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Chapter 3 Network Representation

3.1 INTRODUCTION

This chapter presents an overall model of power system comprising of multi-
machine multi-area power system in state space framework. The system representation
includes PSS at individual machine and FACTS devices (such as STATCOM, SSSC,
and UPFC) in a generalized framework. The model is modular and general enough so as
to include any control structure depending on system requirements and numbers of
areas connected with transmission network. A Homogeneous model of UPFC has been
developed in state space framework. The basic concept of FACTS with LQR control
devices has been focused. A new integrated Multi-Stage LQR Power Oscillation
Damping (MSLQR-POD) controller and Modified MSLQR controller have been
developed for effective oscillation damping. The performance of these controllers (such
as LQR controller, POD controller and MSLQR controller), in terms of settling time

and overshoot/undershoot has been analysed.

3.2 CONCEPT OF SYSTEM REPRESENTATION

This section presents modeling which includes Power System Stabilizers (PSS)
and Flexible AC Transmission System (FACTS) devices in a power network. A
homogeneous state space model has been developed in generalized framework which

can be extended so as to include number of machines in multi-areas on modular basis.

3.2.1 Machine Dynamics Representation in State Space Framework

A sample two area power system has been used to develop mathematical model
of the complete system. In each area, ‘n’ number of generators are connected which are
represented by G1, G2....Gn. This can be extended to any number of areas with some

modular changes. Multi-area multi-machine system has been shown in Figure 3.1 in
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which ‘n” number of generators are connected in parallel in area 1 as well as in area 2.
Armature current and the terminal voltage of area 1 and area 2 are given by i; and vy
and i, and vy, respectively. Transmission line impedance is shown by Z whereas Y1 and

Y2 represent the loading in the respective area [163-164].

Figure 3.1 Multi-Machine power system

A. Modeling for i" Generator of Area 1
Armature current and terminal voltage can be represented by:
i1 = idl + jiql Vi =V qul (3.1)

Terminal voltage of generators can be given as:

Vi + quil — Py * iy + jiql) =V T qu1 (3.2)
PR S
Vql til —Xii1 0 Iql

Vi = Vg *(SIN G, + jCOST,) (3.4)

Where 6, = Z(E';;, Vi)

From Figure 3.1 we have,

L =Y1*v, +(v,—-V,)/Z (3.5)
Z*L =(1+Z*YD*v, -V, (3.6)
Z =R+ jX (Transmission Line) (3.7)

Equation (3.6) can be written in matrix form:
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R —X| [i 11 21| |V
| 1| C -C d1 v, (3.9)
X R g C21 cC11 Vgt
Viin = Xgia *iql (3.9
Voir = E g L (3.10)

For convenience, the following constants and parameters are introduced:

1+2Y1=Cl1+ jC21 (3.11)

Where,
Cl1=1+R*Gl-X*Bl; C21=X*G1+R*B1 (3.12)
X gir = Xin + Xgig (3.13)
"o = Xin T X gia (3.14)
R', =R—C21*x", R, =R—C21*x (3.15)
Xy = X +CLI*X' s X'y = X +CLI*X", (3.16)
ZezIl =R *R',+ X * XY, (3.17)
Y,, = (Cl1*X '~ C21*R", )/ Z2, (3.18)
= (CL1*R",,+ C21* X", )1 Z2, (3.19)

Where Y=G+jB (Load in each area),

Equation (3.8) can be written as:
R —X||i Cl1 -C21|v, Sin(6,, — 9,
-dl _ d1 ~v, ( M jN) (3.20)
X R ig| |[Cc21 c11 v, Cos(Sm —)
Where, Xgi1, X'gi1, X"giz are the direct axis synchronous, transient and sub-transient
reactance of i"" generator in area 1. Where M and N are the number of area in which

generator i and j are connected respectively.

But
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|:Vdil:| |:O} . { 0 —x i1:||:id1:|
= E'..— a0 (3.21)
Vain 1] " [xy O Iy

Solving the Equations (3.3), (3.20) and (3.21), and rearranging in terms of ig1 and iq, We

get:
i ' R X" Sin(s,, — O,
|:id1:| _ |:Yd|1:| Elqil_(Vtg /Zezll)|: XI,21 R'|11:||:COS((6|‘M _é,JN )):| (322)
gl qil ANV i11 iM N
AS =6, —0, (3.23)
Aidl Ydi1j| |:Fdil:|
o] AR 4| W As (3.24)
{Alqll |:Yqi1 " I:qil
Where:
F, R" X" Sin(8,, — 0.
|:Fd|lj|=_(vt2/Zezil)|: |I21 I|lli|,u¢|:c (éI‘M _é‘JN)j| (325)
qil -X i21 R i11 OS( iM jN)

For calculating K1, Kj, Kz, K4, Ksand Kg constants:

Formulation from electric torque equation:

Electric torque of a synchronous machine near the synchronous speed can be calculated
by:

Teil ~ P

i = lgy *Vaiy oy ¥V (3.26)
Now putting the values of v4i1 and vgi; from Equation (3.21) into Equation (3.26):

Ty =l *E 't (X = X )y ¥y (3.27)
Now linearizing the above equation and substituting the value of Aig; and Aig; from
Equation (3.24), the following is obtained:

ATy =Ky *Ao+ Ky *E' (3.28)

Where values of K1j; and Kyj; are:
{ Km} _ {0 }{Fdil FqilM | (X — deil)l* iql*- (3.29)
K2i1 Iql Ydil Yqil E qi1+ (Xqil -X dil) Idl
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From the field voltage equation:

The field winding circuit voltage can be linearized and written as:

(L+ST ")) *E 'y = AB iy — (Xgy — X'giy) * Al (3.30)
Putting the value of Aig; from Equation (3.24),

(L+8T ', *Kyy) *E 'y = Ky *[AE 4, — K,y *AJ] (3.31)
Here values of Ksi; and Kaiq are:

Kai =1/ [+ (Xgy =X 510) * Y] (3.32)
Kain = (X =X a0) ™ Fn (3.33)
From the terminal voltage magnitude equation:

Magnitude of the generator terminal voltage can be expressed in d and g components as:

2 2 2
Vi =ViatVa (3.34)

Now calculating the deviation by following equation:

Avy, = (Vdil /Vtil)*AVdil +(v /Vtil)*Atil (3.35)

qil
Putting the values of Avgi; and Avgip in Equation (3.35),
AV, = Kg "AS + Kg *AE (3.36)

Where values of Ks;; and Kgiq are:

{K5i1i| _ { 0 } N { Fii Fqi1j| |:_(X Idii*vqil) /Vm} (3.37)
Ksia (Vgin / Vir) Yar Yo || (Xgin Vi) / Vi

The equation of real and reactive power:
Par + 1Qup = (igy + Jigg) * (Vg + Vi) (3.38)
Values of vgi1 and vgip are calculated from Equation (3.21) and terminal voltage vy is

written in terms of Vg1 and vgi1. Now five independent equations are:

Peil = idl *Vdil + iql *til (3.39)
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i * 1 ox
Qeil_ldl til Iql Vdil

Viin = X

*:
qil I

ql
Vgin = E 'qil_ deil*idl

V2ti1 = Vzdil + V2qi1

From the above five equations, the following results:

* * _i %2
P til_Qeil Vdil_lql Vtil

eil

(3.40)
(3.41)

(3.42)

(3.43)

(3.44)

Solving iq: and vgi1 from Equations (3.41) and (3.43) and putting this in Equation (3.44),

following equation obtained:
Peil *(Vzm _Vzdil)llz - Qeil *Vdil = Vdil * (Vztil / Xqil)
So, vgiz can be found, which leads to the following equations;
Viin = Peil *Vtil *[Peilz + (Qen +V2ti1 / Xqi1)2]71/2
tilz = (Vtilz _Vdilz) , iql =V / Xgit
gy = (P — iq1 *til)/vdil or (Q,, + iql*vdil) /til
A R

