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Abstract

Georgia is a small country, power grid of which goes to expand day-by-day.
Nowadays Georgia has the parallel synchronous connections with Russia and
Azerbaijan. In addition, Georgia will have parallel asynchronous connections
(through HVDC back-to-back station) with Armenia and Turkey. This means that
in near future, power transit from Russia, Azerbaijan or Armenia to Turkey
through Georgian system will be implemented.

Because of connection of Turkey with united European grid, Georgian
system in connected to Turkey through Back-to-Back (B2B) station, which is
located in Akhaltsikhe substation. In present time, two blocks are ready for
operation, installation of third one in near future is planned. Nominal active power
of each B2B block is 350 MW. In future, depending on scenario, there may be all
three or two blocks in operation. Hence, the summary power flow will be in range
of 700-1000 MW.

First chapter of Diploma work consists from overview of power system
analysis and control. Basic overview of transient processes, concept and analysis of
system stability, methods of power system control are represented here.

Second and third chapter of this Diploma work include respectively small
signal and transient stability of Georgian system in case of regulation of back-to-
back station(s). As it was mentioned above, Power transit from Azerbaijan to
Turkey is also considered. In this case that part of exported capacity, which comes
from Georgia will be about 300-350 MW. The remained 400-650 MW goes from
Azerbaijan to Georgia as export and then, assumed with the capacity to be
exported to Turkey (300-350 MW) goes to Turkey through Akhaltsikhe B2B
station. Hence, it is necessary to avoid system instability in case of arising an
important amount of power unbalance. Such a case may be the tripping of
interconnection line between GE and AZ or blocking of Akhaltsikhe B2B station
due some reasons (short circuit, for example). Because of this we have to use
timely measures in order to maintain system stability. This measure may be use of
frequency relays, spinning reserve or system automatic. But all of them are
depended on some conditions. For example, until frequency level in Georgia
reduce/increase to/up to the relays setting, frequency relays or system automatic
will not work. Utilization of spinning reserve requires a specific time, because of
existing of time constants of speed regulators. In some case, after 2-3 second of
serious unbalance frequency value becomes unacceptable which causes tripping of
important part of Georgian load/generation and finally violation of transient
stability. According to this, we need fast response in case any serious unbalance.
One of the best ways to achieve transient stability is control active power of B2B
station. In this case, if seteval MW for each block is 350 MW, regulator can
immediately reduce it almost to zero. B2B station does not have time constant. If
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we have three blocks of this B2B station, then there is a possibility to reduce their
power flow by 1000 MW — without time delay. Using this approach, we will need
to trip 100-200 MW load instead of 500-600 MW (without regulation of B2B
station). In case of short circuit, regulator of B2B station will immediately reduce
active power almost to zero, which will be recovered just after faulted branch is
tripped. For this time, spinning reserve goes in action and frequency is near to its
nominal level (50 Hz).

The working algorithm of system automatic of Georgian system is
processed in fourth chapter of this Diploma work. In near future 1000-1400 MW
power transit trough Georgian system will be implemented. Such large power
flows may cause some kinds of problems in maintain transient stability for
Georgian system. Any emergency outage of back-to-back station will cause deficit
or abundance of power in Georgian system. To maintain transient stability in this
cases there is need of existence of system automatics in Georgian system, which
will trip part of load or generation in case of critical situations. The working logic
of this automatic should be implemented with the possibility of the regulation of
power of the back-to-back stations. Regulation of active power of B2B station is
possible by frequency and frequency deviation. The working logic of this
automatic will take in consideration power flow and its direction on back-to-back
station. In order to determine amount of the power to be tripped in case of
emergency outage of back-to-back station the modeling of Georgian power grid in
PSS/E has been implemented. Various level of exported power to Turkey and
composition of generators in service (summary inertia T; of Georgian system) had
been considered. Corresponding to the modeling results appropriate formula had
been achieved, which describes the dependence of amount of generation to be
tripped to summary inertia of Georgian system and summary regulation reserve of
back-to-back stations. Generation amount tripped by above mentioned formula
had been compared to the amount of power tripped in PSS/E software. Similarities
is about 93-94%. In addition, system automatic with above mentioned algorithm
works adequately and frequency level is below 51 HZ during transients. This logic
was implemented for the scenario when Georgian system operates as isolated. If
Georgia works as parallel with Russia or Azerbaijan, whole active power unbalance
caused by losing connection with back-to-back station is being liquidated by
change of power flow on OHL Kavkasioni (in case of parallel synchronous
connection with Russia) or OHL Mukhrani (in case of parallel synchronous
connection with Azerbaijan).

Harmonic analysis in Georgian system is considered in the last, fifth
chapter. For normal operation of electrical system there is need of take in
consideration parameters of such kind of equipment, which may have significant
influence on regime, for example, on voltage levels and their shape in system.
These are harmonic source. Such kind of equipment is back-to-back station in our
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system, which has already been working in 500 kV s/s Akhaltsikhe. B2B station
generates various orders of harmonic, which distort voltages in system and give
them shape different from sinusoid. Specific order of harmonic is problematic for
some object in Georgian grid. Hence, it is recommended to analyze harmonic
distortion in our electro system, calculate harmonic orders, total harmonic
distortion and if necessary develop additional measures. Harmonic analysis in case
of existing of Akhaltsihke and Marneuli back-to-back stations in Georgian system
has been carried out. Their influences on levels of harmonic orders at specific
points of Georgian grid are shown. Respective conclusions are done at the end of
the work.
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m3360¢m63@0 Loboo» Sb 80600’)@86860 500506860 333@866006)0@:
TjpAs + P,As + AyK, =0

