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Figure 5.3: Single Line Diagram of 10-machine 39-bus Power System

1

#
®

5.3 RESULTS AND DISCUSSION

After having selected the location and the stabilizing signal for the STATCOM, the
damping controller as shown in Figure 5.4 has been designed by the using two techniques LQR
and GA (described in Chapters 3 and 4 respectively). Essentially, as shown in Figure 5.4, based
on the stabilizing signal presented at its input the damping controller produces an output signal

V... which in turn modulates the reference voltage of the voltage controller of the STATCOM.

The initial condition response simulation (unforced response of a state-space model) results for

L 1
L L \
m:[hfl'"_ %}

S
3

demonstrating the effectiveness of the designed damping controllers are presented below.
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Damping Stabilizing Signal
Controller ¢
e K s
> >
1+s 7;, o
Voltage Controller

Figure 5.4: STATCOM damping controller

5.3.1 Results of 3 machine system

3~

No Controller
———— LOR Controller
—~— GA Based Controller
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Figure 5.5: AP;_, versus time at 80% loading
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5.3.2 Results of 10 machine system
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Figure 5.10: AP, ,, versus time at 120% loading

CONCLUSIONS
In this chapter, performance of LQR and GA based damping controller in multi-

machine power system is presented. For this purpose, initially a linearized model of a multi-
machine power system with a STATCOM has been developed. Further, the suitable location of
the STATCOM and the stabilizing signal selection has been carried out. The designed
controllers have been rigorously tested using initial condition response simulation (unforced

response of a state-space model) studies for two study systems under different loading

conditions. In Figure 5.5-5.10, the upper curve shows the result, when there is no controller, the
middle curve shows the result, when there is LQR based controller and the lower curve shows
the result, when there is GA based controller with STATCOM. It has been observed that the
damping controllers are able to substantially enhance the'damping in both the multi-machine
systems considered in this work.

The main conclusions of the dissertation are given in the next chapter.

46



CHAPTER 6

CON CLUSIONS AND SCOPE FOR FUTURE WORK

6.1 CONCLUSIONS
A voltage control functional model for STATCOM suitable for power system steady-

state operational studies is 'presented. Voltage control mode has been incorporated into the
STATCOM model. Numerical results based on the 3-machine 9-bus and 10-machine 39-bus
system with the voltage control functional STATCOM have demonstrated the feasibility and
effectiveness of the presented voltage control functional STATCOM model for power system
steady-state operation and control. Numerical results show that voltage magnitude profile of
the system is improved with a STATCOM on both the multi-machine systems. More control
functions of a STATCOM may be explored.

LQR technique has been applied to design the STATCOM damping controller in multi-
machine system in different loading condition. Towards this goal, the detailed linearized state
space model of a power system with a STATCOM has been developed. From initial condition
response simulation (unforced response of a state-space model) studies carried out in i\No study
systems under different loading conditions, the efficacy of the developed local SIgnal based
controller has been found to be satisfactory for improving the system damping.

Apart from LQR technique, GA (genetic algorithm) technique has also been used for
calculating the suitable value of the gain matrix K, for which damping is improved. From
initial condition response simulation studies carried out in 3-machine 9-bus and 10-machine
39-bus system, it has been found that the GA based controller are better capable of damping

out the oscillations effectively in the power system than LQR technique.

6.2 SCOPE FOR FUTURE WORK

 For improving the system damping still further, some machines may be provided with
PSS and a coordinated design of PSS, STATCOM voltage controller and damping
controller can be carried out.

e Use of multiple stabilizing signals available from wide area measurement system for
damping controller design can be investigated.

e Coordinated design of damplng controllers for multiple STATCOMSs can also be
explored.
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APPENDIX A

10-machine 39-bus system BUS DATA

g‘;s Type | Voltage | Angle Vo 0) P, 0, Oui Ornax
1 1 0.9820 0 9.200 4.60 0 0 0 0
2 2 1.0300 0 1104 250 1000 0 -400 500

3 2 0.9831 0 0 0 650 0 -400 500
4 2 1.0123 0 0 0 508 0 -400 500
5 2 | 09972 0 0 0 632 0 -400 500
6 2 1.0493 0 0 0 650 0 -400 500
7 2 1.0635 0 0 0 540 0 -400 500
8 2 1.0278 0 0 0 540 0 400 500
9 2 1.0265 0 0 0 830 0 -400 500
10 2 1.0475 0 0 0 250 0 -500 500
11 3 1 0 | o0 o | o0 0 0 0
12 3 1 0 0 0 0 0 0 0
13 3 1 0 322 2.40 0 0 0 0
14 3 1 0 500 184 0 0 0 0

