi:
u fvfrlv\ r\fff:f\ :Rﬁ f\fl\‘x’\ o A N‘\:r!v\
| o .
+ iu' + + lkq,ﬂ t,,q_ﬂ&
¥, % Lua Ly e v, é Loy Lixgs Lpg2
Ry _ _ Ryt Ryy>
d —bo‘ylama o°q bo‘yicha q — ko‘ndalang o‘q bo‘yicha

3-rasm. An'anaviy sinxron generatorning dinamik ekvivalent sxemasi.
Fig. 3. Dynamic equivalent circuit of a conventional synchronous generator.

Davriy koeffisientlarni yo‘qotish uchun, tenglamani rotorga nisba-tan qo‘zg‘almas (d, q)
koordinata tizimida yoziladi:

) d
Usd = lsdrs + l//d

-y,

N

d
U q = isqrrv + ;/;q + a)sllyd

(7
dy, .
Uj’: dt- +’/jf'lj’
dy .
0=7Dd+dede
d
0= WD”JerqiDq

M, = %(l//disq - ‘//qisd)

ds
Jo, T;MZ wox — M5

s

Bu yerda sy=(w,-w,)/ws — sinxron generatorning sirpanishi; J — sinxron generator rotorining inersiya
momenti; Mygx — sinxron generator validagi mexanik moment; Me — sinxron generatorning
elektromagnit momenti [9, 11-13].

Yuqoridagi tenglamalar tizimini echish uchun Matlab Simulink modeli quyidagicha tuziladi [14, 15]:
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Yugqoridagi sinxron generator differensial tenglamalar tizimiga etibor berilsa, tenglamalar tizimi
asosiy ikki qismdan iborat bo‘lib, u elektr kattaliklar qismi va mexanik kattaliklar qismdan tashkil
topgan. (3.58) differensial tenglamalar tizimining avvalgi 6 ta tashkil etuvchisi elektromagnit
jarayonlarni ifodalovchi differensial tenglama-lardir va tenglamalar tizimining oxirgi 7-tashkil
etuvchisi sinxron generator rotorining mexanik harakat tenglamasi hisoblanadi [7, 16-19]. Shuning
uchun Matlab Simulink modelini yaratishda ikkita asosiy qism ko‘rib chiqiladi. Buning uchun elektr
va mexanik qismdan iborat quyidagi Matlab Simulink modeli yaratiladi [16-19].

abc2qd gd2abc iaib

( ) v cos,sin e zincos isA) e - °
v vq - i
theta vi phig g ———fpig.id (e}
theta_e
phid o
- "
phikg2
> ehio N
Ly Lo RURERE T
o Te electrical Te
igid
N - torque
"1 phivgt ]
Vel - -
o -
Vid f—
vt L’u.mams
| ang
| mutual
|—
{4 i iqid
>
we - -
L
> Lt
-
#Va e » p
- {Vd >
Qe
13
PQ
Lal!
delta
-V

Delta angle

4-rasm. Sinxron generatorning elektr qismi uchun
Matlab Simulink nimtizimi.
Fig. 4. Matlab/Simulink subsystem for the electrical part of the synchronous generator.

Sinxron generatorning elektr qismi Matlab Simulink modelini yaratishda (3), (4), (5) va (6)

tenglamalar tizimi uchun toklar va oqim ilashimliklari uchun quyidagi nimtizim tuziladi [20-22]:
(A, B, C) faza koordinata tizimini (d, q) koordinata tizimiga o‘tkazuvchi nimtizim; (d, q) koordinata
tizimini (A, B, C) faza koordinata tizimiga o‘tkazuvchi nimtizim; (d, q) o‘qlari bo‘yicha ogim
ilashimliklari, dempfer kattaliklar hamda toklarni hisoblovchi nimtizimlar; Aktiv va reaktiv
quvvatlarni hisoblovchi nimtizimdan iborat [23-27].

Sinxron generatorning yuqoridagi (3) - (5) tenglamalar tizimi uchun d va q o‘qlari bo‘yicha toklari
va oqim ilashimliklarini hisoblovchi quyidagi nimtizim tuziladi. Ushbu nimtizimda sinxron generator
magnit o‘zagining to‘yinishini hisobga oluvchi nimtizim mavjud. Ushbu nimtizim yordamida sinxron
generatorning yuksiz ishlash xaraketristikasini polinom aproksimasiyalash yordamida barcha
o‘tkinchi jarayonlarni hisoblashda magnit o‘zak to‘yinishini hisobga olishning imkoniyati mavjud
[20].
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5-rasm. Sinxron generatorning d va q o‘qlari bo‘yicha, toklari va oqim ilashimliklarini hisoblovchi

nimtizim.

Fig.5. Subsystem for calculating the currents and flux linkages of a synchronous generator along

the d and q axes.

Sinxron generator magnit o‘zagining to‘yinishini hisobga oluvchi nimtizimga sinxron

generatorning quyidagi salt ishlash xarakteristikasi parametrlari kiritilgan
jarayonlarni modellashtirishda magnit o‘zakning to‘yinishini hisobga oladi.

ify U,
0 0 12
0,6404 0,7
0,7127 | 0,7698
0,8441 | 0,8872
0,9214 | 0,9466
0,9956 | 0,9969
1,082 | 1,0495
1,19 1,1 o PR, ; i
1,316 1,151 - ' P ?
1,457 1,201

6-rasm. Sinxron generatorning salt ishlash xarakteristikasi.
Fig.6. No-load characteristic of the synchronous generator.

