PUC-RIo - Certificagdo Digital N° 0321194/CA

6
Referéncias Bibliograficas

P. Kundur, “Power System Stability and Control”, McGraw-Hill, New York, 1994.
C.W. Taylor, “Power System Voltage Stability”, Mc-Graw Hill, 1994.

Prada R.B., Palomino E.G.C., dos Santos J.O.R., Bianco A., Pilotto L.A.S., 2002,
"Voltage Stability Assessment for Real Time Operation”, Proc. IEE Generation,
Transmission and Distribution, Vol. 149, No. 2.

Prada, R.B., Santos, J.O.R., Greenhalgh, A.B., Seelig, B.H.T., Palomino, E.G.C.,
2001, "Monitoragdo das Condi¢gdes de Estabilidade de Tensdo na Supervisdo e
Controle de Sistemas Elétricos em Tempo Real", Relatério Final do Acordo
Especifico 16/98 entre a FPLF e o CEPEL.

Franga, R.F., dos Santos, J.O.R., Prada, R.B., Ferreira, L.C.A., Bianco, A., 2003,
"Indices e Margens para Avaliagdo da Seguranga de Tensdo na Operacdo em
Tempo Real", 5th Latin-American Congress: Electricity Generation and
Transmission, Sao Pedro, Sdo Paulo, Brasil.

Monticelli, A.J., 1983, “Fluxo de Carga em Redes de Energia Elétrica”, 1 ed. Sao
Paulo, Editora Edgard Blicher Ltda.

M.A. Pai, P.W. Sauer, B.C. Lesieutre, Static and Dynamic Nonlinear Loads and
Structural Stability in Power Systems, Proceedings Of The IEEE, Vol 83, No. 11,
November 1995.

B. Gao, G.K. Morison and P. Kundur, “Voltage Stability Evaluation using Modal
Analysis”, IEEE Transactions on Power Systems, Vol. PWRS-7 November 1992, pp.
1529-1542.

Van Cutsem, T., 1998, “Voltage Stability of Electric Power Systems”, The Kluwer
International Series in Engineering and Computer Science - Power Electronics and
Power Systems, Kluwer Academic Publisher.

PUC-RIO, 2003, “Programa de Estabilidade de Tensao: EstabTen versdo CTG R
A03. 12.2003".

M.A. Pai and H. Dag, lterative Solver Techniques in Large Scale Power System
Computation, in Proc. 36" Conference on Decision & Control, San Diego, California
USA, December 1997.

D.J. Hill, LA. Hiskens and I.M. Y. Mareels, Stability Theory of Differential/Algebraic
Models of Power Systems, in Proc. 11" World Congress of IFAC, Tallin, Estonia.
Also, University of Newcastle Tech. Rep. EE8941, July 1989.


DBD
PUC-Rio - Certificação Digital Nº 0321194/CA


PUC-RIo - Certificagdo Digital N° 0321194/CA

114

David J. Hill, Iven M. Y. Mareels, Stability Theory for Differential Algebraic Systems
with Application to Power Systems, IEEE Transactions on Power Systems, Volume:
37, No. 11, November 1990 Pages: 1416 - 1423.

J. L. Jardim, Utilizagdo de Ferramentas de Simulagdo Dindmica de Longa Duracgéo
na Analise de Fendmenos de Colapso de Tensao e no Treinamento de Operadores,
XIV SNPTEE, Belém, Para, outubro 1997.

A.R.A. Paz, Implementagdo de um Simulador Numérico Num Programa
Computacional de Estabilidade, Dissertacdo de Mestrado, CPGEE, UFMA,
Fevereiro, 2004.

J.E.O. Pessanha, Analise do Fendmeno da Estabilidade de Tensdo no Dominio do
Tempo: Simulagdo dos Periodos Transitérios e de Longo-Termo, Tese de
Doutorado, Departamento de Engenharia Elétrica, PUC-Rio, Dezembro, 1997.


DBD
PUC-Rio - Certificação Digital Nº 0321194/CA


PUC-RIo - Certificagdo Digital N° 0321194/CA

Apéndice A — Metodologia Utilizada para a Construcao da
Ferramenta de Simulacdo Dinamica

De acordo com o que foi exposto na secao 3.6. Sabe-se que o comportamento
dindmico dos sistemas elétricos de poténcia pode ser representado por um conjunto

de equacgbes diferenciais ordinarias (A.1) e algébricas (A.2) da seguinte forma:
Y = f(y.x.1) (A1)
0=g(y.x1) (A2)

Onde (A.1) é o vetor de variaveis de estado que representam os modelos dindmicos
dos elementos de controle da rede (maquinas sincronas, reguladores de tenséo e
velocidade, compensadores estaticos, etc.).

E (A.2) é o vetor de variaveis de estado que representam os modelos dindmicos da

rede elétrica (linhas, transformadores, capacitores, etc.).