15 3 1 0 0 0 0 0 0 0
16 3 1 0 0 0 0 0 0 0
17 3 1 0 233.80 84 0 0 0 0

18 2 1. 0 522 176 0 0 -500 500
19 3 1 0 0 0 0 0 0 0
20 3 1 0 0 0 0 0 0 0
21 3 1 0 274 115 0 0 0 0
22 3 1 0 0 0 0 0 0 0
23 3 1 0 274.50 | 84.66 0 0 0 0
24 3 1 0 308.60 | 92.20 0 0 0 0
25 3 1 0 224 47.20 0 0 0 0
26 3 1 0_ 139 17 0 0 0 0
27 3 1 0 281 75.50 0 0 0 0
28 3 1 0 206 27.60 0 0 0 0
29 3 1 0 283.50 | 26.90 0 0 0 0
30 3 1 0 628 103 0 0 0 0
31 3 1 0 0 0 0 0 0 0
32 3 1 0 7.50 88 0 0 0 0
33 3 1 0 0 0 0 0 0 0
34 3 1 0 0 0 0 0 0 0
35 3 1 0 320 153 0 0 0 0
36 3 1 0 329.40 | 32.30 0 0 0 0
37 3 1 0 0 0 0 0 0 0
38 3 1 0 158 30 0 0 0 0
39 3 1 0 0 0 0 0 0 0
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10-machine 39-bus system LINE DATA

Series impedance p.u. Half line
Line no From To charging
) bus no. bus no Resistance Reactance | susceptance
p.u.
1 22 6 0 0.01430 0
2 16 1 0 0.02500 0
3 20 3 0 0.02000 0
4 39 30 0.00070 ~0.01380 0
5 39 5 0.00070 0.01420 0
6 32 33 0.00160 0.04350 0
7 32 31 0.00160 0.04350 0
8 30 4 0.00090 0.01800 0
9 29 9 0.00080 0.01560 0
10 25 8 0.00060 0.02320 0
11 23 7 0.00050 0.02720 0
12 12 10 0 0.01810 0
13 37 27 0.00130 0.01730 0.16080
14 37 38 0.00070 0.00820 0.06595
15 36 24 0.00030 0.00590 0.03400
16 36 21 0.00080 0.01350 0.12740
17 36 39 0.00160 0.01950 0.15200
18 36 37 0.00070 0.00890 0.06710
19 35 36 0.00090 0.00940 0.08550
20 34 35 0.00180 0.02170 0.18300
21 33 34 0.00090 0.01010 0.08615
22 28 29 0.00140 0.01510 0.12450
23 26 29 0.00570 0.06250 0.51450
24 26 28 0.00430 0.04740 0.39010
25 26 27 0.00140 0.01470 - 0.11980
26 25 26 0.00320 0.03230 0.25650
27 23 24 0.00220 0.03500 0.18050
28 22 23 0.00060 0.00960 0.09230
29 21 22 - 0.00080 0.01350 0.12740
30 20 33 0.00040 0.00430 0.03645
31 20 31 0.00040 0.00430 0.03645
32 19 2 0.00100 0.02500 0.60000
33 18 19 0.00230 - 0.03630 0.19020
34 17 18 0.00040 0.00460 0.03900
35 16 31 0.00070 0.00820 0.06945
36 16 17 0.00060 0.00920 0.05650
37 15 18 0.00080 0.01120 0.07380
38 15 16 0.00020 0.00260 0.02170
39 14 34 0.00080 0.01290 0.06910
40 14 15 0.00080 0.01280 0.06710
41 13 38 0.00110 0.01330 0.10690
42 13 14 0.00130 0.02130 0.11070
43 12 25 0.00700 0.00860 0.07300
44 12 13 0.00130 0.01510 0.12860
45 11 12 0.00350 0.04110 0.34935
46 11 2 0.00100 0.02500 0.37500
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‘3-machine 9-bus system BUS DATA

BN?f Type | Voltage | Angle I 0 P, o, Orin O
1 1 1.040 0 0 0 0 0 -400 400
2 2 1.025 | 0 163 | 0 0 0 -400 400
3 2 1.025 0 | 0.85 0 0 0 -400 400
4 3 1 0 0 0 0 0 0 0
5 3 1 0 0 0 1.25 0.50 0 0
6 3 1 0 0 0 0.90 0.30 0 0
7 3 1 0 0 0 0 0 0 0
8 3 1 0 0 0 1 0.35 0 0
9 3 1 0 0 0 0 0 0 0

3-machine 9-bus system LINE DATA
Series impedance p.u. Half line
Line no. From To A ' o charging
bus no. bus no. Resistance Reactance | susceptance
p.u.
1 1 4 0 0.0576 0
2 2 7 0 0.0625 0
3 3 9 0 0.0586 0
4 4 5 - 0.0100 0.0850 0.0880
5 4 6 0.0170 0.0920 0.0790
6 5 7 0.0320 0.1610 0.1530
7 6 9 0.0390 0.1700 0.1790
8 7 8 0.0085 0.0720 0.0745
9 8 9 - 0.0119 0.1008 0.1045
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Expression for Various Sub-Matrices in Multi-Machine Modelling