é‘il = tanil(vdil /ti1)

B. Modeling for i Generator of Area 2

Armature current and terminal voltage can be represented by:

b =lgo + 23 Vio =V + Vg
Terminal voltage of i generators can be given as:

Vaiz + Vo = o (g + Jig2) = Vo + 1V,
IS B
qu tiz —Xiiz 0 iq2
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Vg, =V, *(SING,, + ] COST,,)
From Figure 3.1 we have,
L, =Y2%V,+(V,-V,)/Z
Z*, =+2Y2)*v, -V,

Equations (3.55) and (3.56) can be written in matrix form

R -X1,[l] [Cl2 -C22] [V .
X R ||| |[C22 cC12 | |v,| "

— *]
Vdi2 - Xqiz Iq2

— *
tiZ E qi2 X di2 Id2

For convenience, the following constants and parameters are introduced:

1+272Y2=Cl12+ jC22

Where:

Cl2=1+R*G2-X*B2; C22=X*G2+R*B2
Xgiz = Xz T Xgi2

X"z = Xz + X giz

R, =R-C22*x";,,R",, =R—-C22*x

Xi, =X +C12%X,,; X', = X +C12%X",,

q|2’ i2

Z;Z = Rlulz*Rluzz"' X Iilz*x Iizz

d|2 (Clz*x I|12_C22.kR |22)/Ze|2

=(C12*R" ,+C22* X" ,,) /1 ZZ,

Where Y=G+]B (Load in each area),

Equation (3.57) can be written as:
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R —x idZ C12 —C22 de Sin(éjN _é‘iM)
a2 | _ —V, (3.69)

X R |ip| [C22 c12 ||v,, Cos(d;y —dim)
Where, Xgi2, X'gi2, X"giz are the direct axis synchronous, transient and sub-transient

reactance of i"™ generator in area 2.

But

Vaiz | |0 £ 0 Xy || a2 370
Viiz _|:1:| @ X2 0 Jllp (370)

Solving Equations (3.53), (3.69) and (3.70), and rearranging in terms of ig; and igp, this

results as:
i \ R" X" Sin(d,, —o.
-d2 _ di2 E'qiz_(th/ZeZiZ |: |l22 I|12i| C ( jN i |M) (371)
'q2 Yqi2 -X i22 R i12 05(5jN 5||v|)
AS =35, — 8y (3.72)
Aidz Ydi2j| |:Fdi2i|
. |= AE'i + AO (3.73)
{Alqj {Yin i Fin
Where
F. R" X" Sin(o,, — 6.
o :—(vtl/zjz){ " .'12}* i =) (3.74)
Fin -X i22 R i12 Cos(éjN _5i|v|)

For calculating these Ky, Kz, K3, K4, Ksand Kg constants:

From electric torque equation:

Electric torque of a synchronous machine near the synchronous speed can be calculated
by:

T, ® Py =1y, * Vg, + iq2 *tiz (3.75)
Now putting the values of vgi1 and vgi from Equation (3.70) into Equation (3.75):
Taio :iqZ*E'qi2+(Xqi2 _deiz)idz*iqz (3.76)

Now linearizing the above equation and substituting the value of Aigy and Aig from
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Equation (3.73), we get:

ATy, =K, * A6+ Ky, * B,

Where values of Kjj; and Ky;; are:

I ety
K, Igo Yoo Yz || E'giat gz =X 'i2) ¥y,

From the field voltage equation:

The field winding circuit voltage can be linearized and written as:

(@+ST ) *E 'y = AE i — (Xaiz — X'4i2) * Al
Putting the value of Aig, from Equation (3.71),
(14T ', *Kyip) *E 'y = Ky *[AE 4, — Ky, *A0]
Where values of Kzj» and Kajo are:

Koo =11+ (X5 = X'512) *Ygio ]

Kaiz = (g2 = X'412) * Fyio

From the terminal voltage magnitude equation:

(3.77)

(3.78)

(3.79)

(3.80)

(3.81)

(3.82)

Magnitude of the generator terminal voltage can be expressed in d and g components as:

2 2 2
Viie =Vigio Vg2

Now calculating the deviation by following equation;
AVtiz = (Vdi2 /VtiZ)*AVdiZ + (tiz /Vtiz)*AtiZ
Putting the values of Avgir and Avgip in Equation (3.84),

AV

ti

i2 = K5i2 *AS+ K6i2 *AE Iqiz

Where values of Ksj; and K, are:

|:K5i2j| _ 0 n I:diz Fqi2i||:_(xldi2*vqi2)/Vti2j|
Keiz Vai2 IVy5) Yoz  Yoiz (Xin A

The equation of real and reactive Power:
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Pz +1Qu, = (g, + jiq2)*(vdi2 + quiz) (3.87)
Values of vgiz and Vg2 can be calculated from Equation (3.70) and terminal voltage Vi

can be written in terms of vy, and vgi2. Now five independent equations are:

Pz =las *Vaip Ty *Vyio (3.88)
Quiz =gz *Voiz —lg2 *Vaio (3.89)
Vigia = Xgi *iq2 (3.90)
Vaiz = E'qiz_xldiz*idz (3.91)
VztiZ = V2di2 +V2qi2 (3.92)

From the above five equations, the resultant equation is:

Peiz*vqiz _QeiZ *Vdiz = iqZ *VztiZ (3.93)
Solving i and vgiz from Equations (3.90) and (3.92) and putting this in Equation (3.93),
it can be written as:

Pei2 *(Vztiz _Vzdiz)ﬂ2 _QeiZ *Vdiz = Viiz *(Vztiz / Xin) (3-94)

So vgiz can be found, which leads to the following equations;

Vo = Pz ¥V *[Puz” + (Qup +V7 /%) T (3.95)
tiz2 = (Vtiz2 _Vdi22) (3.96)
o = Vi / X5z (3.97)
lyo = (Paz =132 *Vyin) I Vyip OF (Qqip +igp *Viin) [ Vi (3.98)
E'yz = Vo + X2l (3.99)
8, =tan™ vy, / vg;,) (3.100)

For First Area, final states equation can be written as:
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M;sA@, =—(K;,AS, + K, AE )

SAG, = w;Awy

(14T 'y Ky )AE,, = Ky (K ,AS, +AE )

(L+ ST, )AE 4, = Ky (UE - Av,,) = K, (UE — KA, — Ko AE ;)

By writing equations in matrix form,

A oin Aw,
Ao | A9,
=[]
. AE'
AE il a
. AEfdil
_AEfdil_
[0 -K M, —K,, I'M; 0
. 0 0 0

0 _K4i1/T'doi _1/(T'doi*K3i1) 1/T'doi
0 _KAi*KSillTAi _KAi*K6i1/TAi _1/TAi_

Complete State matrix for area 1 only can be written as:

Al 0 0 O
0 A2 0 O
0 0O . O
0 0 0 Aln

[Al]=

Similarly for Second Area, state equations can be written as:
MisAa, =—(K;,Ad, + KZiZAE(I]iZ)
SAG, = wAw,

(1+sT" KBiZ)AE(‘}iZ = K3i2(_K4i2A5i2 +AEfdi2)

doi

(1+ STAiZ)AEfdiZ = KAi (UE _AVtiz) = KAiZ(UE - K5i2A5i2 - K6i2AE(I]i2)

By writing equations in matrix form,
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A wiz - A, 7
Aodi | AS,
=1 e 3.112
AE', AE 'y, (3.112)
. _AEfdiZ_
| AE iz |
0 —Kyip IM; —Kai I M 0
, 0 0 0
[A2i]=| | o |
0 _K4i2 /T doi _l/(T doi K3i2) 1/T doi (3'113)
L 0 _KAi *K5i2 /TAi _KAi *K6i2 /TAi _1/TAi_