TrpAy —As+Ay =0

8oboboooo82>8@o 80600’)@360 300@360 383@880 Qg@aéaososd)ob 303@000:

o =[P K
o6y
D(p) = azp* +a;p +ay =0 3)
o
a, = TiTg; a, = Trb, + Tj; a, = P, + K,

hggbo Bodoboo (ogogebmem K. 3mgogoi3ogbiel obodggoe  860dgbgemmds
l)(bo(_r)o 3360 SQaéonbob or>3oq>b03(4mbooo. bob@gaob ngobaogém
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6g9030bomgol (P, >0  ymggemogel), az, a; > ap  3mgazo0gbhgdo
©o©glomo  6oibggdos  bgdaldogéo K. > 0 —Loogol.  803oboeodg  (3)
doboliooogdgem gobhmemgdsl o6 ggbgdo bodgomo ogdome aqligo. 303603
06 060l golmEobyemo  3m83emgdlyte  a3qliggdol  oGligdmds  sEgdomo
658gommo  6sBoemom. gl 30 308m0Bg93L Lolhg8ol BogEomdol éyggaom

©>6©393°0-
80b0b000)868@0 8060(‘0@860[) 038[)38600

—a; ++a,? —4a,a,

2a,

P12 =

063

— (TP + Tj) £/ (TeP, + T))* — 4T;Tr(P, + K)
2T;Ty

P12 =

59 73960l 3369em0 MEIm0Eob BobL, B8  aggliggdol 653gaemo 6oBocmo
ymggmmogol potymogocmos. oy B, o K. olgomos, 6md Leymogde
dotomds:  (TrPy + Tj)? > 4T;Tr(P, + Kc),  Lobhgdob  Bog®ocomds  ogbgdo
93960mE7mo.

oy (TrPy +T))? < AT;TR(P, + K.), 36mgbl gdbgds  8oemggocce  6ygggdels
bobiosoro.

eobzgho: K. —U 6gd0ldogéo 360336g9cmmdabomgal  Lobgds  Lyodoggéoce
Bcogrocono.

Robotronnom 803030@0 od@onﬁo boad@o;gémb 6863@06860 Lob3do&ols 8053@3000
33[)06@368@00 ob330 CHAAUT 6383@00006000.

fo

f 1 + Af y Ky1 +pKas AP
»> O—» M

1+pT,, Pl (1+pT)(1 +pTy)

6ob. 2 CHAAUT 6333@060060[} demm 3—bd330

bo@oe:
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Tyr — 860(3bggemol ooemols 3oBogoo;
Mpy || = boBdamogérol 33emoamgdol boBgsrge (B3g¢y/396iz0);
Ky, Kai — 6983emohor6ob godmogthgdol 3mgao3096¢gd00;
Ty, T, — 6Gganmohmégdol oémob dwodoggdos.

AP — boBdemogtols 6380 338eBggmmo Bobathmol Gganmspmtoo (333h).

Ty Bogorgoemmon byemol hememoco.

3ob30bocmma bioho 360 drogEocomdo.

806)@03030@0 36)m83bo obgoo 6)383@0000630 oqﬁgé)o@oo 338@830 ©003.
8060«)@3600}:

Af My, - (Kpl + pKdl) = (1 +pT)(1 +pTy) - AP 4)

6036860000 Slj 306@)0’)@350 c'goﬁmeooo 860083@8530:

A M AP
o () 5 (s 4 o) = LTI+ 9T

My, p p p 4p
fos 22 (Kon + - wokar) = (14 2 g1 + L0, -5

s*xK; +psK, = (1 + pTy)(1 + pT,) - AP,

M
°C| K, =fos_pb1Kp11 K> =fo§Kd1

833030@360360 bob(i)gaob odn@gbomo dmdGomdols Qo%gégseoo@ﬂaé
806000@360[) odsb bobg:

ds P,

—=—" _p AP
Jdt 1+4s %

s*xK; +psK, = (1 + pTy)(1 + pT,) - AP,

3:'608360. Qé)("’) 60886300 QO Qé)m(’b 83@80382’08 60888800 bOSdQ)Osé)S -
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dg30(hobmo yLobéymme Ji306g dgdgmmgdgde: f = fo + Af, s =S5y +As.
P
odyemgdemo  dmdGomdol  ooggégbizosemy®  gobimemngdode 1—_:)5 693600
803036)03@«)00 ©o gogymo 1 —s —Bg. 805@00@360 300@36[} bobgb:
TipAs + PpAs + AP =0 >» (Tjp+Py)-As+4P =0
8o3oq>goo 3060(’0@830000 l)ob(i)gao:

{ (Tip + P) - As + 4P = 0

Soboboomgbaqm 805@00@360 800@360 333@330 @3@36)80606@0[} 803@000:
Tip+ Py 1
D(p) =

K; + Kyp —(1+pT)(A +pT)

(ij + Po)(l + (T +T) p+TiTo p?) + Ky + Kop =TT T - p* + (T;(Ty + T2) +
+P0T1T2)'p2 +(’I}+P0(T1+T2)+K2)'p+P0+K1 =0
doboboocmgdgem gobhmengdol ogglb d9dcoggo Loby:

D(p) = app® + ayp* +ap+az; =0 (5)

bocoo(s:

ao =’T]T1T2; aq =7}(T1+T2)+POT1T2; a; =’T]+P0(T1+T2)+K2; as =P0+K1
mmbogg 3mgm03096¢h0 ©OEgoemod Lobhgdolb bgdoldogé Ggg90ddo (bgdoldogéo
Py —ob @émob), 60@606 6383@00m60b 3od@036860b 3003%03086@060
0og0bmogoe  dEgdome  Gopbggdes. gl Brogfomdol  syzecmgdgemo
306mdoo,  Fogbod  o6olo3dotalo.  ybeos  godmgoygbmaer  dgéomdols
a9égo3ob 96 doboocmmgol  3G0hgbonde.  dgbodmmgdgemos  MdyoemmeE
303mgmo  3mmobmdol gggliggdo, 3060006 3mEnobmdol botolbo bs3emgdos
6-39.
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8060@00)0&)0030[) 8063050@0000 300636303@0 3830053830.
bodoém38@mb bob(l)gao 3330005[) o%mqmégbn@b@. é)g\aoaob 30603806860
oq:gbnq)oo %oé@mbom 36)003‘3@3630 ©o 3003833@00 d383mm:
T; =277 63, My, =80, fo =50, T, =0.05, T,=0,05 P,=28, K=
50, Kz =0
(5) 3obolioomgdgeme g3obhmengdol 3mgaozegbhgde ogbgde:

a, = 0,6925;, a, =27,84; a, =279.8; az; =78

doboloocgdgem gobhmengdol ogglb d9dcoggo Loby:

0,6925-p3 +27,84-p2 + (2798 + K,) ‘p+ 28+ K, =0

oy K; =50, 35306 K, -L pgemocngdobol 0-coob 10000-3cog  ogqLggdels
bocoocoggde opggemgds py = —0,287, p, = —22,34, p3 = —17,56 —coob
p1 = —0,0015, p, = —20,1+ 268, p; = —20,2 — j268 —dcog
Lodogg o3glge YOEBYMBEcd, b oggb yofymegomo bodogoeme boBocemo. o3
306039330 Lobhgds Lhodozyéoe deogéocos.
ogomo K, =50 coo gi3gocmmon K; 0-co0b 13260-3cog
K; = 0 — boorgol dogomgor 393cogge ogqliggdo:

p. = —0,085  p, =—20,05+ 8,39, p3 = —20,05 — 8,39
K; = 13260 — booogol 30:

p, =—402 p,=0,0108+;218, p;=0,0108—-;21,8

K; =L 393c0gm30 B>  ggodamggl  3m33emgdlné  o39Lggel  cosgdeme
bo8cogocmo boBomoom, Go3 9603gco™dnl 60dobos. oboggbos dm(3gdnem
6990830 E931em06rgal 3mgo30(3096hgdel olodggde Bmgégdo.

RY:) oamBOGOU 3‘)@088330‘) ngod@{]ag@oo 600330[500[), 06‘3 Df@oso&)@gbob
dgomeol  godmygbgdom.  odobomgol  dobolosmgdgem  gobhmengdsde  p

333330@0000 Jjw —ono:
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0,6925-p3 + 27,84 -p% + (2798 +K,) ‘p+ 28 + K, = 0
dggohobmor p —b dogogho jw.
0,6925 (jw)3 + 27,84 - p(jw)? + (2798 + K,) - (jw) + 28 + K, = 0
3963530039300 3memobm8olb 653gocmo o Boédmbobgomo boboemgdo:
—j0,6925- w3 — 27,84 - w? + jw279,8 + jwK, + 28 + K, = 0

063
—27,84-w?*+ 28+ Ki=0

—j0.6925 - @3 + jw279,8 + jwK, = 0
>dge6: K, = —279,1 + 0.0248K;

Sb 86‘3@0 6053863600 bob. 3-34.

300 | K2

6ob. 3 D-co56560emgdols (650 330Lhol) 3Gy 0Bmmatgdymmoce 3mandogy
Lbogotrorggememb bobdhgdol 8gdmbgggoado

306000096 390303096930l otrymozoon  3603gbgemmdgdl  9d0 o6  odal,
boseoes Ky = 13260 0 K, =50 —ob ol Lobygds  Leyoognoce
060336000, godmeal, Gm3  3mgogozogbhgde 7bos  3ggocBome Dy
06906, dlgmo oéggde 3O 9g39g3mo  yggemo  3gbodmmm  €gge8de oo
3099303096(hgd0  9306Boma, olg, €m3 olobo bggdmebyb yggeme Eggedal
D, ség3o0.
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2.1.1 Bobo& ool boad@b:;éob 6333@06360 30360000536'3@
bod06m33@m—b3365a03b50b bobd)aaoao

aobboemyem  odbo  Lhohogn®o  dogtommds  gogemasbgdyemo
bogotaggemm-08g6dooyobol  Lobhgdgdol Jgdmbgggode. 3gggoce  Bg8mon
39bbocmyem 398;bgqgolicrob Igotrgdom 3go(3gemgde 0bgé300l 8ywBagy oo
§987960 ggbgo(z0o:
T, =895 63, M, =80, f, =50, T, =005 T,=005 P,=58 K =
50, K, =0

Soboboomgbaqm 805@00@360[} 30’)80308035@860 odsabo;

ap = 2.2375 a, = 89.645; a, = 900.8; a; = 108

Soboboom{]b{]@ 606@00@360[) odsb 333@380 boba:

2.2375-p3 + 89.645 - p% + (900.8 + K,) -p+ 58+ K, = 0

ogomo K; =50, 35d0b K, —b (33cm0emgoobol 0-coob 10000-3cog ogqLiggdols

bocoocgggdo oggemgds py = —0.121, p, = —21.032 p; = —18.911-co0b
p1 = —0,0099, p, = —20,027 + j66.861, p; = —20,027 — j66.861-3cog.