APPENDIX B

B.1  The expressions for Various ‘D’ sub-matrices are given below:

D sub matrices _Indices
D, (i) =—sink(§,, -8) Lk=1...m ®.1)
D,(i,k)=0 k#i )
D,(i,i) =—V, cos(S, —8,) ik=1,..m ©2
D,(i,k)=0 k i ‘
D, (i,i)y =V, cos(5, - 6,) Lk=1..m ,
D,(i,k) =0 ki ®.3)
D, (i,i) =x:l,. Lk=1,..m
D,(@i,k)=0 k #i B.4)
D, (i,iy=—cos(5, —06,) i,k=1,...m
DyGk)=0 ki ®B-5)
D (i,i) =V, sin(S, — 6,) ik=1,...m
D,G.k)=0 ki (B.6)
D, (i,iy=-V,sin(5, —6,) Lk=1,...m
D,G,k)=0 ki B.7)
Dy(i,i) = —x,, i,k =Ly
Dy(i,k)=0 k #i (B.8)
D,(,))=1 i,k=1,...m v
D, (,k)=0 k #i B9
Dy (i, k)=-VY, cos(¢, -6, —a,) i=m+l,... (B.10)
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D sub matrices

D, (i,))=-2VG, - ZVsz cos(6, -6, — )

. k=Lk=i i=m+l,...¢n
Dy, (G, k) = = V.Y, cos(0, - 0, -z, ) k=m+1,...n 1)
DI'I(S’S) = _ZI/sGss - ZI/IYSI: COS(QS _gk —ask) l’k oty (B
k=1k+s k ;tl
D, (s,5) =D,,(s,5) + %(Va,C R,cosa—-2V R, +V, X, sin a)
‘Rst +Xst -
k)= — in(@ -6, —c. i=m+1,...n
D12 (l’k) VinYik Sln(ec ek alk) £ =1 . (B12)
o 2 . i=m+1,..n
D;(i,i) = kr_lzk:i/in)fik sin(g, - 6, — o) k=m+1,...
’ : (B.13)
Dy (k) = =V,V, Y, sin(6, -6, ~a,) ki
Dy, (k)= -V,Y, sin9, -6, —a,) i=m+l,..n
) k o k=1,..m (B.19)
« - - : —
Dys(i,i) =2V, B, - ZViKk sin(@, -6, —a,)
_ ’fﬂjm‘ i=m+l,..n
DG, k)=-VY,sin6 -6, —a,) k=mal. N
Diy(s,9)= 20,8, ~ YV, ¥,sin@, -0, —a,) ik s @13
kﬂl,kx#xl k #i
Dy5(s,8) =Dy (s,5) + W(Vchs, cosa -2V, X, ~V,R,sina)
Dy, k) = V.V, Y, cos(0, — 0, —a, ) i=m+l,..n
’ o o k=1,....m (B.16)
. n i=m+l,...n
Dy, (i,1) = - ZVinYik cos(d, -6, —a, )
k=l k=i k=m+1,....n 17
Dy, (@, k)= VYV, Y, cos(6, -6, —a,) ki (B.17)
Diy(i,i) = =2V,G, = 3V, ¥, cos(6, -6, ~a,)
k=lLkwi , Pk = -
Dyg(i,i) = Dig (1) + 1, sin(5, - 6,)+1,, cos(8, — 6,) bl (B.18)
Dls(i’k) = "V’},’k COS(QJ ""gk "aik)
Dyy(ik)=-VY, cos(6, -0, ~a, i=1,..m
! oo L) k=m+1,...n (B.19)
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Dy, (i,k) = -V,V, Y, sin(@, - 6, — ¢, i=l,..m
20( k*ik k k) k =1 (B20)
D sub matrices Indices
D, (Gi,k)=-VV.Y,sin@ -6, —a,) i=1,...m
k=m+1,...n (B.21)
D,,(i,iy=1,V, cos(5, —6,) - 1.V, sin(8, - 0,) ik=1,..m '22
Dy, (k)= 0 ki (8.2
D,,(i,7) =V, sin(5, — 6,) ik=1,..m | 03
DG, k) =0 ki (B.23)
D,,(i,i) =V, cos(5, ~8,) ik =1,...m y
D,,(i,k)=0 k =i (B.24)
Dzs (is i) = ZI/iBii - ZVzsz Sin(gi _glc _aik)
k=1k=i l,k 3 PO m
Dy (i) = Diy (i) + 1, c0S(S, — 6,) — I, sin(8, — 6)) ki (B.25)
D,s(i,k) = -VY, sin(6, - 6, —a;,)
Dy (i,k) = V¥, sin(@, — 6, —a,,) i=1,..m
N ' ‘ : ' k=m+1,...n (B.26)
D;7 (7)) =- ZVinKk cos(f, -6, —a,)
; ' kekent ik=1,...m »
Dy, (i,i) = Dy, (i,0) + 1V, sin(6, —0,) + IV, cos(5, - 6,) k =i (B.27)
D,,(i,k)=V}V,Y,cos(6, -6, —a,)
Dy (i k) = V}V, Y, cos(8, — 6, —ax,) i=l.m
k=m+1,..n (B.28)
Doy (i, 1) = =1V, sin(8, - 6,) ~ 1V, cos(8, - 6,) ik=1,..m /
D, (i,k)=0 k=i (B.29)
D, (i,i) =V, cos(S, - 8,) iLk=1,..m
Dyy(i,k) =0 ki (B.30)
Dy, (G,i) =—V, sin(8, - 6,) ik=1,..m
Dy, (i,k)=0 k2 B.31)
Dy, (@,i)=—R, iLk=1,..m
D,,(i,k)=0 k#i (B.32)
D33(iai) =1 i,k= gsesss m
Do,Gk)=0 k#i (B.33)
D34(i9i) =—Rw i,k-_—' secene m
D, G,k)=0 ki (B.34)