AND

h

drlirng ==t
e s | B
phimg_out

Switch

M
Y

phimd

PhiMG i =at.1

dg sxis sstursticn
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—-ld::ut}lE
:

T phimd_cut
phimd sat.

phimd Multiport

Switch

d =xis saturaticn

bo‘lib, o‘tkinchi

7-rasm. Sinxron generator magnit o‘zagining magnit maydoniga to‘yinishini hisobga oluvchi

nimtizim.

Fig.7. Model considering the magnetic saturation of the magnetic core of the synchronous genera-

tor.
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8-pacm. (A, B, C) faza koordinata tizimini (d, ¢) koordinata tizimiga o‘tkazuvchi nimtizim
Fig.8. Model converting the (A, B, C) phase coordinate system to the (d, q) coordinate system.

(7) differensial tenglamalar tizimining oxirgi 7 chi tashkil etuvchisi sinxron generator rotorining
mexanik harakat tenglamasi bo‘lib uning Matlab Simulink modeli quyidagicha yaratiladi:

-
L
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Fm " e
om0 weRl, angle dthets
Rotor speed Pl s -
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i ™
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9-rasm. Rotorining mexanik harakati modeli.
Fig.9. Model of the rotor’s mechanical motion.
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10-rasm. Quvvati 3 kVA bo‘lgan an'anaviy sinxron generatorning Matlab Simulink modeli.
Fig.10. Matlab Simulink model of a conventional synchronous generator with a power of 3 kVA.

Spead (pu)

Double olick here for maore info

3. Natijalar (Results)

Ushbu Matlab Simulink modeldan foydalanib va yuqoridagi sinxron generatorning parametrlarini
kiritib, sinxron generatorning o‘z-o0‘zini qo‘zg*atish jarayoni modellashtiriladi. Sinxron generator o‘z-
o‘zini qo‘zg‘atish jarayonida tok va kuchlanish giymatlarining amplitudasi ortib borib, sinxron
generator sinxronizmdan chiqib ketishi ham mumkin [2].

11-rasmda quvvati 3 kVA, kuchlanishi 230 V va aylanish chastotasi 1500 ayl/min bo‘lgan
qo‘zg‘atish toklari boshqarilmagan holatdagi noayon qutbli sinxron generatorning o°‘z-o°zini
qo‘zg‘atish jarayonidagi tok va kuchlanishning Matlab Simulink modeli yordamida olingan o°zgarishi
ko‘rsatilgan.
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t(s)
11- rasm. Qo‘zg‘atish toklari boshqarilmagan holatdagi noayon qutbli sinxron generatorning o°z-
o°zini qo‘zg‘atish jarayonidagi tok va kuchlanishning o°zgarishi.
Fig.11. Variation of current and voltage during the self-excitation process of a salient-pole synchro-
nous generator with uncontrolled excitation currents.

12-rasmda esa quvvati 3 kVA, kuchlanishi 230 V va aylanish chastotasi 1500 ayl/min bo‘lgan
qo‘zg‘atish toklari boshqarilmagan holatdagi noayon qutbli sinxron generatorning o°z-0°zini
go‘zg‘atish jarayonidagi tok va kuchlanishning tajribada olingan ossillogrammasi ko ‘rsatilgan.

! ”Mll ‘wﬁ j\“ W ]

| |
M”

12-rasm. Qo‘zg‘atish toklari boshqgarilmagan holatdagi noayon qutbli sinxron generatorning o‘z-
o°zini qo‘zg‘atish jarayonidagi tajriba yo‘li bilan olingan tok va kuchlanishning ossillogrammasi.
Fig.12. Experimental oscillogram of current and voltage during the self-excitation process of a salient-
pole synchronous generator with uncontrolled excitation currents.

4. Xulosa (Conclusion)

1. Shunday qilib, noayon qutbli sinxron generatorning 0°z-o0°zini qo‘zg‘atish jarayonida generator
chulg‘amlarida kuchlanish va tokning (U va I) o‘z-o‘zidan ortib ketishi bilan xarakterlanuvchi
elektromagnit noturg‘unlik hisoblanar ekan. Noayon qutbli sinxron generatorlarda faqat asinxron o‘z-
0°zini qo‘zg‘atish sodir bo‘ladi.

2. O‘z-0°zini qo‘zg‘atish sodir bo‘lishining zaruriy sharti stator zanjirida mashinaning induktiv
karshiligi bilan tebranish konturini vujudga keltiruvchi ulangan sig‘imning mavjud bo‘lishi
hisoblanadi.

3. Sinxron generatorning o°‘z-o‘zini qo‘zg‘atish jarayoni salbiy holat hisoblanadi, chunki
kuchlanish va toklarning qiymatlari juda katta bo‘lishi mumkin va eng asosiysi ularni boshqarib
bo‘Imaydi.
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