Lodogg 3qlgo YoEYMaemos, 96 gl PoGymeocme Esdwgomo EoBocwe. o8
306mdg330  Lobhgds  Lophogn®oe  Bwma®omos. ogommo K, =50 o
3339 ™0 K; 0-056 38037-8c0g. K; = 0 —boog0l Bogomgon o3gbggdo:

p, = —0,061, p,=—-20,001+j4734, p; =—20,001—j4.734
K, = 38037 —boorgals 30:

p, = —40.065 p, = 0.0001+ j20.614 p; = 0.0001 —j20.614

Ki — ob 3983m30 36> agodemggl 3m83mogdlné  glzgdl  ocogdocmo
Bo3cogoemo 65Bocmom, oy 3608gGowmdal 60d60s.

5353M” D—QOGQGOQ)SBob 36)3@0. Soboboomg?)g@ 606@00@360[) Sdsgbo bobg:
2.2375- (jw)® + 89.645 - (jw)? + (900.8 + K,) - (jw) + 58 + K, = 0
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3963530039300 3memobm8ol bo3goemo o Bo&dmbobgomo bobBaemgdo:
—89.645- w2+ 58+ K, =0
—j2.2375- @3 + 9008 jw + K, - jo = 0
—2.2375-w? + 9008+ K, =0
549096 gocoqdor: K, = —899.352 + 0.025K,

Sb 86‘3@0 6053863600 bob. 4—33.

\\ \ \ \\s s

\ \ \\\
§ \ \F\\

0 10000 20000 30000, 50000 60000 70000

bob. 4 D-co65B0cmgdal (6o 330ld0b) 36700 gogemasbgdyem Lodotarggemm-
2896308060l Lobhgdal 3g8mbgggode

6)0080063 360b800, K; =38037 > K, =50— ob é6mb bob@gao
b00003360q> oéoaq)aéoqmo, 30300@0[), éHm3 3“’3%03086@)360 D1 oéSQOG

8000303[) U(i)od)o3né>oq) 8@660Q) 68(4360@8&).

2.1.2 Boboéronols boad@b;;é)ob 636'3@06350 bob@aaoao
boﬁdoéob 6333@0@006)0[) 300)30@0[)50585000

3063050@0000 2.1.1 306)06600330 80’)3833@0 3330053830, mq)qu)
033860@ boﬁdoéob 6383@06006)0[) 8°°°3°Q’°bg°682’°°°'
6)00(50’)60[) odn@gbomo dndomdols @00336)36300@36)0 805@00@360:

ds  (Py+4Py)(1—5) f—1fo
Jdt ~ 1—5s2 _(P:‘) K= fo

*fo)
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3030306)0030300 Sb 80600’)@360 o 38300300060000 83063 383030’)00860:
s =5otAs, f=fo+Af © ™3gbopHmEymmo dgmmepo:

TipAs = Py + APy — PyAs — PoAs — Py, — K1 Asfy
[Tip + (Py + Kify)] - As + APy = 0
356330350 3Gmpzglo  LoBdoGol Gganmopm®o smByGoemos 393wgae
©003. gobhmemgdgdoom:
As[Kg - (1 + pTgr)] — APy - (1 + pT;) - (1 + 8pTR) = 0
Ks — boRgotol Gganmohmol godmogégdols 3mge30i3096¢)0;
Tg — G9aneo(mcob ool dgdegs;
T — G9370ohmE0b ©&mol 3nwdgs.
sg00mo: Tg =0, Tg =5 63

8o3oq>goo 3060(’0@830000 bob(i)gao:

[Tip + (Po + Ky - fo)] " As + APy = 0

8oboboooo82>8@o 80600’)@360 300@360 383@860 Qg(i)gé)aosos(i)nb 803@000:

Tip + (Po+ K1 " fo) 1
D(p) =

Ks(1+ pTg) —(1+ 8pTx)

8T Tp p?+[T;+Tr (8- (Po+ Ky fo) —Ks)|'p+(Po+ Ky~ fo—Ks) =0
dobolioomgdgem gobhmemgdsl gdbgos Lobg:
agp®> +a.p+a, =0
ay=8-Tj"Tr; ay=T;j+Tg- (8- (Po+Ky"fo) —Ks); ay=Py+ Ky fo—Ks
Lyohogneoe  Bogtoemdol  9boemodolbol o3  Jgdmbgggzodoy  omgdymos
Lodotroggemm-o8gédootobol  gogémosbgdnmme  Lobhgds o &ggedol

306)08806360. 06806)03360 30606)833@00 0306)@006000 360033@3630.
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T; =895-314 = 281030; Tz =5-314=1570; P, =58;
K, =100; f,=1; K;=20
dobolovcgdgem gobhmemgosl ggdbgos bobg:
3529736800 p% + 2234110-p+138=0
p; = —0.000563; p, = —0.000069
mE039 3gLgo NOGYMAomd, 967 Lhohenéo Bgeomds dgbsébnbgonemos.
Gmgmbay doboloomgdgmmo gobhmemgodoob Bobl, a; o a; 3mgozozegbhgddo
dge00b K; (3yc0dogo ogbolb Robotaol godemogégdol 3mgegozegbho) oo K
(LoBdotol  EggnmohmEnl  godemoglgdol  3mga3o30gbie).  Bogocomde
dgbobBnbogds  olggg, ooy a; >0 o a; >0. ogoegebme  K; —ols
©3m 300907cmgde K —8g.
Kg Tg—8:Tp Py —T,

’I}‘+TR'(8'(P0+K1'f0)_K5)>O - K1> :_78
8-Tr " fo

Ks — Py
fo

P0+K1'fO_K5>0$ K1> :_38

8og0mgo: Ks =20 = K; > —78 o K; > —38
Go3 6odbogl, @m3 K;=20-0b &®mb K;— ol 6gdeldogeo

ogdomo  Loomg  3B61bggemymall  ogdem  a; —bs o a, —b by
Lyohogné Bogroemdsl.
39300630603mm  K; —ob Loowg K5 —ob  3060dscmnéocsb  3ogdlodocmyéo
3603369cmm™dg30l EU.