58




D sub matrices

Indices

C.(Gi,k) =0

Dy5(s,1) 27?:1—)-(—2(1";&, cosa+V X, sina) i=1,..m B.35)
. st st . .
Dy ) =0 Pes
Dy (s,]) =P_L7(_ V.V, R, sina+V,V, X, cosc) i=lm @36
st 5t , ¢ .
D, (i) =0 e
Dy, (s,)) =-§5i—XT(VSX“ cosa -V R, sin a) i=...m B37)
st st i ‘ ;(_- *
Dy, @il =0 e
Dy (5,1) =—R2—12—(— Vvv,X,sina-V.V, R, cos a) i=L...m 38
DaGh=0 P B
38 \5F>1) —
~B.2 The expressions for Various ‘C’ sub-matrices are given below:
C sub matrices Indices
C\@,N=1 iLk=1,...m
.39
C,(i,k)=0 k #i (B.39)
@
C,(1,1) = —= k=1,.....
D=2y ;c " " (B.40)
C,(i,k)=0
@
C3(i,i)=——21; I, ik=1,..m A
_ : k#i (B.41)
C,@G,k)=0
C,(i,i)y=— SH {Eq, + (xq, — Xy )Id,.} iLk=1,...m (B.42)
_ ! k #i |
C,(i,k)=0
. @, (. ' - .
C5(131)=—"27{Ed1+(xqi—xdi)1qi} 13k= seeret B.43
, ’ k#i (B.43)
C;(i,k)=0
. W,
Ce(l,l)ﬂ ""'é_]';}""Di l,k"l;n m 44
’ k #i (B.44)
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— C sub matrices _Indices
C, 3,0 = Fl”“ ik=1,..m
S ki (B.45)
C,G,k) =0 R
(i) = —— Lk =1,..m B.46
doi . .
C1.k)=0 ki
Cg(z',i)=—&‘-""—7—"-—~“") ik=1,..m
Lo k#i B.47)
C, (k)= 0 B
1
Coli,))=—— K +S;\AE i,k=1,...

10 (£7) T, { a6t g( fi )} o seeneit (B.48)

C, (k) =0
— ,
C (z',i = e i,kﬁl,.

1 (3,9) T, o (B.49)
C,Gky=0 i -
[CIB] = [Cs ][st ]'*’ [Calya] (B.50)
CAEICARIEA (ARA 1A (B.51)
[Cw]: [CQIYS ] o | (B.52)
[C]=lC ]+ ]c 7] (B.53)
(€ ]=[Cx IR ] B.54)
[Cls]= [Czo ][Y4] (B.55)
Cw("ﬂ')—'%fm ik =1,...m |

i ki (B.56)
Co(i,k)=0
Coo (i) = — e qu,) ik=1,..m |

qu’ k i (8’57)
Coo (i,k)=0

— 1, e

Czl(i:i)‘":"T[?”' Lk=1,...m
goi Py (B.58)
Cp (k) =0
v —
C,, (1,1 = T;‘ Lk=1,..m 59
“ k #i (B.59)
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C sub matrices