Equacdes Diferenciais Referentes ao Modelo de Gerador Adotado:

dAw —1 " "
F1=F=ﬁ|:E D.ID +E Q'IQj| (A3)
ds
F2=E=WS-AW (A.4)
dE- |1 ’ ;
Fi= .:TD: — .[IQ_(LQ—LQ)— ED}
£ TQ :

(A.6)
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dE" dEI "_ EI I ) Ell
Fo= —2 - Q.[LD Li]ﬁu[i}.[—g—fﬂm‘g—ﬁm——g

ot dt | 7o -1 T W W
p-Lr) |Tp A7)
Equagdes Diferenciais Referentes ao Regulador de Tensdo Adotado:
F6 = dVA3 _ VTR _VA3 (A8)
dt Ty
F7 = dVA2 _ VA3 _VAZ (A.9)
dt Ty
T
dv KA .[VREF _VAZ _Til'(vm - VAz )J_VAI
F8 = —AL = M (A.10)
dt T,
dv 1 T T
F9 = d?o = ﬁ'{vm +T_Z'|:KA '(VREF -V _ﬁ'(VM - VAZ)J_VAI _VAO}

(A.11)
Equacdes Algébricas Referentes ao Gerador Adotado:
FI0=E",-V, -sin(8—-6,)+Ld"I, (A12)

F11=E",—-V, -cos(8—-6,)-Ld-I, (A13)

Equacgdes Algébricas Referentes ao Sistema de Duas Barras:

F12 =1, -sin(8) + [, - cos(8) = V, - (G,, -cos(0,) — B, -sin(0,)) =V, - (G, - cos(0,) — B, -sin(6,))

(A.14)
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FI3=1, -cos(8) — I, -sin(8) + V, - (G, -sin(,) + B, - cos(6,)) + V, - (G, - cos(0,) + B,, -sin(B,))
(A.15)

— Py, -cos(6,) Q,,-sin(6,)

Fl14 = v v =V, (G, -cos(0,) —B,, -sin(0,))—V, - (G,, -cos(0,) - B,, -sin(0,))
2 2
(A.16)
Fl5 = P2 -sin0;) - Qy, -cos(6,) V, (G, -sin(8,) + B,, -cos(8,))~ V, - (G, -sin(8,) + B, - cos(8,))

V2 V2
(A17)

A estruturacdo da matriz jacobiana em (3.5), é formada através da representagao da

derivadas por fungao :

Funcao 1:

dAw -1 _, "
Fl:?:ﬁ[E D.ID +E Q.IQ:|

_ _ n _I
OF(Aw) _ -1, (A18) oF(Aw) _—E", (A19) GF(A,W): 2| (A.20)
0E", 2:H oL, 2-H OF, 2-H
_E" p—
OF(AW) _“Pa| ppqy (AW _-DI o
o1, 2.H oAw  2-H
Funcéo 2:
F2:%=WS'AW
mzws (A.23)
0Aw
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Funcgao 3:

dEn |1 v
8DV 1ol - L) - E
Fa=—; LEHQ(Q o)~ D}

F E" L _ Ln " —
6IQ T"Q aEnD TnQ
Funcéo 4:

lp—Lp || Eo [ Lp-L ' E
Sabe-se que |Eq=Sat '{M]-[_Q-(D—}]HD-(LDLL)WQ}
L Lp —Lp

entao:

Dado que S,; =0 e que em (P.U) W=1, ent&o:

dEv L _L, Ev L _L Eu
do :{T#]{EFD_{L? LD][ 1Q .(LD L'L]JFID .(L..D_LL)_TQH
t D D~ L D “~D

OF(E'y) (1) (Ly-Ly)(Ly-L,
oE, \T,)(L,-L, ) (L,-L,

(A.26)
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OF(E',) :(_lj'(LD _L'Dj'(L" L

o1,

T'D L'D _LL

L)

OFEQ) (1) (Ly-LY
oE", T, )\ L'y)-L,

OF(E'y)

aE’EFD

N

Funcao 5:

119

(A.27)

(A.28)

(A.29)

F5=

dEp =.:£EQ. L"D‘LLLE
dt dt | Ip-1L; )

7

E

W

1 n E"
| QL S S |——Q]
H

aF(E"Q){(—1),(%%&))(%—LLJ.(L"D‘LLH{ : } (A30)

0 E'Q T'D L'D _LL LD - L'D L'D _LL T"D

oF(E"y) [(-1)(L,-L, L"-L, !