Ks=5> K; >—53 oo K; > —80

Ks=50>» K, > -8 o> K; >—74
ol 3gbo:

% 3996000069870 LogoGoggemm-o8g6donyobol bobhgdol 398cbgggede
Bobotrmal 6ganmohmol godmmogégdel 3mgage3egbhgdol Bmgégda
900698000 0E0Y, 30EY 03mmodgdnmo Lodsémggamml bobdgdal
6.
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% oo o80bs, BjoBogo ool Bobotmol  Gganmeheeol
35dmogthgdol 3egaz03096¢hob BgdobBogéo wocgdeco edzbganmds,
GoBgapoy  Ggocry®  gedzargddo Bemgdgge,  BEYEgaRymal
bobiygBol  Lehothogn® Brogocommdsl 08alizsh  ooBom30coqdemesdoon,
396bocmm  06oo83o  gemgocmobBobgdymos oy oo LoBdothal

éganwo@mén.

213 boad@o36)ob 3db3m600 mnédgmoQoG

bodoémm@m—o%gébooj)osob 303600005363@ Lobhgdodo

3obgoboemmor  Gggedo,  Looy  BofoemgaoyGoe  8mdndogg
Logooggammbs s 58g6doatsbol Lolihg8gdde bmezogancogds Loddmmogal
9dU3merho omEdgeesk. gb 6odbsgl, GmB EoczggbEEOEYEG 396Hmmgdsdn
35dmmogégdol  3mga3oogbhe o Loddamogtol 6s36o Bgge LdotolBotm
Bodboos. obggg 3v300930em0lBobmo  godmoggdel 3mgazaiagbhe dbmemme
Lob3oal Bobgcogom.

(As- fo " Mpy) - (—Kp1) = —(1 + pTy)(1 + pTy) - AP

933035960nG0  Lobhgdol  odnemgdomo  BmdEomdal  @oozggbzooEE
3obhmemgdol odgl bobg:

Tips = — Py + 4P

Py
1+s
odn@gbomo 80’)&6)00’)60[5 QOU&S&JSGBOO@B&) 60600’)@88030 % 68360
303.58603@0000 ©° gogymo 1 —s —Bg. gobhmemgos doomgol Lobgl:

TipAs + PoAs —AP =0 » (Tjp+Py)-As—AP =0

8o3oq>goo 3060(’0@830000 bob(i)gao:
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(ij+P0)'AS—AP=0
(_Kpl'fO'Mp1)'AS+(1+pT1)(1+pT2)-AP =0

8oboboooo82>3@o 80600’)@350 300@360 383@360 Qg(i)gé)aosos(i)nb 803@000:

D(p) =

—Kp1° fo ' Mpy 1+ pT)(A + pT,)
(Tip+P)(A+(Ty +To) p+ThTo - p?) — Kpy - fo My, =TTy T, - p° +
(Ty(Ty + T3) + PoTyTy) - p? + (T; + Po(Ty +T2) ) - p + Po = Ky = fo - Myy = 0
dobobosmgdgem gobhmemgosl odgl dgdgge Lobg:
D(p) = agp® + a;p? +ap+a; =0
bocoo(s
ap =TiTiTy; ay =Tj(Ty + Ty) + PoTyTy;  ay = Tj + Po(Ty + T);
az =Py — K1 - fo - My,

l)(bo(bo 3360 3@36)0@«)60[} 33506)3‘368601)00)30[), Soboboomgbaqm 606@00@360[}
0MYYCN0 3003%03036({)0 63@33 83@)0 36@0 osmb. 03 3obmdol as

30’)8030308660[) 6\)80’)'.50[)’3@860@06 Sdsgbb l.h)b{]
K,y <——o =725
Pt fo- Mpl .

2.1.4 Bobotronols l)oad@0360l) 6)3&9@06360 Lbobgdodo
™o 6)333@00006000

Q03'3330m, &m3 CHAAUT 6)383@0000(4)30 8033003 méaosmlj NG od3b
Qémob @03«)363250 0633600 6863@000’)630. ™60 obgooo égagq:od)méob
B@m3—bd3306b Sdsgbo bob. 5—33 505386360 80306603363@0 bobg.
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Af Ky11 + pKa1q AP,
(1+pTy1)(1 + pTy3)

Af Ky21 + pKa21 AP,
>
(1+pTy1)(A + pTyy)

6ob. 5 CHAAUT 6333@0@»60[5 30306603363@0 demm3-iggdgdo

806)@08030@0 36)0’)88[)0 obsoo 6)883@000’)6)8630 38830d@00 OQSGS&)O’)CO

388@860 QOU&S&JSGBOQQJU&)O 6\)60(’0@888600) .