Complete state matrix for area 2 can be written as:

(A2l 0 0 O |

0 A22 0 O
0 o . 0 (3.114)

0 0 0 A2n]

[A2] =

Hence complete state matrix of two area power system can be written as:

Al 0
[A]{[O] [AZJ (3.115)

Where A is the complete system matrix for two area system, the number of
generators are represented as i = 1, 2,..., n. For multi-area system the size of matrix will

change accordingly. State space equation of the system is obtained as:

Ax =[A]AX (3.116)
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AC:)il
Aén A,
- A5,
AE' :
] gil AE il
A E i AE,,
A
A wiz 12 (3.117)
. Ao,
A iz AE Iqi2
A E 'gi2 _AEfdiZ_
| AE i |
! ! T
Where, AX= |:Aa)ll’ Aé}l’ AEqil’ AEfdil’ Aw,, Aé}z , AEqiz , AEfdi2:|

3.2.2 Inclusion of Power System Stabilizers (PSS) Model in the System

Power System Stabilizer (PSS) has been used along with excitation control for
low-frequency oscillation (0.2-3 Hz) damping. Since low-frequency oscillations are
observed due to the dynamical changes in large power network and reflected at
generator terminals if not properly controlled at transmission system. It is known that if
these oscillations are not damped at earliest, the magnitude of these oscillations may
increase and ultimately can collapse the entire system due to system interaction. In
order to reduce the low-frequency oscillation, PSS adds stabilizing signal to AVR that
modulates the excitation precisely by modulating electrical torque component in phase

with angular speed variation of rotor, thus damping in the generator oscillation quickly.

Figure 3.2 presents block diagram for low-frequency oscillation studies. There
are two major loops in Figure 3.2. Top loop represents mechanical system and lower

loop represents electrical system. Small perturbation has been reflected with linearized
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equations as A. In mechanical loop, incremental torque is used as input and rotor angle
(Ad) as the output. First block from left to right is based on the torque equilibrium
equation and second block shows the relation between angular speed and phase angle.
Here, M represents the inertia constant of the synchronous machine, D is the damping
coefficient and 2xnf is the synchronous speed. In the electrical loop, input is the
difference between supplementary control (UE) and terminal voltage Av; and output is

the incremental internal voltage AE',. First block from right to left represents exciter

and voltage regulator with gain Ka and time constant Ta. Second block represents field

winding circuit as affected by armature reaction.

K,
Ao
1 . (210)/s ol 80
D+sM
' A 4
K
4 K4 °
AE' = K, + K, + UE
¢ 1+sT' K, AE,, 1+sT, UE — Ay, I
> K,

Figure 3.2 Transfer function block diagram for low-frequency oscillation studies

Due to phase lag of excitation system and field circuit, a phase lead circuit is
included in the supplementary excitation control in the form of PSS. PSS precisely
modulates damping torque AT in phase with angular speed at the oscillating frequency.
An adequate damping is introduced by gain (Kc). Figure 3.3 shows the block diagram
of PSS. The first block from left to right is reset block which is used to activate the

supplementary excitation only as system oscillation begins and to terminate when the
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system oscillation ceases, whereas second block provides phase lead/lag compensation

depending upon dynamical changes in network.

A ) AX5 AUE
—> sT/(L+5sT) Ke+sTY)/(1+sT2) —m>

\ 4

Figure 3.3 Block diagram of PSS model

From Figure 3.3, the following equations can be written:

(1+ST)AX5=sTAw (3.118)
(1+ ST 2)AUE = Kc(L+ ST1)AX5 (3.119)

State equations of the generators with PSS connected in area 1 can be formed by taking
inverse laplace for Equations (3.118) and (3.119) and rearranging it with Equations
(3.101)-(3.104):

axs=—Fan s Kapp: 1ys (3.120)
M. M. T

. * * * *
AUE =KK™y 5 Ko™Ky 7Ty 'ﬁﬁ(l—Tﬁ IT,)AX5 - AUE (3.121)
Ivli *T2i Iv'i *T2i T2i TZi

Where, ‘i’ represents the i" generator related parameters for area 1 and can be
generalized modularly. Kc - gain, T1 and T2 are time constant of phase lag-lead block
and T is the time constant of washout block of respective generator’s PSS.

From Equations (3.120), (3.121) and (3.101)-(3.104), an overall state space model for

area 1 can be written as:

Ax = [A]AX +[BJAUE = [Ac]Ax (3.122)

Where AX = [Aa)i]_! Aé}l! AE;il’ AEfdi]_’ X 51 UE]T (3123)
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and

Acli =

0

Wy
0
0

0

_Klill Mi _K2i1/ Mi 0
0 0 0
_K4i1 IT Idoi -1/ (T 'doi* K3i1) T Idoi
_KAi * K5i1 /TAi _KAi * K6i1 /TAi _1/TAi
_Km/ Mi _K2i1/ Mi 0
_Kcli * K1i1 *Tli _Kcli > K2i1 *Tli
M;*Ty M;*Ty

0
0
0
0

1T

&(1_

)

T2i T2i

KylT

A
0

Ai

2i

(3.124)

Similarly for second area, modeling of system with PSS can be obtained in state space

framework as:

Ac2i =

0

@y
0
0

0
0

_KliZ/Mi _K2i2/Mi 0
0 0 0
_K4i2 IT Idoi _ll(T Idoi*KSiz) T 'doi
_KAi * K5i2 /TAi _KAi * K6i2 /TAi _1/TAi
_KliZIMi _KZiZIMi 0
_KCZi * K1i2 *Tli _KCZi * K2i2 *Tli 0
M; *T,, M; *T,,

(3.125)

Where Acl1, Ac12, Ac21...etc. can be derived modularly depending upon the areas and

the generators connected in each area.

Hence the overall homogeneous state matrix including PSS with each generator for two

area system can be written as:

[Ac] {

3.2.3

Acl

0

0
Ac?

(3.126)

Inclusion of Unified Power Flow Controller (UPFC) Model in the System

UPFC has been connected between two areas as shown in Figure 3.4 where multiple

generators of the respective area may be grouped, and thus equivalent circuit has been
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developed. Each area has been represented by Thevenin’s equivalent and UPFC is
connected at mid-point [145-146]. The concept can be extended to multi-area on

modular basis with suitable interface.

- 1

m.g, Md,

Figure 3.4 Two Area power network with UPFC

Unified Power Flow Controller (UPFC) is composed of an Excitation Transformer
(ET), Boosting Transformer (BT) and two three-phase GTO based Voltage Source
Converters (VSCs) both connected through DC-link capacitor. VSC-E is connected in
shunt while VSC-B is connected in series with the system. Pulse Width Modulation
(PWM) technique has been considered for developing the model of UPFC. Where input
control signals Ame, Amy, and Ade, Ad, known as amplitude modulation ratio and phase
angle of each voltage source converter respectively.

On neglecting the converter harmonics, the following dynamic equations can be
written at each side of the VSC for shunt and series terminal (VSC-E and VSC-B). DC

link capacitor charged up to voltage.