_ ) AL =L )- -(L',-L"

ol, |:(T'DJ (L'D—LL ( ’ L) L'y-L, ' T ( ’ D)
(A.31)

F(E" -L "b— -

OF( Q):K 1 )_(LD LD]_(LD LLHJ{ 1} (A.32)

OE", T,)(Lp-L, ) \Ly-L, ™
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OFE"y) [( 1
0E p T

j (L"D _LL ]:|
'D L'D _LL

Funcgao 6:

d VA3 VTR

- VA3

OF(Vy;) _ -1

dt T,

ot

—
<

Funcéo 7:

dVA2 VA3

- VAZ

dt T,

F(V,,) -1

o0V,, Ty

Funcéo 8:

(A.35)

OF(Vy,) 1
0V,,

—
<
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(A.33)

(A.34)

(A.36)

T
dVAl _ KA '(VREF - VA2 i (VA3 VA2 )] - VAI
dt T,
FOV) 1| gy [FOV) _Ka( T,
oV, T, ' oV,, T, | T

(A.39)

aF(VAl) _ KA '_Tl

(A.38)
oV, T, T,
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dv,, 1 T, { ( T, j }
S0 o IV, 42 K Vi = Vi === (Vi = Vo) |-V, |-V
dt TM { Al T2 A REF A2 TM A3 A2 Al A0
OF(V,,) - OF(V T

FVp) L (A.39) V) _ 1 [ T (A.40)

oV, Ty ov, T, | T,

FNV) VL[, T
oV,, T T

—
<

F(Vy) 1 T,
T

( Tl j:|
— | =2 == ]| (A4
8\/A3 TM 2 TM

Funcao 10:

(A41)

2)

F10=E",-V, -sin(6-6,)+Ld-I,

OF( F1 0 _4 (A43) JF(F10) _ —sin(5—0,) (A.44) GFEFO) 1y (A.45)
OE o oV, aIQ
N0 __y, cos3-6,)(ad0) |01 _ v - cos(5-6,)a47)
05 20,
Funcgéao 11:

FI1=E",~V, -cos(8-0,)-L'd-I,
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OF(F11) F1 h_ 1] (A.48) SRR _ —cos(6—0,)| (A.49) LG ~L'd|(A.50)
0E o oV, ol
HED _ v, sin-0,)| a5ty [EED _ v Gine-0,) a52)
a8 06,
Funcgéao 12:

F12 =1, -sin(8) + I, - cos(8) =V, - (G, - cos(0,) — By, -sin(0,)) = V, - (G4, - cos(0,) — By, -sin(0,))

OF(F12) _ sin(8)| (A.53) G cos(d) | (A.54)
o1, o1,
BT 1) cosd) -1, -sin(3)| (a55) |22 — G, - cos(0,)+ By, -sin(0,)
08 oV,
(A.56)
%1;12) _V,-G,,-sin(0,)+ V, B, -cos(8,)| (A.57)
1
OF(F12) =—Gy,, -cos(0,) +-B,, -sin(0, )| (A.58)
oV,
6F(§1;’| 2) =V,-Gy, sin(6,)+V,-B,, -cos(0,)
2

Funcao 13:
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F13=1,, - cos(d) — [, -sin(8) + V, - (G, -sin(B,) + B, -cos(0,)) + V, - (G, - cos(0,) + B, -sin(6,))

OF(F13
(F13) _ cos(5) OF(F13) __Gin(s) | (A59) (A60)
o1, ol,
OF(F13) = -1, -sin(8) - I, - cos(d) (A.61)
00
(3F(_F13) =Gy, -sin(0,) +B,, - cos(6,)|(A.62)
oV,
F(F13 i
: (ge ) =V;-Gyy-cos(0,) -V, By, -sin(6,)| (A.63)
1
FEE) _ G sin(0,)+- B, -cos(0, )| (A64)
oV,
OF(F13) =V,-Gy, -cos(0,) -V, By, -sin(0,) | (A.65)
00,
Funcao 14:

— Py, -cos(8,) Q- sin(6, )
\ \&

F14 =

=V, (G, -cos(0,)—B,, -sin(0,))-V, - (G,, -cos(0,) — B,, -sin(0,))

F(F14
: ;V - —G-cos(8,) + By, -sin(8, )| (A.66)
1
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F(F14

0 é - )V, Gy, sin(0,)+ V, By, -cos(0,)| (a67)
1

L) = 12 (PLZ -c08(8,) +Qy, 'Sin(ez))_Gzz -c05(6,) +- By, -sin(8,)

ov, V,

(A.68)

oF(F14) _ 12 (P, -sin(0,)-Q,, - c08(0,))+V, - (G, -sin(0,) +- By, - cos(0,)

00, V,
(A.69)
Funcédo 15:

—P,, -sin(0,) N Q, -cos(6,)

F15 = v v -V, (G, -sin(0,)+B,, -cos(0,))-V, - (G,, -sin(0,) + B,, - cos(0,))
2 2

F(F1 .
OF(FTS) =—-G,, -sin(6,) — B,, - cos(0,)| (A.70)

oV,
8Fé1;1 9 _ -V,-G,, -cos(0,)+V,-B,, -sin(6,)| (A.71)

1

OF(F15 1 . .