{Af- (Kpll + PKdn) = AP - (1+pTi1)(1 +pTh2) (6)

\Af - (Kp21 + PKd21) = AP, (1 + pT21)(1 + pTy,)
AP, — od(i)nnéo boad@o:;éob 6o o0, 3°3mbggyemo 30630@0 Robo&anols

6)383@0(5006)000;

AP, — sdtonto Loddemogtol B386rme, 308cBggemo geteg Robatrorals
9B H™O00;

Kpi1, Ka11 — 306390 6ggemohetoob 3odamogtogdol 3090303096(930;
Kpa1, Kaz1 — Bgoo6og Gganemmohoobrol 30demogegdols 3m90303096(930;
Ti1, Tip — 306rg9m0 Gg3mmohmtol oémob dwo8oggde;

Ty1, Ty — 380068 6863@000060[) Qémob 33@303860;

g9z (6) gobhmemgdol Bggéagdo 3obdo dgdogocmo 3mgozo(3egbhgdel
(Af, APy, AP;) 3obgegoo.
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SAf - (Kpll + PKd11) —AP; - (1 +pTy1)(1 + pTy2) + 0AP, =0

\Af - (Kp21 + PKd21) + 0AP; — AP, - (1 + pT,1)(1 + pTy;) =0

8050[}000)853@0 805@00@360 800@360 333@330 300@060’)30[) 603@000:

Tip + Py 1 1
D(p) = Kpll + pKdll _(1 + pTll)(]. + ple) 0
Kp21 + pKaz1 0 —(1 +pTy)(A + pTyy)

dobolbosmgdgem gobhmemgdol odgl bobg:

D(p) = aop® + arp* + azp® + azp® + ayp +as = 0 (7)
(7) 8050[}0000363@0 805@00@360[} 300303080860360:
ag = TiT11T12T21 T3,
a; = T] ' (Tzz ' (T11T12 + 1217, (T11 + le)) + T11T12T21) + Py - T11T12T51 T,
a, =Py- (Tzz ' (T11T12 + T21(T11 + le)) + T11T12T21) + T] ' (T11T12 +
+T52(T1y + Tiz + To1) + Ty * (Thg + Th2)) + Kaz1 Tia Tz + K11 Toa Tz
az =T; - (Tyg + Tiz + Ty + T3) + Kapg - (Trg + Tip) + K11 (T2 + Taz) +
+Py - (T11T12 + Toz (T11 + T, + T21) + Ty (T11 + T12) + Kle "Ti1Th +
+Kp11T21 T2
ay = Kg11 + Kgzq + T] + Py - (T11 + T+ T + Tzz) + Kle ' (T11 + T12) + Kpll
“(T21 + T22)
as = Kp11 + Kp21 + P

303006806030000 Ud)b(i)o33(4>o 3@860@0’)60 300636)303@0 306033@68&)[)
338005333030:
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T, =277, Ty; =06, Ti; = 0.8, Py=28, Kp; =50, Kgy =100

Ty = 0.65, Ty =085 Ky =40, Kgpy = 80

dobobosmgdgeme  gobhmemgdel  3mgagoogbhgdo  doowgdgh  393cog3
db0dgbgemmogol:

ay = 73.46; a, = 413.7; a, = 961.35; as = 111213; a, = 588; as = 90
dgdmgotyobmo (7) — o p —b dogogboce jw.

333030’)680000 U(i)od)osném 3@860@0’)60 8obooq>m3ob 36)0@)86033000. Q)UG o
385®boéobboosow ) 383833@0 68314)0&)[) 3088601

V(iw) = agw® — a,w? + a,w = 73.46 w5 — 961.35w3 4+ 588w =0

Uw) = aw* —azw? + a5 = 413.7w* — 111213 w2 +90 =0

w- (73.46 w* —961.35 w2 4 588) = 0

wy =0
398mgommon obodgbs: w? = x

73.46 x> —961.35x 4+ 588 =0 >» x; = 12.44; x, = 0.64

w, = V1244 =3.53; w;=-353 w,=0.8 ws=-08
U(w)
4137x%—111213x+90=0 >» x3=2.6; x4 = 0.08;
we = 1.61; w, = —1.61; wg = 0.29; wy = —0.29
838@0 %8[)30 608@30@00 Q)O 80@06083@860@0. 8.0. b@ooosnéo

3@860Qm50 bén@@gbo. 6)0030063 360b800, oy 3@3:1663@ bob@gaoao
33°93L ™60 RoboGma, Gmdmmgdey 93033069896 3ol 898mdgem Lobhgdolierob

(Bogommomoe  850980L o dboemzobol  Bobotangde), 85806  Lobhgdel
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odqangdomo  Beadersmdol  3oBeagogginmmo  gbhmangdgdo  NusbEmmme
B0ty 698Gogdoborgol  Boogdgh  (6) gobhmangdocms  Lobglob  Lsbgl.
Grengenty CHAAUT Gg3mmodmbol damemz-bggBows BoBL (6sb. 5), Tiy oo
Ty, ool Ggagmmopmol  Lobdotol  zowsbtol  Ggmmol  omol
880900, T, o Ty 30 LobBorob BoBemgdnamob 3gbodsdobo Ggeemol
ool BcBoggdo. o)  Bobobogdol  Grganamepmbgdol  Gmab g
dnedoggdo  hoemod: T11=T;; =T1 > T3 =T, =T, 35306 (6)
3360mmgdgho s8ohoggds. dg3360dmar Bagt-Bggor (6)-ob Bgmeg o
89boBg 30BhmEgdgd:

Af - (Kpaa + Kpa1 + 1 (Kaag + Kaz1)) = (1+ pTy) - (14 pTy) - (APy + APy) = 0

0@36036@0’) Kpll + Kle = Kpl @O Kdll + Kd21 S Kdz QO 6)\)@80608 APl +

AP, = AP, dogomgoo:
Af - (Kp1 +PKaz) = AP(1+pTy) (1 + pT3) = 0 (8)

o:;od(l)onéoqa 3m3obq>068m Bosoémgbob domo 6383@00006380[)

333030@35(’906860. 08008060 @0303305800 3330000 80650@‘3@ 338005383030.
n Bobotonolb 333005383030 oGo@maonéoQ 8335'636‘):