Ve =V, + jVe, =kmV, /2%e0%
=R ‘ | (3.127)
Vg =Vgg + JVg, = kmyV,, /2%t
Where, k is the ratio between AC and DC voltage depending on the structure of

converter. If converters are assumed to be lossless then the instantaneous power at AC

and DC terminals of series and shunt connected converters are equal. Hence power

balance equations are:

67



Knowledge Domain States Mapping Concept for Intelligent Power Flow Control

Ve li =V leg +Veq 1

(3.128)
Vdc'lo =VBd'IBd +VBq'IBq
dvy,  3m, ) 3m ,
d—::E[cosﬁe.lld +sm§e.llq]+4c—b[—coséb.l2d —sm&b.lzq] (3.129)

dc dc

Where, [; and |, are the currents in VSC for shunt and series terminal. Veg and Vgq are
the direct and quadrature components of voltage connected in shunt side of the UPFC
(Ve) and Vgq and Vgq are the direct and quadrature component of voltage connected in
series side of the UPFC (Vg). Similarly lgq, leq and lgq, lgq are the d-q component of

current in shunt and series connected VSC.

Under steady state condition, UPFC neither injects nor absorbs real power, neglecting
UPFC losses, i.e., voltage of DC-link capacitor remains constant at specified value.

Since net current to capacitor is zero. DC circuit can be written as:

Coe = =(1,+1,) (3.130)

= Xl 4V (3.131)
Ve, =V, + jX,, 1, +V, (3.132)
Where,

From above equations, d and q component of current can be obtained as:

X X X
o = Eg-msing (V, /2) =+ == (E',c088 — 1, X g +m,sin g, (V, /2)) (3.133)
Xdee Xdee Xdee
X X X o
lig =M, COSS, (Vy /2) 22— mb0055b(\/dc/2)—x—qe(E 2 SING+ 15X, ) (3.134)
qee qee gee
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I, = ;((dt (E'qzcosé—IZdX‘Zd)+%mbsinﬁb(\/dc/2)—mesin5e(\/dcl2) ;((de - XXe E', (3.135)
dee dee dee dee
Xe X X :
| g =M COS S, (Vg / 2) <~ 2=, €08 8, (Vg / 2) —<— (E'qzs'n5+ |2qX2q) (3.136)
xqee que que

Where,
5:51_52;)(% = xlq +xl; Xde :X I1d-|_xl;xqt :qu+xe; th :Xde+xe;

que:qu'Xe+xqt'X2b; X :Xde'xe+xdt'x2b

dee

Rewriting Equations (3.133)-(3.136):

ly =D,E' +D,m,singV, +D,(E',c080 —1,,X ")+ mysin gV, /2) (3.137)
l,, =QM, oSV, +Q,m, cosSVy /2+Q,(E' ,siNd +1,,X,,) (3.138)
l,, =LD,E',cos5+LD,msin6V, /2+LDm,sin6V, /2+LDE", (3.139)
l,, = L,Qsm, cos 6V, +L,Qm,cos6V, /2+LQ,E",sino (3.140)
Where
X X X

D1:Xbb'Q1: bg , D, =— X ,Q,=— qe’D3=Xde1Q3: qe ,D4:th

Xdee quee 2Xdee que ><dee 2que Xdee

X 1

Q4:_ qt’Dsz_Xde’Dez_Xe’Li L L

Linearizing above Equations, we get

Al =a,AE 'q1+ a,Am, +a,,A0, +a,AV, +a,AE 'q2+ a A0 +a,Am, +a,Ad, (3.141)
Al =8, Am, +8,,A0, +a,AV, +8,,Am, + A5, +aAE ", +a,Ad (3.142)
Al,y =5 AE’ ,+85,A0 +8,AM, +85,Ad, + 85, AV, +85,AM, +35,A0, +85,AE ' (3.143)
Al,, =a,Am, +8,A8, +8,,AV, +8,Am, +a,,A0, +a,AE’ ,+a,Ad (3.144)

Now
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Aly = Al —Al,y and Al = Al —Al

19~ 2M2g
Substituting the values of Al1g, Alzg, Al1q and Alyq, We get:

Al =a5,AE"  +a5,Am, +a,;,A8, +35,AV, +a,AE" ,+a,,Ad +a,Am, +a,Ad, (3.145)
Al =agAm, +2,A8, + 8, AV,, +ag,AM, +a,Ad, +agAE" ,+a,Ad (3.146)

Equation for DC-Link Capacitor:

Let a,=a, = then Equation (3.129) can be written as:
dc
dv, . .
d_tc =a,m[cos s, 1,y +sing, 1, ]+am[-cosd, 1,y —sing, 1, ] (3.147)

Linearizing above equation:

AT 0,0, 4, Bl AT, 8,00, 8l + 3,Al,, +3,4m, (3148)

Substituting values of Al1g, Alzg, Aliq and Alyg, We get:

A d_;/f == ,A0, +8,AE T +8,,AM, +8,AVy +85AE +8,,A5 +8,,Am, 8,45, (3.149)

For first generator:
1°' Equation:

(D, +Ms)Aey = AT, =-A[l E' + (X, = X)Lyl ] (3.150)
(D, +Ms)Aw, =-1 AE'  —E' Al — (X, — X)) Al + 1Al ]

(D, +M;s)Am, = =1 AE"  —[E"; + (X;, = X)) AL JAL, —[(Xy, = X)) 1 JAL,

OR, (D, +M;S)A@, =n,AE"  +n Al +nl, (3.151)
Now substituting the value of Alyq and Al in Equation (3.151), we get:

D n n n
SAm, = —M—lAa)l +ﬁAE 'ql+ﬁAm + A8, +..
1

l 1 ' (3.152)
hAVdc +hAmb +£A5b +MAEIq2+MA5
M, M, M, M, M,

70



Chapter 3 Network Representation

2" Equation:

SAO, = mAw,

3" Equation:

Field winding circuit voltage equation:
(L+ST '} )AE'" = AE, — (Xyy = X ')Al

Putting the value of Aliy and rearranging, we get

1 V,
SAE', =——AE + ——AE' +—*- ks Am_ +—2- Mas AE' + Nas AS, +..
T T T T T

1do 1do 1d0 1do 1do

n n n n
OB+ I AS B A, + A,

1do 1do 1do 1do
4" Equation:
(L+STL)AE; =K A (-AV,,)

As we know,

= (E 'ql_ Itd X I1d)2 + (Itq qu)2

On linearizing above equation and putting the values of Alyy and Alyg, we get:

SAE; = Tl AE ., +V,F AE' +VoFAmM, +V,FAS, +

1A

VR, AV, +AE ,+ Vo FAS + VLR Amy +V,F,AS,

For Second Generator:
1% Equation:

(Dz + Mzs)Aa)z :_ATez :_A[IZqE'q2+(x2q -X I2d)|2d IZq]

(Dz + Mzs)sz :_IquE qu_ Elqz AIzq _(qu - X I2d)[|2qA|2d + IZdAIZq]

(3.153)

(3.154)

(3.155)

(3.156)

(3.157)

(3.158)

(Dz + Mzs)Aa)z = _IZqAE qu_[E Iqz"' (qu -X I2d )AIZd ]Alzq _[(qu -X I2d)|2q]A|2d

OR(D, + M,8)Am, =m,Al,, +m,AE’ +mAl,,
Now substituting the value of Alyq and Alyq in Equation (3.159), we get:
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m m
sAw, = —%Aa)z +%Ame PG, + AV,

2 2 2 2 (3.160)
&Amb + %Aéb + Mo AE "ot Muo o5 4 Mt AE "
M2 2 2 MZ MZ

2" Equation:
SAS, = myAw, (3.161)
3" Equation:
(L+sT ", )AE 2 =AEg, — (X,q =X '59 )ALy (3.162)

Putting the value of Al,q and rearranging, we get:

sAE'qZ:ILAEfd2+Y—2AE'q2+ nl123 AS + rrI124 Am, +..
BAG A+ =B AV + - AM + 2 A5+ 2 AE
T 2d0 T 2do T 2do T 2do T 2do

4™ Equation:

(L+sT,,)AE,, =K,A(AY,,) (3.164)
As we know,

V22t = (E 'q2_ |2d X IZd)2 + (IZqXZq)2

On linearizing above equation and putting the values of Alyq and Alyq, We get:

1 .
SAE, = —_I_—AEfd2 +V,G,AE ", +V,G;AS +V,GsAm, +.. (3.165)
2A '

+V,G, A8, +V,G AV, +V,GyAm, +V,G,,,AS, +V,G,,AE ",
Now Since, SAS =S(Ad, —A0,)
Or, SA0 = w,Aw, - wAw, (3.166)

By combining all the Equations (3.152), (3.153), (3.155), (3.157), (3.160), (3.161),

(3.163), (3.165) and (3.166) and writing in state space form:

AX = AAX+ BAU (3.167)
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Ax=[AS, A0y, Aw,, AE], AE 4, AEL,, AE AV, | (3.168)

Au=[Am,,AS,,Am, AS, T (3.169)

Where state matrix A and control input matrix B can be given by:

) ) 0 0 0 0 |
0 w, -, 0 0 0 0 0 e e N N
L S . MM MM
Ml Ml Ml Ml Ml
My o Domyogomg oom S B T T
M, M, M, M, ) M, M, M, M,
7 0 L 1Ny 0 Ny B= Ny Moy N Mg

A: T1:10 Tl;iO Tl;iO leiO leiO 4 T]_:jo Tlij(] Tlij() T]_:jo

V;Fy 0 0 VR, - % V,F, 0 VR, ViFs  ViRe ViR, ViR
Moy g Moy Mo 1om g AR LR
TZIdO TZ'dO T2'd0 TZ'dO TZ'dO 240 240 20 240
V G 0 0 V G O V G _i V G V4619 V4G110 V4Glﬁ V4GI7
4*15 4111 4>14 -I-2A 4>18 i a\/3 a\/l a\/7 avg |

Las 0 0 a 0 a 0 a,

3.2.4 Generalized Homogeneous Model of UPFC with Multi-Machine System

Homogeneous modeling of UPFC can be extended to multi-machine system. Here the

number of generators are represented as ‘i’, which can be written in generalized form as

i=1, 2,..., n. for each area.

The Equations (3.133)-(3.136) can be written for i™ machine as:

~ Ko g osingy,, oty Xy coss), +msing, (V. /2))  (3.470)

I i
= Xdeeil 2Xdeeil deeil
_ X bagil X geil .
ley = m, COSO V. — (m, cos o, (V. 1 2)—(V, sind,);) (3.171)
geeil geeil
| = 288 (, $in 5,), + M, Sin 6, (V. /2)) + L m,sin6,(V,, /2) + ' (3.172)
deeil deeil deeil
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xqeil thil H
lg =—M, COSOV,, X +——(m, cos S, (Vy /2)+(V,sind,),) (3.173)
geeil geeil
Where:
(Vy €0s6,); =E ', €080 — 1,4 X", (3.174)
(Vysing,), =E';,sind -1, X", (3.175)
And

IEd :ZIEdi ) IBd :ZIBdi

For two machine model current notation can be written as:

Ild = IEd’ Ilq = IEq’ |2d :_Ide I2q :_IBq

Putting the values (V,Cosdp)i and (VpSindp); from Equations (3.174) and (3.175) to

Equations (3.171)-(3.173), we get

Xipi . X
Iy =) L E' . —m.sins, (V. /2)> —bdil 4 |
1 Z Xdee a ¢ ¢ o Z Xdeeil (3176)
+m, Sin &, Vg /2)D >)((dei1 +> >)((dei1 (E'qi2€086 — 154 X 54)
deeil deeil

X X X
1, =m, cosd, (v, 12)y. — —m, coss,(V, /2)) —=+> —X(E LSiNG-1, X' (3.477)

qeeil qeeil qeeil

|2d =m, sin 5b (Vdc /2)2%— m, sin 53(\/dc /2)2_)><(dei1 _ (3 178)
deeil deeil .

3 Xeit E'utS X atia (E'i2€088 — 1,3 X '154)

X deeil X deeil

X ei X i
Izq =m, Cosge(vdc /2)2%_mb COS5b(VdC lz)zx—qtl—

qgeeil qgeeil

X (3.179)
> - T (E'2SIN0 = 10X ")
geeil
Linearize above equations and find Alyg, Alog, Alig and Alyg,
Now, Al,; = Al —Al,, and Al = Al —Al,, (3.180)

Putting the values of Alyq, Albg, Aliq and Alyq in Equation (3.180) and rearranging.
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we can find Al in terms of AE 'qil, AE 'qiz, Ame, Ade, AV, AS, Amy, Ad, and

Al in terms of AE',, Ame, Ade, AVyc, A3, Amp, Adp.

gi2°

Equation for DC-Link Capacitor:

dv
—d =3ﬂ[cos59.l1d +sing,.1,, |+ 3, [-c0s6,.1,, —sin .1, | (3.181)
dt  4C, "
Let a,=a, = then Equation (3.181) can be written as:
dc
d(\j/t‘“ =a,m,[cos &, 1,y +sind, 1 ]+a,m[-cosd, 1,4 —sin g1, ] (3.182)

Linearizing above equations:

dV,.
dt

=a,A0, +a,Al, +a,Al +a,Am, +a,Ad, +a,,Al,, +a,Al, +a,Am,  (3.183)

Putting the values of Alig, Alog, Aliq and Alyq in Equation (3.183) and rearranging. We

can find dVyc/dt in terms of AE' .., AE' . ., Ame, Ade, AVyce, AS, Amyp, Adp.

qil’ qi2°
Dynamics of Generators for First Area:
1°' Equation:

(Dil +M ils)Aa)ll = _ATeil = _A[Itq E Iqi1+ (Xilq -X Iild ) Itd Itq] (3.184)
(Dil + Mi1S)Aa)|1 = _IthE Iqil_[E Iqi1+ (Xilq =X ) L ]Altq _[(Xilq — X' ) Itq]AItd (3.185)

Putting values of Alyq and Alyg, in Equation (3.185) and rearranging. This results as sAwis

which is in terms of Awiy AE';, AE',, Ame, Ade, AV, AS, Amy, Adp.

2" Equation:

SAS, = w,Aw, (3.186)
39 Equation:

(L+sT",)AE 'qil =AE;, —(Xy — X 'yg)Al, (3.187)

Putting the values of Aly, in Equation (3.187) and rearranging. This results as SAE";
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which is in terms of AE¢gi1, AE 'qil, AE Iqi2’ Ame, Ade, AV, AS, Amyp, Ady,
4" Equation:
1+ STilA)AEfdil = Kia (‘Avm) (3.188)

As we know,

Vzin =(E Iqil_ Iy X Iild)z + (lthilq)2
On linearizing above equation:
ViltAVilt = (E 'qil_ Itd X 'ild )[AE Iqil_ Altd X 'ild ] + Ith 2ilqA|tq (3-189)
Putting the values of Al and Aly, in Equation (3.189) and rearranging. This results as
AE'

sAEqqi1, Which is in terms of AExgi1, AE' Ame, Ade, AVyc, AD, Amy, Adp,.

qi1’ qi2?
Dynamics of Generators of Second Area:

1% Equation:

(D, +MS)A@, = —AT, = =A[LE' i+ (Xip = X o0 gl (3.190)
(D, +M,8)Am, = =1, AE" ;) —[E' i+ (Xipe = X ipg) g JAL, =

[(Xizg = X 120 ) g JAL (3.191)

Putting the values of Alyq and Aly, in Equation (3.191) and rearranging. This results as

sAmiz, Which is in terms of Awjy, AE 'qil, AE 'ina Ame, Ade, AV, AS, Amy, Adp.