Indices

.. 1
C23(z,z)=—T—

st

Fi ki (B.60)
Cy(i,k)=0
1
C,G,i)=-— k=1....
D=, SR X
Culisk) =0
K
C,s (i, i) = =% Lk =1,....
25 (8,7) T, ’11€¢i m (B.62)
Cys (k) =0
Cp(6,0) = *—I'{*%ﬂ ik=1,..m B3
atri P .
Cu(i,k)=0 i
K
CypGiy=—% iLk=1,...m
Cip OAi Py (B.64)
27\LK)=
Czs(i:i)z—' l,k=1, ..... m
4i & 2i (B.65)
—Czs(ia k) =0
[C? ]:[Cw]"*“[c IYM]"’[CSEKS] | (B.66) |
col=ler] (B.67)
[ 31] [ ] Czolyitx] (B.68)
[ 32]=[ 2SIY] | (B.69)
[C33]m[ 2&][Y ] | ”
_[Cs:t]:[ zsIYw]
R
Cys (LD = ~ Bt (B.72)
Cis(LD) =a, (B.73)
0
D=2 co;(Sa +6,) B.74)
V, si 7]
CoL1) = — @V 4 S;l(a +6,) (B.75)
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C sub matrices

Indices

.V, sin@, _ oV, sin{a +6,)

Cy(,8)=

=1,...m
X X =5
‘ st st P s (B.76)
C;(1,0)=0
Cnll,s) = = 20 i=1...m
- st i s B.77)
C,,(Li)=0
Ca@D)=-w, (B.78)
R
C,(L1) = - 2l (B.79)
1 + 6
€, 1= 5@ +0) (B.80)
@V, cos(a+6,)
Cu@, )= (B.81)
Xsl
Cys(l,s) = e °;’(S(“ +8)_ Bl e P=1,m
. st st P s (B.82)
C,s(L,)=0
ind
C46(1,S)="ms;n . i=1,..m
| w s (B.83)
C46 (1’ =0
C,,(1, ) =3w,X,, cosla +6,) (B.84)
C,s(l, ) = 3w, X, sin(a+6,) (B.85)
C49 (l’ 1) = \/gwstchst COS(a + 0: )_ \/—ga)stc[dst Sin(a + gt) (B86)
CSO (l’ 1) = \/ga),\'Xchqs! COS(a + 01 )— ﬁwstcIdst Sin(a + 9!) 1= 19 ----- i 87
C,,(1,)=0 i#s (B.87)
o X |
C. =——% dc
51 R, (B.88)
[C52]= [C4 ][Y21]+ [Cs Ist] (B.89)
| [C53 ] = [C4 Iyzz ] + [Cs Iyzd ] (B.90)
[C54 ] = [Co IY 23 ] (B.9])
[Cs]=1C, 1] (B.92)
[Cys]=[Coo [¥2] (B.93)
[C, ]=1C 1Y) (B.94)
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C sub matrices Indices v
[Css ] = [Czs lyw ] ’ (B.95)
[C59] = [Czs Yzo] (B.96)
[Cso ] = [C37 ] + [C39 IYz7 ] + [Cao Ys ] (B.97)
[C61 ] = [Css ]+ [C39 IYZS ] + [C4o IYZG ] (B.98)
[C62 ] = [C39 IY9 ] + [C4o HY? ] (B.99)
[Cos]=1Css IXo ]+ [Cio I3 ] » (B.100)
[C64] = [C3QHYI7]+[C4OIYIG] (B.101)
[C65 ] = [C43 ] + [C45 ][Yz’/ ] + [C46 ][Y 25 ] (B.102)
[Cos 1= [Cas]+[Cos I |+ [Cos 113 ] (B.103)
o ]=[CsIn]+[Culr] | (B.104)
[Cés ] = [C45 Yo ] + [C46 IYs ] : | (B.105)
[Co1=[Cus [, ]+ [Cu ¥ | | ®.106)
[C7o] = [c51 ]+ [Cso IY 27] | | | (B.107)
[Co1]=[Cos 1+[Co 1] | (B.108)
[C,]=1Cs 7] (B.109)
[C73 ] = [Cso IYIO] (B.110)
[Cu]=1Cx ]I, ] (B.111)
[C75]=__I§i[y7s] | (B.112)
[Cs]= —I;f %] | (B.113)
[C);]= -%[Yiss] (B.114)
[Cn]=-—?;—[1’m] (B.115)
[Cs]= —[-7:1— +Ail,, J | (B.116)
[Cso]""'lzis B.117)

Where[Y,, ], [Yss 1.[%e. ], [Y253 Jand [Yzés] are the rows corresponding to the STATCOM bus ‘s’ of
the matrices [Y7], [Y;], [Ym], [7,s] and [¥,,] as described in eqn.(S'.25).
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B.3

The matrices A and B of eqn. (5.36) are given as

]

o) ™
p— et
m\ =
K
13 1
@ ~ a = v o~ &
Co Uy SO S
o 8 3o 8o .8 28 8 8 2
OO QO OO UL O
coococoooco 8.3 %o
O O 0
coocococoo . 8.7 50
| SN
000Cu00Cu0000
™y
oo ocoo (ffoocoo
o .8.80 .50 ,8,.3.8 ¥ 8
oL Q O 00 0O 0O 0
c o 7,80 8 8c oo o
(ORR S LR
I ¥
< W o M M @ ;O =
2 2 s 2 8 8 8 2 8 o C O OO OO O O
CUUeU SO R
Uogeococoooococoo 006@@9%@@90
OB.MHO nouﬂmn.ﬂb ¥ N
.CC o SIS _,OCﬁﬁﬂ,ﬁﬁOﬁﬁﬂ
] g
b s | enemenny
o, =