(1) T (P, sin(8,)-Q,, -c05(0,)) - G -sin(6,) - By, -cos(d,)

ov, v,

(A72)
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oF(F15) = 12 (_ Py, -c08(8,)-Qy, -sin(8,)) =V, - (G, - cos(8,) — B,, -sin(6,))
00, V,
(A.73)

E finalmente a estruturagdo da matriz jacobiana montada:
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F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
F14
F15
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| OF, oF OF oOF oF OF OF oF oF OF OF oF oF OF  OF
0AW 8 OEd 0Eq @E'q 0V, @V, @V, 0By, ad, o, oV, a, oV, o,
oF, oF, OF, oOF, ©oF, oF, OF, oF, oF, OF, oOF, oF, ©oF, OF  0F,
OAW 08 OEd ©¢Eq ©OEq 0V, 0oV, oV, 0Ey, d, d, oV, 0, oV, 0,
oF, ©oF, OF, OF, ©oF, oF, OF OF, 0oF, OF, OF, 0OF, oF, OF  OF,
OAW 88 OE'd ©¢Eq OEq oV,, ©oV,, 0oV, ©oE, d, d, oV, 8, oV, 06,
oF, oOF, OF, OF, OF,L OF, OF, OF,  0OF, OF, OF, 0F  0F, 0F, OF,
OAW 88 OE'd ©¢Eq O0Eq oV,, ©oV,, 0oV, ©oE, d, d, oV, o, oV, 06,
oF, OF, OF, oF, oOF, OF,  oF, 0OF, OF  OF  0oF, oOF, OF,  0OF,  0F,
OAW 035 OEd ©¢Eq ©OEq 0V, 0oV, oV, 0Ey, d, d, oV, 0, v, 0,
oF, oF, OF,  OF  ©OF  oF, OF  oOF  ©oF, OF,  OF  oF  oF  OF  OF,
OAW 85 OE'd ©¢Eq OEq oV,, ©oV,, 0oV, ©oE, d, d, oV, 0, oV, 06,
oF, oF, OF, OF, OF, oF, OF, oOF, 0OF, OF, 0F, 0F, 0OF, O0F,  0F,
OAW 3 OE'd ©Eq O0Eq 0V,, 0V,, 0V, ©oE, o, d, adVv, 8, oV, 06,
oF, oF, OF, OF, OF OF OF 0OF oF OF OF oF, oF OF  OF,
OAW @ OE'd ©¢Eq OEq oV,, 0oV,, 0V, ©oE, d, d, oV, 8, oV, 06,
oF, oOF, OF, OF, OF, OF, OF, OF, OF, OF, OF, OF, 0F, O0F, OF,
OAW 85 OE'd OEq 0OE'q oV, dV,, oV, OE, d, d, av, o, oV, 00,
aFl 0 aFl 0 aFl 0 ok 10 0 F aFl 0 aFl 0 aFl 0 ok, 10 aFl 0 aF1 0 aFl 0 aFl 0 ok 10 aFl 0
OAW 3 OE'd ©¢Eq O0Eq oV,, 0V,, 0V, ©oE, d, d, oV, &, oV, 06,
oF, ©oF, OF, OF, ©oF, oF, OF, OF, ©oF, ©oF, OF, 0oF, ©F, O0F, OF,
OAW 8 OE'd ©¢Eq O0Eq oV,, 0oV,, 0V, ©oE, d, d, oV, 8, oV, 06,
oF, oF, OF, OoF, 0oF, oF, OF, OF, 0oF, ©0F, O0F, 0OF, 0oF, O0F, 0F,
OAW 85 OE'd ©¢Eq OEq oV,, ©oV,, 0oV, ©oE, d, d, oV, 8, oV, 06,
oF, ©oF, OF, OF, 0oF, ©oF, OF, OF, 0oF, O0F, OF, 0F, 0OF, O0F, OF,
OAW 05 OE'd OEq ©OEq oV,, oV,, oV, 0B, a, d, oV, &, oV, 00,
oF, ©OF, OF, OF, OF, oF, OF, OF, OF, OF, OF, OF, 0F, @F, OF,
OAW 06 OE'd 0Eq ©¢Eq oV, 0dV,, 0V, OBy, a, d, av, o, oV, 00,
oF, ©oF, OF, OF, oF, ©oF, OF, OF, ©oF, ©0F, O0F, OF, ©oF, 0F, OF;
OAW 88 OE'd ©¢Eq OEq oV,, oV,, 0oV, ©oE, d, d, oV, 8, oV, 06,

AW

AS

AE'd
AEq
AE'q
AV,,
AV,,

‘| AV,,

AE FD
Al

Al
AV,
AD,
AV,
AB,
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