2" Equation:

SAG,, = wAm, (3.192)
3" Equation:

(L+ST "4 )AE 'i; = AE 45, = (Xjpq — X '159) Al g (3.193)

Putting the values of Alyg, in Equation (3.193) and rearranging. This results as sAE’ ,

which is in terms of AE¢i, AE lqilv AE Iqi2 , Ame, Ade, AVyc, AD, Amyp, Ady,.
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4™ Equation:
(14 STy )AE 4, = Kipn (FAViy) (3.194)
As we know,
(E' 2d 'i2d)2+(|2qxi2q)2

On linearizing above equation:
ViuAViy (EI 0 X 120 )IAE 2= Al X gt I2qX2i2qA|2q (3.195)
Putting the values of Alyq and Alyg, in Equation (3.189) and rearranging. This results as
AE'

sAEgi> Which is in terms of AEgi», AE' Ame, Ade, AV4c, AS, Amy, Adp.

qil qi2»

Thus with the use of above equations, state space form can be written as:

AX = AAX + BAU (3.196)
[A5 Aa)ll'AEt;lliAEfdil'Aa)lZ’AEtglzlAEfdiZ'AVdcj'T (3.197)
Au=[Am,,AS,,Am,, AS, | (3.198)

UPFC Interface Model with the System:

From the machine modeling following equations can be written:

Ve = lg Xigge + Xl gy, where X = X, + X, (3.199)

Veg = E 1= lia Xigge — X lgq » where Kitge = Kig + Xee (3.200)

Similarly;

Vagi = ligXisge + 129 X288 —E 2 €080 (3.201)
Xioge =—(Xipq + Xgo) & Vg =E 1= E 58N 0 — 1y Xipge + 155 X e (3.202)

Where Xjy5, = Xg, + X g

For ‘n’ generator system Vgq and Vgq can be written as:
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_VEdJ Vqu
VEdZ VEqZ

Vo =| - [ Vg =| - (3.203)
_VEdn J _VEqn i

Similarly:
Ve | _VBql_
VBdZ Vqu

Ves =| - | Vg =| - (3.204)
_VBdn J _VBqn i

These equations can be transformed into a common d-q frame with the help of

following equations:

fo| | coso sing || f
f.| |-sing coss || f,

coso, sing, cosd, sino,
LetM, =| | ,andH, = :
—-sing,, C€oso, —-sino,, C€OSo,
VEdi VBdi
VEdqi Z{VE(J ' Vqui =|:Vqu
Thus
M, 0 0 0 0 [ Ve 'H, © 0 0 [Vag |
0 M, 0 0 O | Ve 0 H, 00 O |V
Ve Ve
=0 0 . 0 O . |and =0 O 0 0 (3.205)
Ve, Ve,
o 0 0 . O : 0 0 .0 :
0 0 0 0 M, ]| Ve | 0 0 0 0 H,|[ Ve |

By using above Equation (3.205), Veq, Veq, Veg and Vg can be found.

Four equations from the dynamics of series and shunt part of UPFC can be written as:

(Ve +V i)
m, = Ekdv il (3.206)
dc
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V,
5, =tan™ [ﬂj (3.207)
VEd
(V 2Bd +V 2Bq)
m = 3.208
b v ( )
V,
5, =tan™ (ﬂj (3.209)
Bd

By linearizing above Equations (3.206)-(3.209) and putting the values of Vg4, Veq, Ved

and Vgq from Equation (3.205), final multi-machine equation will be:

[Y1[Au]=[Z][AX] (3.210)
[Au]=[Am,,AS,, Am,,AS,]" (3.211)
AX=[ A8, Aw,, AE],, AE 41, Ay, AE ], AE 5 AV, | (3.212)

With the help of above equation two machine model can be transformed into multi-

machine system:
Ax = AAX + BAU (3.213)
Ax = AAX+ BY “Z Ax

Ax = (A+BYZ)Ax

Or, AX =M pecAX (3.214)

Where, M pec = (A+BYZ)

3.2.5 Homogeneous Model of UPFC with Two Machine System

Utilizing the above approach, the generalized homogeneous model of UPFC for
six area sample power system has been developed. Here in each area single generator is
connected. FACTS devices (UPFC, STATCOM or SSSC) are suitably placed between

two areas. To develop the complete system model, homogeneous model of UPFC with
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two machines has been developed in this section.

From Figure 3.4, the following can be written:

V= Xl +Vg or Vg, =V, — Xl (3.215)
Ve, =V, + Xl +V, (3.216)
OrVy = JE' = jl g X'+ 1, Xy, (3.217)
NOW, Vi, = JE "= jlig X g+ Iig Xoq — iXie ly (3.218)
Ve = (I Xyg + X hig) + J(E ' lig X e — Xig hug) (3.219)
And, Vg, =V + JX, 1 (3.220)
Ve = Vea + 1Veg) + 1X (Igg + Jlg) (3.221)
OF, Ve = (Ve = Xeleg) + JVeq + Xelea) (3.222)
Since, Vg, =V, + Xl +V, + JXg, 15 (3.223)
And,V, =E' ;€085 + JE' ,8IN0 — jl, X', + 1,5, X,, (3.224)
Substituting these values in Equation (3.216):

\./Et = (\-/Bd + j\./Bq)+ HgXg+ jXg,lg +E' (€085 +.. (3.225)
JE 28NS — Jlyy X 'pq+ 1,4 X5,

By rearranging and putting lg; =—1,4 and Iy, =~1,,, we get:

Vi = Vag + lyg Xge + E ' €088 + 1y X0 )+ 1 (Vg = g Xge + E ' SINS — 1,0 X ) (3.226)

Equating real and imaginary parts of Equations (3.219) and (3.222) the following is

obtained:
Vg, = Iquqe + XelEq (3.227)
& VEq = E'ql— Ly X — Xl gy (3.228)

Similarly equating real and imaginary parts of Equations (3.222) and (3.226) the
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following results:

Vg = g X + 1o Xgg —E ', COSS

& Vg, =B —E',8iNd— 1y X + 1,4 Xge

Ve =mV,, /2(coss, + jsins,) =V, + jVg,

Vs

MV, /2(C0S S, + JSinG,) =V, + JVy,
From the above equation, we get;

(V 2Ed +V 2Eq)
) kV,

dc

5, =tan™ (VﬂJ
VEd

(V 2Bd +V qu)
KV,

V
5, =tan™ (ﬂ]
VBd

Using shunt part of the UPFC:

m, =

(V2 +V2%)
m, = Ede =2 or kA, m? =V, +V2Eq
dc

Now as we know,

V2 = (I X, + X,

2 2 (e 2
197N ge e Eq) and V Eq _(E ql_lldxde_erEd)
Hence:
2 2 _ v 2 2 2 2 2 2 2
kW 2me? =E' 2+ 12X 2+ 12X 2+ X 212 +..
2 2 ' '
X Mgy +2|1q|EqueXe+2I1dIEdXeXde—2E qlIldXde—ZE qlIEdXe

Linearizing above equation and rearranging:
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(3.231)
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2k°m,2 AV, + 2k, 2Am, = (2B — 21, Xy, — 20 gy X JAE '+ (—2E "y X +

21, X%, + 21y X X )Al, +(2|quqe2 +21 g X X Al +(2X gy + (3.240)
204X Xge —2E" s X )Al gy + (X Pl + 21X XAl

Or, N, Am, + N, AV, = N,AE'  + N AL + NGAL + NgAl g, + N Al (3.241)
Here

Al =Aly & Al =Al

q
Algy =Aly, & Alg, =Al,
Putting these values in Equation (3.241) and rearranging, this results as:

NgAM, + NgAS, + NyyAmy + NjyAG, = NpAS + N AE ' + N, AE' 5+ N gAY, (3.242)

From Equation (3.234):

V
tan s, = (ﬂJ
VEd

Putting the values of Vgq and Vgq in above equation, this results as:

(I Xge + X,

ele)tans, =E';— 1, X — X, g (3.243)
Linearizing above equation and rearranging:

RAS, =AE'  +PAL, + PAl +PAl, +RAl, (3.244)
Now substituting the values of Alig, Alig, Algg and Algq in above equation and
rearranging:

RAM, +P,AS, + BAM, + RAS, = P, Ao+ B, AR + BLAE' ,+ P,AV,, (3.245)

Using series part of the UPFC:

(V2 +V %)
m, = B M2 or kK, m? =V, -|—V2Bq
kV,,

Voy” = (IgX g + 1,0 Xgs —E ', €0 6)°
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Vqu = (E Iql_ E'q2 Sin5— Ild Xde + IZdXBE)2
Hence k*V 2, m’, =V, +V?,

2 2 _ 1 2 2 2 2 2 2 2 2 2 2
kZVdc m°=E ” +E 02 + 17, X +Ilq qu + 1, Xge +I2q Xs +2I1qI2qXBBqu—

21, B, C080X =21, B, €050 X gy —2E " E',8IN0+21,E' ) SinoX, (3.246)
+2E‘q1 IZdXBE _2|2dElq25in5XBE _2|1dElq1 Xde _2|1d IZdXdeXBE

Linearizing above equation and rearranging, we get:

NygAM, + N AV = NGAE' + NGAE '+ NyAlyy + Ny Al +NopAly +NyAl, + N, A6 (3.247)
Now substituting the values of Alyg, Alig, Alpg and Alyq in above equation and
rearranging:

NosAM, + Ny AS, + Ny Amy + NogAdy = NpgAS + N AE" + Ny AE '+ Ny, AV, (3.248)

From Equation (3.236):

Vv
5, =tan™ (V—B‘*j or Vg tand, =V, (3.249)

Bd

Putting the values of Vgq and Vgq in above equation, we get:

|, tan 6, X, + 1, tan 6, Xgg —E ', cosdtan g, =E' —E' ,sino — 1, X, + 1, X5 (3.250)
After linearizing and rearranging:

R.AG, = PsAS +RAE' [ + B, AE" o+ BgAl, + PoAl, +PoAl,, +PAl, (3.251)
Now substituting the values of Aliyg, Alig, Alpg and Alyg in above equation and
rearranging:

PoAM, + PiAS, + Py AMy + PsAG, = PgAS + P AR + PAE' o+ PgAV,, (3.252)

Now arranging Equations (3.242), (3.245), (3.248) and (3.252) in matrix form:
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SAMPLE TEST SYSTEMS

00 N, 0 N,
00 R 0 R
00 N, 0 N,
00 P, 0P,
AE (4, AVy, ]T
N, 0 0 N
Re 00 R
Ny 0 0 N,
P26 O O P27

O O O o

o O O O

Z U HZ
w [

w
N

‘,B,'U

SO 2 1o =2

O O O o

F A5 ]

Ao,
Aw,
AE',
AEfdl
AE",
AEfdz
AV,

oo Z o =
o w

(3.253)

(3.254)

(3.255)

(3.256)

(3.257)

The above developed state space model of power system has been used to study three

sample test system in order to comment on the effectiveness of proposed concept in this

section.
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3.3.1 Two Area Four Machine Test System (2A4M)

A sample two area system has been developed with two machines in each area
as shown in Figure 3.5. The excitation system of each machine is equipped with PSS
and FACTS device is connected between both the areas. Complete system data has been

shown in the Appendix A.

Gl

Area 1 Area 2 G3

Tie-Line Tie-Line

Generators Generators

FACTS

Load

L2
T Demand

Demand =

Figure 3.5 Two Area Four Machine power system

3.3.2 Six Area Six Machine Test System (6A6M)

Figure 3.6 shows sample six area system. In each area, generator excitation is
equipped with PSS. FACTS device is connected between area 5 and area 6. The
criterion for the placement of FACTS is based on power oscillations noticed in the
system. The FACTS device has been placed between those areas where the inter-area
oscillation takes place frequently with relatively larger magnitude. In order to
demonstrate the capability of controller, a sample six area system has been considered
where generators in area 5 and area 6 are weak as compared to other generators with
weak connecting tie-lines such that oscillations are frequent. Therefore, FACTS device
is connected between area 5 and area 6. Placement of the FACTS device may vary

depending upon the system specification and operating conditions in general.
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Areas L A'EaY  Generator

Figure 3.6 Six Area Six Machine power system

3.3.3 Ten Area Fifty Machine Test System (10A50M)

Ten area fifty machine test system has been developed where each generator
excitation is equipped with PSS as shown in Figure 3.7. FACTS device is connected
between area 1 and area 2 and the detailed specification depends on the system under
study. It is to be noted that FACTS controller may be STATCOM, SSSC and UPFC
depending upon system requirements which are decided by oscillation under

dynamically changing conditions.
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Figure 3.7 Ten Area Fifty Machine power system
34 STATE PREDOMINANT CONCEPT (LQR CONTROL) FOR IMPROVED
SYSTEM STABILITY
This section presents the state predominant concept for controller design for
improved system stability. LQR control has been modified based the proposed concept

and the same is modeled in overall system representation.
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3.4.1 Linear Quadratic Regulator (LQR) Control Concept

The objectives of the FACTS device have been to maintain the power flow by
control injection in the existing transmission corridor. The operation of any FACTS
devices is governed by their input control variables. For UPFC, both shunt and series
converters control variables (me, 8 and my, J,) are important to govern the action of the
controller. Hence these four control parameters govern complete operation of UPFC.
Similarly, for SSSC and STATCOM, respective control inputs govern their operation.
The multi-control inputs along with proper coordination decide the system performance.
For the satisfactory operation of these devices, multi-variable control concept has been
used and coordination of all the control variables simultaneously has been ensured with
system dynamics. Multi-Input-Multi-Output (MIMO) design based on the Linear
Quadratic Regulator (LQR) control is attempted for multivariable controller design.
LQR is an optimal control method to improve the system stability with minimum
requirement of control efforts. This method minimizes the cost function J in order to
determine the feedback gain matrix with compromise between the control efforts,
magnitude and the speed of the response which guarantee stable system with improved
system performance.

For a given system-

AxX = AAX+ BAU (3.258)

Determine the matrix K of the LQR vector

Au(t) = —KAx(t) (3.259)
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In order to minimize the performance index:

x'Qx+UTRU )dt (3.260)
=] )t

[ )
O"—;S

Where, Q and R are the positive-definite Hermitian or real symmetric matrix.
The matrix R and Q determine the relative importance of the error and the expenditure
of this energy [146].