Stabilizing signals coefficient are calculated as

B.4

From the FigureB.1 the power over line connected between i* and j” bus can be written as

(B.120)

Py =Vly,cosa, ~VV,y, ‘303(9/ ~8, “au)

(B.121)

¥
i

'23')61‘ sin &, vKViy” sin(_ﬁi ,,.,,gj 7 )__ sz(%)

Q; =~V
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Yyl O

Figure B.1 Typical line element connected between i and j” bus

For Line power P, as stabilizing signal

Linearizing eqn. (B.120)
AP, = LAV, + LAV, + L,AG, + L,AB, | (B.122)

The coefficients L, — L, are given by

L =2V,g, —ij,.j cos(@,. —Oj —a,.j) : (B.123)
L, =—V,y,cosl0,- 0, -a,) | (B.124)
L, =VV,y,sinl6, -6, ~a,) (B.125)
L,=-VV,y,sin(0,-0, -a,) (B.126)

Expressing the variables AV, ,AV,,A8,,Af, in terms of the state variable using eqn. (5.25) of

Chapter 5, AP, can be written as
AP, =L;AS + LAE, + L, AE, + LiAv,, + LAa (B.127)

The coefficients L; — L, are given by

Ly = LiYy, + LY, ; + LY, + LYy, (B.128)
Ly = LY, + LY, +L,Y,,, + LY}, (B.129)
L; = LiYig + LyYyg; + LYoy, + Ly, (B.130)
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Ly = LiYy5; + Ly Yos; + Ly Yy, + L, Y (B.131)

Ly =LYy + LYy, + Ly Y, + L, Yy, (B.132)

For Reactive power flow (), over the line as the stabilizing signal
Linearizing the Reactive power eqn. (B.121)

AQ, = LAV, + LAV, + L, A0, + L; A6, (B.133)

The coefficients L,, — L,, are given by

L, =—2Vb, —V,y,sin(6, -0, —a,.j)—zV,.[%J (B.134)
L,==V,y, sin(é’,. -0, —a,.j) E (B.135)
L, ==-VV,y; cos(@i -0, _aij) (B.136)
Ly =VV,y; COS(Hi -0, _aij) ' (B.137)

Expressing the variables AV, ,AV,,AB,,A0; interms of the state variable using eqn. (5.25) of

Chapter 5, AQ, can be written as
AQ, =L, A8 + LAE, + L AE, + LyAv, + L Aa (B.138)

The coefficients L,, — L,; are given by

L, =LY, +L\Y, +L,Y, +L.Y,, ' (B.139)
Lis = LYy, + LYy, + LY, + LYy, | (B.140)
Lig = Lig¥igs + I Yig; + LYy, + LKy, (B.141)
Ly =LYy, + L\ Yys, + LYy, +LsYy, (B.142)
Lig = LYy, + LYo, + LYoy + LYoy (B.143)

Where[Y;, |,[%, ], [%q].[¥s] and [Y] and [ ¥, [ %, |.[ Ko, 5[ s, | and[ Y, ] are the

rows corresponding to the i and j” buses of the matrices [¥7][¥;].[Fis ] [25]and [¥;] as
described in eqn. (5.25).

B.5 STATCOM Power equations

The connection of the STATCOM to the system is shown in Figure B.2. STATCOM is

connected to the system at bus ‘s’.
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Lines to neighbouring buses
STATCOM bus 's'

u..!"ﬁ"‘ B n

Figure B.2 STATCOM connection to the system at bus °s’.
The STATCOM power is given by
Parcon + J Qstarcom =Vil g (B.144)
The STATCOM current can be written as -

J(a+6,) o
Ve ~Ve

I, =2 - 145
'Rsl+szl . (B )

st

Substituting 7, in eqn. (B.144) and simplifying the resulting expression, the STATCOM

power can be written as

) VV e’ -V}
Psryrcon + 7 Csrarcon = t Rg e . (B.146)
st I g

Since V', (pu) =¥, (pu), the real and imaginary parts of eqn. (B.146) can be written as

VV.R,cosa+VV, X, sinag—R,V}?
PSTATCOM e th:i\,gt — (B.147)
st st

VV,X,cosa-VV, R, sinag—X,V>
R+ X}

QSTATCOM =

(B.148)
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System Data

APPENDIX C

C.1  System Data for 3-Machine 9-Bus System [44]

Base MVA 100 MVA

The system data for 3-Machine 9-Bus System is as follows:

MACHINE DATA
Parameter Gen. 1 Gen.2 | Gen.3
H(sec) 23.6400 6.400 3.0100
x,(pa.) 0.14600 0.8958 1.3125
X, (pa.) 0.06080 0.1198 0.1813
x,(pat.) 0.09690 0.8645 1.2578
x, (pu.) 0.09690 0.1969 0.2500
T, (sec) 8.9600 6.0000 5.8900
T, (sec) 0.3100 0.5350 0.6000
EXCITER DATA
Parameter Gen. 1 Gen. 2 Gen. 3
K, 20.0 20.0 20.0
T, (sec) 0.20 0.20 0.20
K, 1.0 1.0 1.0
T, (sec) 0.314 0.314 0.314
K 0.063 ©0.063 0.063
T, (sec) 0.35 0.35 0.35
R 0 0 0
A, 0.0039 0.0039 0.0039
B, 1.555 1.555 1.555
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LINE DATA

Bus Line Parameters

Line i | Half line
Number From To R(pu.) X(pau.) charging
: admittance

(p.u.)

1 2 7 0 0.0625 0
2 1 4 0 0.0576 0

3 3 9 0 0.0586 0
4 4 6 0.1700 0.0920 - 0.0790

5 4 5 0.0100 0.0850 0.0880

6 5 7 0.0320 0.1610 0.1530
7 6 9 0.0390 0.1700 0.1790

8 9 8 0.0119 0.1008 0.1045

9 8 7 0.0085 | 0.0720 0.0745

BUS DATA

BUS TYPE | PZ(pu) 0, (pu.) P(pu) | Qs(pu)
1 swing" 0 0 0.716 027
2 PV 0 0 1.63 0.067
3 PV 0 0 0.85 -0.109

4 PQ 0 0 0 0

5 ~ PQ 1.25 0.5 0 0

6 PQ 0.9 0.3 0 0
7 PQ o 0 0 0

8 PQ 1.00 0.35 0 0

. 5 Y e — —

+ The swing bus voltage is 1.04 p.u.
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C.2  System Data for 10-Machine 39-Bus System [49]
Base MVA 100 MVA
MACHINE DATA
X x. x X, ' T H D x
Parameter pcfu. p‘fu. pq.u. pqu. Z::: s:;: sec pu. plu
Gen 1 0.295 | 0.0647 | 6.56 | 0.282 | 0.0647 | 1.5 | 303 0 [0.0518
 Gen2 0.02 | 0.006 | 6 0.019 | 0006 | 0.7 | 500 0 | 0.0048
" Gen3 | 0.2495(0.0531 | 5.7 | 0237 | 00531 15 35.8 0 0.0425
‘Gen 4 033 | 0.066 | 54 0.31 | 0.066 | 0.44 26 0 |0.0528
Gen 5 0262 | 0.0436 | 5.69 | 0258 [ 0.0436 | 1.5 | 28.6 0 |0.0349
Gen6 | 0254 | 005 | 73 | 0241 [ 0.05 0.4 | 34.8 0 0.04
Gen7 0295 | 0.049 | 5.66 | 0.292 | 0.049 | 1.5 | 264 0 |0.0392
Gen8 | 029 | 0057 | 67 | 028 | 0.057 | 041 | 244 0 |0.0456
Gen9 | 0.2106 | 0.057 | 479 | 0.205 | 0.057 | 1.96 | 34.5 0 |0.0456
Gen 10 02 | 0004 | 57 [ 0196 | 0.004 | 05 42 0 [0.0032
EXCITER DATA
K, T, K, T, Egymin | Emex | Kr | Tr(sec) A, B,
p.u. sec. p.u. sec. p-u p.u p-u. sec, p.u. p.u.
Ex1 6 | 005 |-063} 041 | -6 6 0.25 0.5 0.705 | 0.288
Ex2 | 20 | 02 1.0 0314 | -6 6 0.063 | 0.35 0 0
Ex3 | 5 0.06 | -0.02 | 0.5 -6 6 008 | 1.0 |0.0184] 0.625
"Ex4 | 40 | 002 ] 1.0 | 073 | -6 6 0.03 1.0 0 0
Ex5 5 006 | -0.05| 05 | -6 6 008 [ 1.0 [0.0035] 0.82
Ex6 5 0.02 { -0.04 | 047 | -6 6 0.075 | 1.25 ]0.0021 | 0.857
Ex7 | 40 [ 002 | 1.0 [ 073 | -6 6 0.03 1.0 [ 0493 [ 0311
Ex8 5 0.02 { -0.05 | 0.53 -6 6 0.085 | 1.26 [0.0028 | 0.837
Ex9 | 40 | 002 | 1.0 1.4 -6 6 003 [ 1.0 0.61 0.3
Ex10 | 25 | 0.06 | -0.02 | 0.50 -6 6 0.08 1.0 0 0
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LINE DATA