Kp1 = Kp11 + Kpoq + Kpzq + -+ Ky
Ki1 = Kg11 + Kgp1 + Kgz1 + -+ Kgna
AP = AP, + AP, + AP; + -+ + AP,
bodmemmme 3303l B3gdmo gobbomymmo gobhmemgdomes Lobhgdo:

(Tjp + Py)Af + AP =0
{(K

p1 T PKd1)Af — AP(1 +pT))(1 +pT,) =0 9)

oy Pggb Go0dg dgommom  godmgge Ky o Kz —U 8ogledscmyéoco

Qob033380 bOQOQSDBO 06 830d3b OQ)UBUQ)O 8(‘03883@0 6)8\508()[)0)30[), UOQOB
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bOQOQSSBO, 6)008@860[3 038080’)({;0@8686 8@660@0’)60[’ 306)0’)60[) 80306
6)080’)@86088 BOGD&)U)OL) 306)00682)30 UGQO bén@@abm@gb 306)0060.

{Kpll + Kp21 + Kpz1 + -+ Kpna = Kpa

10
Ka11 + Kaz1 + Kgzq + -+ Kgn1 = Kgq (10)

ol 3gbo:

Lobhgdode ymggemo  sboemo Roboéronols dndomdodo  dgygobol  Bob  ybcoo
999mb3coglb (10) 3obrmdo.

2.15 D—QQGoSOQ)Sbob 36)3@000 30@363@0 58660@3601.)
d98mEdgo0 Lot 336 3@66;)@006083 36(’036030 PSS/E-do

sog¥gm 06> gémo Bgéhomo D2-oob: Ky = 4000, Kz = 500 (6ob.
3). (10) 3otedol  goongoemobBobgion BgetBs  GganmodmBR0l (o060
Bobotono  oboemizobgBo, gm0 Bo0ngdB0)  3o6eBghtogdo. Lobhgdsdo Bty
dgdqemgdol (3 833h-0560 Bothgmogodgliol 308eoerongs) Bghobol Bgeegaece
Bocogbymo geogagdo BoRggbgdos 6b. 6-8g.

50.1 —
50
49.9 —

6ob. 6 bob3o€>3 bodoémsa@mb bob03303o 33063 333%0005360[»[)
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6)(‘08("’)68 GObOSOQOG BOGU, 88068 383030’)0)860 06383[5 8@660@0’)60[)

2.2 Bobot ool bdd)oaém l)oad@b;;(‘mb 638'3@06350

Lob3o&als Gbéamabn@ob 30[)8@3000

dnedogo  cogbols Robotonols 6863@06860 dqbodemgdgemos Lodo&ols
33e0emg00ls boﬁdoéob (606)3m863@0b) dobgcogoo. dgbododalo
6)383@0(’9006)0[) 6@m3bd330 6053863600 bob. 7—33.

S y 7 MAX | APp
pTp ! C
— T pTB > 1+ pT, > m [ / —>

MIN

6ob. 7 CPAAUT 6333@06«)60[} demm 3-Ugg8o

3o6odogoemo  3Gmzglo  dbgem  Ggznemohm&do  godmobobgds  dgdgae

QOU&S&)SGBOO@B&)O 60660’)@888600)

T, o, 2y
Bar  Bgr 7Y
dz (11

Ty—+2z =
Aq z=Yy

AP = zCy
Sb 306@(’0@83360, Uob(i)gaob odn@gbomo dmdEomdols 80600’)@86860006
36)000@, 83@‘)@860[’ Uobobt%n@m 83063 6036@8%[)00030[) 83od@3335

8066)030335‘3@ q)oossﬁagseooqané 805@00@360000 bob(bgaob:

( dAs
TjW-FPOAS-FAZCM:O
1 TdAZ+A Ay =0
A dt A y_
T As T dAy Av =0
\Bar B odt Y=

Slj 306@(’0@38360 m38600m63@0 0300(433000 odsgbo:
(Tjp + B,)As + AzCy + 0Ay = 0,

0As + (Typ + 1)Az — 1Ay = 0,
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TgpAs + 0Az — (Tzgp + 1)Ay =0

58 Lobhgdob oghgedobobhol godems 3g0dmmggl  3g8cegz  dobolinsargdgem
39bhmemgdol:
D(P) = azp® + a,p* +ayp+a, =0
bocoo(s:
a3 = T,TyTy ;
a, =TgTy By + TiTy + TgTj;
a, =TgPy + P,Ty +T; + TgCy;
a, = F,.
yggemo gL 3mgaz03096¢0 EoEgd000s bgdalBogée P, o Cy — Loegol.
3033mmgdlyéo  ogglggdal 6o8gocmo 6oBomol 60356l gog0g3930  gYErgazel
3609603l obBoergdem. 3gg000306mo gnégoal dogEoe:

a, ay 0

as a; a;

0 0 as

39Ug900L bo8cogoemo boBoemgde ©m3 0ygbgb Mobymazomgde, Logobme:
A=a; >0;
A= aqa, —azag > 0;
Az= a3 - (a1a; — azag) >0

hggb dgdmbgggodo gl 3obrmdo bén@@gbo 6860U30860 P, > Cy — boogob.

8[)8060 Ol)SO)O 6863@06860 80’)38@0)30[) OdGSbO b60003360Q 8@660@0

2.3 Bobot ool bdd)oaéo l)oad@b;;(‘mb 638'3@06350
Lbgg8als 33&560[) dob3ob 3'30050'.) 33@0@{]&)[) 3053@3000

83@8030 QSGO[) BOGD&)U)OU 6)88’3@06860 SOdQ)SBO 806b0’)6)308@@8b
bob@aaob 6)0088 3306d0l) d02)30l) 38dd’)m6)0b 330050[) 83@0@86()[) 8053@300)
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Sbgmo Gganmohméol (PAU2XT) demm3-bdgds boggbgdes bob. 8-3g.