BUS LINE PARAMETERS
Line Half Line
number From To R * Charging
pat: i Admittance
1 22 6 0 0.0143 0
2 16 1 0 0.0250 0
3 20 3 0 0.0200 0
4 39 30 0.0007 0.0138 0
5 39 5 0.0007 0.0142 0
6 32 33 0.0016 0.0435 0
7 32 31 0.0016 - 0.0435 0
8 30 4 0.0009 0.0180 0
9 29 0.0008 0.0156 0
10 25 8 0.0006 0.0232 0
11 23 7 0.0005 - 0.0272 0
12 12 10 0 0.0181 0
13 37 27 0.0013 0.0173 - 0.1608
14 37 38 0.0007 ~ 0.0082 0.06595
15 36 24 0.0003 0.0059 0.0340
16 36 21 0.0008 0.0135 0.1274
17 36 39 0.0016 0.0195 0.1520
13 36 37 0.0007 0.0089 0.0671
19 35 36 0.0009 0.0094 0.0855
20 34 35 0.0018 0.0217 0.1830
21 33 34 0.0009 0.0101 0.08615
22 28 29 0.0014 0.0151 0.1245
23 26 29 0.0057 0.0625 0.5145
24 26 28 0.0043 - 0.0474 0.3901
25 26 27 0.0014 0.0147 0.1198
26 25 26 0.0032 - 0.0323 0.2565
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BUS LINE PARAMETERS
Ling . X HalfL‘ine
number From To pu. pu. Charging
Admittance
27 23 24 0.0022 0.0350 0.1805
28 22 23 0.0006 0.0096 0.0923
29 21 22 0.0008 0.0135 0.1274
30 20 33 0.0004 0.0043 0.03645
31 20 31 0.0004 0.0043 0.03645
32 19 2 0.0010 0.0250 0.6000
33 18 19 0.0023 0.0363 0.1902
34 17 18 0.0004 0.0046 0.0390
35 16 31 0.0007 - 0.0082 0,06945
36 16 17 0.0006 0.0092 10.0565
37 15 18 0.0008 0.0112 0.0738
38 15 16 0.0002 0.0026 0.0217
39 14 34 0.0008 0.0129 0.0691
40 14 15 0.0008 0.0128 0.0671
41 13 38 0.0011 0.0133 0.1069
42 13 14 0.0013 0.0213 0.1107
43 12 25 0.0070 0.0086 0.0730
44 12 13 0.0013 0.0151 0.1286
45 11 12 0.0035 0.0411 0.34935
46 11 2 0.0010 0.0250 0.3750
BUS DATA
s | e | N e |
1 swing™ 0.0920 0.0460 5.4282 1.5724
2 PV - 11.0400 2.5000 10.000 2.2624

72




N B T - A
3 PV 0 0 6.5000 1.6606
4 PV 0 0 5.0800 1.5510
5 PV 0 0 6.3200 0.8381
6 PV 0 0 6.5000 2.8105
7 PV 0 0 5.6000 2.2967
8 PV 0 0 5.4000 0.2757
9 PV 0 0 8.3000 0.5970
10 PV 0 0 2.5000 1.8388
11 PQ 0 0 0 0
12 PQ 0 0 0 0
13 PQ 3.2200 0.0240 0 0
14 PQ 5.0000 1.8400 0 0
15 PQ 0 0 0 0
16 PQ 0 0 -0 0
17 PQ 2.3380 0.8400 0 0
18 PQ 52200 1.7600 0 0
19 PQ 0 0 0 0
20 PQ 0 0 0 0
21 PQ 2.7400 1.1500 0 0
22 PQ 0 0 0 0
23 PQ 2.7450 0.8466 0 0
24 PQ 3.0860 0.9220 0 0
25 PQ 2.2400 0.4720 0 0
26 PQ 1.3900 0.1700 0 0
27 PQ 2.8100 0.7550 0 0
28 PQ 2.0600 0.2760 0 0
29 PQ 2.8350 0.2690 0 0
30 PQ 6.2800 1.0300 0 0
31 PQ 0 0 0 0
32 PQ 0.0750 0.8800 0 0
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wos | v | | R
5 —55 T % , ; e
34 PQ ‘ 0 ‘ 0 0 0
35 PQ 3.2000 1.5300 0 0
36 PQ 32940 0.3230 0 0
37 " PQ 0 | 0 0 0
38 PQ | 1.5800 0.3000 0 0
39 ~ PQ | 0 0 0 0

£

" The swing bus voltage is 0.982 p.u.

C3  STATCOM Parameters used for Two Test Systems
Base MVA 100 MVA

R,=001pu X,=01lpu R, =1x10"pu X, =0.0165pu

STATCOM Voltage Controller Parameters

K, =-2, T, = 0.055e¢

Size of STATCOM

o 3 Machine 9 bus system
* 4200 MVAR

© 10 Machine 39 bus system
* 350 MVAR
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