A8 T y Z MAX AP
e 1 X | pe lay| o pTy ~ K pT, _/— | AP
1+ pTy 1+pT; 1+pT,

Y

MIN

6ob. 8 PAUX2T 6333@000060[} demm 3—bd330

806)@08030@0 36)(*)88[)0 obsoo 6)883@000’)6)30 OQOGS&)OBO 333@380
QOU&S&)SGBOO@B&)O 806@(’0@82}8600)
(

dx
A(S:TRE‘l‘x

v (12)

8060030 806@0{13686000 o3 306@)0’)@3585b 3306@850 3038800 Bganao
Lobg. goboacoob:

a8 _ o d’x 4 3 ax _Tdy 1
ac  Ragez Tar ® ar T rmar ' m
3RgoYRmbe:
ds T _ d’y <T3 + 1) dy vy
dt ~ T, ®dt? T, Jdt T,
3880’)30@0’)0’ 0Q503350:
dy Ty T; +1
dt U, g T, R/ T,

8030@8600 BSSQ{]& 306@00@330000 l)ob(imaob:
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( dy

at
dv y
Ty—+Bv+-—s=0
dz
T4E+Z_T2KC‘U:O
S _ b pii—0
\dr 1+s TS

Ubbbén@(") 8806)8 83@0Q860b0m30b Q)O 80660’)@86860[) 8066%03860[)

999093 3399bgde:

(T dAv+BA +Ay As =20
A4 dt v, T T
dA
—y—Av=0
< dt
dAz
T4_ + AZ - TchAv == 0
dt
dAs
L T]'W-I—POAS-FAZ:O

o3 bob(imaob 3050[&0000868@0 306@)«)@8500:

D(P) = ayp* + azp® + a;p® + a;p =0
bocooyy
a4 S TAT4’I};
a3 = ToTyPy + TT; + T,T;B
a, = TAPO + T4_POB + ’I}B

a1=P0

yggemo Hgbod@m P, o K; — bom3ob Slj 3(\03%03086@360 Qb@gbomoo.
30@83600 8‘363030'.5 30@)6030[):

a; 0 0 0
as a, a, 0
0 ay as a,
0 0 0 ay
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A1= a, > 0,
A2= aa, > 0,

A3: al * (a2a3 - a1a4) > 0

A4:a1'a2'a3'a4>0

o6 godmgoygbmor D-cooboboemgool dgmmeon. Bggb dogocmomdo ggodsl:
as = TAT,T; = Ry;
as = TyTyPy + TyTj + T4TjB = R3 + Z3F,;
a, = TyP, + T4F,B + T;B = R, + F,Z;;
a; =F,

bocoo(s:
Ry = TjT,Ty;
Ry = TTy+T,T;B; Zs = T,Ty;
R, = T;B+T,Py; Z, = T,B;
Z, = B;

Tp=02%314 T, = 0.051%314; T, = 2.55 % 314; T, = 0.12 » 314

T3+1
T

T, = 4.5 % 314; T, =TR*;—j;B =
dg30(hobmo dobobosmgdgem gobhmemgdedo p —b ogogésc jw. dogomgdom:
D(®) = Ryw* — jw3Rs — jw3P,Zs — Ryw? — w?P,Z, + P, = 0
3o3mgymo 03 go8mbobyemgdol 6odgoemo o Bo&H3mbobgomo boBoemgdo oo
o6y gobrcoogdbol 39809z dogocgde:

P _ 0)3R3 - (L)Rl
" wZi — w3Z;

1
R4_(U4 - szz - PO(T_l - Zz(l)z)

2
F,w

K. =

333000 0L 0-ob -3y o goggde Il K. = f(P,), bob. 9
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1000 2000 3000 000

o1 L Ke=f(R,)
T e PR

6ab. 9 D-cooBoBocmgdol o0

356bocmmo Ggg080 3godamgds sEBLgdmdgL 2200 o 2800 3aghL
deothols. ognemalblggs 3gbgoeol gm0 o 03039 3gBsggbrnmds by
ghm0 @ ogogy obgepocl Bnwdoge Tj. Gganmmehebel  gotymaen
860336gmmmdol 3860 6o odal. BoBobosdy godemagegdol  3egog0130960L
oobodggdo  B6odgbgammdgdo  dgodamgds  sginme  odbgb  336gd0m
0BhGobnen 56996,

go6hggn K. =5000 5 gohotogd;  ooboBoyto  Brogtscomdol
Beoogemothgdol  Bgdmm  Beaggsbocmo  Bagacmomoboogeb.  GgBnandetgde
6oBggbgdos bob. 10-Bg.

780

| I | I
o i 2 3 4

6ob. 10 Robotroals boad@b:;éa 306@03030@ 360033[)30
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3.1 Qosoaonéo 8@36»@«;601; oboemodo o%aéboososobo o
bbdoém38@mb bob@aagbob 809m%ob 333005383030

36036585 PSS/E-L LoBoengdon Boghstoes wobsBoyto Brogemamdol
sBoemoBo 2017 Bewol  Gogg08oborgol, Loosyy  Logotrmggamm  Bydocadl
Jobomgromoe  Bg@doayebob  Lobhgdsbmsh > ByoBogo  cogbol
BoBoorgdom (sboempgobglo > 3007y830) 96y LobBotmmore geyegemew
ortaggorol LoliygBobionsh. Egyodol 3otoBgrgdo BenpzgByemos (b&oew 1-3o.
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s Pioaas | Proaax = f(5)
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