From above equations:

J=

O'—:S

(X Qx+Xx"KTRKx)dt ij Q+KTRK ) xdt (3.261)
0

For solving this optimization problem; set

X' (Q+ KTRK)X =—d / dt(x"Px) (3.262)

xT (Q+ KT RK)x:—xT PXx—X"Px=—x" {(A—BK)T P+ P(A—BK)}X (3.263)

Comparing both sides of above equation;

(A-BK)' P+P(A-BK)=—(Q+K'RK) (3.264)

Since R has been assumed to be positive-definite Hermitian or real symmetric matrix as;
R=T'T

where; T is a non-singular matrix; and
-1 T -1
ATP+ PA{TK —(TT) BT P} [TK —(TT) BT P}— PBRIBTP+Q=0 (3.265)
Minimization of J with respect to K requires the minimization of-
— T —
X' [TK —(T7)"B" P} [TK ()8’ P}x (3.266)

Which is non-negative, the minimum occurs when it is zero, or when

89



Knowledge Domain States Mapping Concept for Intelligent Power Flow Control

TK=(T") B'P (3.267)
K=T*(T") B'P=R'B'P (3.268)

Thus a control law comes as;

U (t) =—Kx(t) =—R B Px(t) (3.269)

In which P must satisfy the reduced Riccati Equation:
A'P+PA-PBR'B'P+Q=0 (3.270)
3.4.1.1 Calculation of Weight Matrices for LQR Control

For the design of optimal LQR controller, quadratic performance index J has to
be calculated first. Performance index J can be calculated by obtaining feedback gain
matrix K. To calculate K, weighting matrices Q and R must be defined based on the
requirements of control. The most tedious part is the selection of state weighting matrix
Q. Usually, it is decided based on repetitive trial and error method depending on the
physical reasoning in order to get desired performance.
3.4.2 Power Oscillation Damping (POD) Controller

Damping and synchronizing power are related to real and imaginary part of the
eigenvalues which corresponds to the variation in rotor speed and rotor angle. The
dynamic characteristics of any system can be influenced by the location of eigenvalues.
For good dynamic response of a system in terms of settling time and
overshoot/undershoot, eigenvalues must be placed in a particular location. So the
damping of power oscillation can be improved by shifting the real part of the
eigenvalues associated with mode of oscillation to the left side in complex s-plane as
desired [146].

For the power system represented in state space form, if d>0 is the required

degree of system stability, then close loop system matrix can be calculated as:
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Ac=A-B(-R'B'M)=A-B*K (3.271)
This has been obtained through; u=—KXx
System matrix given in Equation (3.271) can be represented with its eigenvalue
lying on the left side of d- vertical strip in s-plane such that M is the solution of below
Riccati equation:
(A+dl )M +M (A+dl )-MBR™'B'M +Q =0, (3.272)
Let dl and d2 are two real positive values such that d2 >dl, when lying on
negative real axis give a vertical strip of [-d2, -d1].
When the control law is changed to u = -Kx, where K= R*B"M such that M is

the solution of modified Riccati equation.

(A+d1l )"M +M(A+d1l )—~MB(R™B"™M) =0, (3.273)
And IBZL,M (3.274)
2 trace(BK)

This will have eigenvalues lying inside the vertical strip of [-d2, -d1] in complex
s-plane which were on the right side of that vertical strip earlier. So for equal weighting
of all control inputs matrix R is selected unity matrix and for solving this modified
equation no need of Q matrix. This eliminates the main difficulty to determine the
weighing matrix through trial and error in order to have satisfactory performance of
designed system. So the design of optimal power oscillation damping controller which
is based on the eigenvalue assignment technique to improve the system performance is
easy and effective.
3.4.2.1 Procedural Steps to Implement POD Controller

1) Find the system matrix (A) and control matrix (B).
2) Calculate eigenvalues of the system.

3) Set the vertical strip [-d2, -d1] to LHS of the complex plane, Q as zero matrix.
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4) Calculate feedback gain matrix K

d2-dl
trace(B*K)

K = lqr(AL+d11,B,Q,R) and ﬂ:%+

5) Now calculate modified close loop system matrix

(A. = A— p*B*K) and find system response.
3.4.3 Multi-Stage LQR (MSLQR) Controller

In Multi-Stage LQR controller, selection of diagonal elements of Q matrix are
based on the special control concept known as State Predominant technique in which
system eigenvalues nearer to the imaginary axis are assigned higher weights in
respective diagonal entry of Q matrix. First system matrix A and control matrix B are
calculated and depending upon the state predominant concept element of Q matrix is
initialized. Feedback gain matrix K is determine using (K=Igr(A,B,Q,R)) with R as
identity matrix. Now new control matrix is obtained from A1=A-B*K. This process has
to be repeated till all the deviated states are tracked to the desired criteria [149].
3.4.3.1 State Predominant Concept
It is known that the state space representation of a system is essential to design

control strategy. States of the system and eigenvalues are interlinked as eigenvalues
determine behavior of respective states. Power oscillation damping can be improved if
real part of eigenvalue associated with mode of oscillation can be shifted to left side in
complex plane. In Multi-Input-Multi-Output (MIMO) system, vulnerable states can be
identified by closed loop poles of the system. These vulnerable states may deteriorate
performance of the complete system. To maintain all the system states within their
limits with faster damping and desired response, proper selection of Q matrix is very
crucial. Selection of Q matrix has been evolved in [149] which stated the concept of

state predominant approach. In this concept selection of Q matrix has been linked with
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the position of eigenvalues of system. Some vulnerable states whose eigenvalues are
very close to the imaginary axis are termed as predominant states and depending upon
that, respective entry in the diagonal elements of Q matrix will have more weightage as
compared to other elements. So by identifying predominant states with their respective
real part of the eigenvalues, elements of Q matrix has been redefined. Proper regulation
of these large deviated states (predominant states) is ensured by assigning high
weightage to the respective diagonal elements of Q matrix on the basis of the real part
of the eigenvalues. This concept is derived from the very basic fundamentals of states
regulation and feedback gain interrelation. With Q matrix, feedback gain matrix K is
calculated for ensuring system stabilization. In general, for small perturbations the
concept of calculating gain K is mentioned; however, for dynamically changing
systems, the control design is based on state predominant approach with multi-stage.
Thus, iterative process has to be repeated till all deviated states are tracked to desired
criterion. This procedure is very systematic and proves to be effective [149].
3.4.3.2 Procedural Steps for MSLQR Controller

1) Find system matrix (A) and control matrix (B).

2) Obtain the array of gain K with some initialized Q matrix and R as identity matrix.

3) New state matrix Al is obtained as (A1=A-B*K) and then find eigenvalue of Al
(eig(AL)).

4) Calculate new matrix Q1 with the help of eig(Al) by state predominant approach.

5) New gain matrix K1 is obtained from K1=Igr(A1,B,Q1,R) and new system matrix
is formed with combination of plant and controller (as A2=A1-(B*K1)).

6) Set A1=A2 and repeat step 3 and 4.

This process will continue depending upon the required specification for

MSLQR controller.
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Figure 3.8 Flowchart of MSLQR controller

Flowchart of MSLQR controller has been shown in Figure 3.8, where first step is to
find the state matrix of entire system. Set the value of perturbation occurring in the
system at particular time and calculate the eigenvalues of the system. Define the
elements of Q matrix randomly and calculate feedback gain matrix (K) and new system
matrix. Find eigenvalues of new system matrix and set elements of Q by seeing real part

of eigenvalue using state predominant approach. Repeat process until all states are
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tracked to desired response. The process will be same for all other perturbation in the
system. In the flowchart, ‘P’ denotes the total number of stages required for desired
controller response in multi-stage LQR (MSLQR) controller and p is the initial point of
that stage. The multi-stage process is repeated till all the deviated states are tracked to
the desired response. For large system with dynamically changing conditions, number
of stages may be extended to get the desired system response. As a thumb rule after
rigorous analysis for various cases, it can be said that the numbers of stages may be
more as complexity of system is increasing. In the proposed work, total number of stage
taken for desired system response are 3. The concept show better performance in
dynamically changing conditions. In the flowchart ‘I’ shows variation in load and ‘L’
represent the total number of load variation with time.
3.4.4 Proposed Integrated Multi-Stage LQR (MSLQR)-POD Controller

It has been observed in MSLQR controller that even if most of eigenvalues are
shifted to left side of the complex plane, but one or two eigenvalues stay very close to
the imaginary axis which is not acceptable for the stability of system, as such states may
get excited due to operational changes in dynamical mode, therefore a POD controller
has been integrated with MSLQR using eigenvalue assignment technique. The proposed
controller places eigenvalues corresponding to the mode of oscillations at desired
location such that eigenvalues get placed within a vertical strip on LHS in complex
plane after applying state predominant approach. The selection of vertical strip can be
decided by the desired accuracy of system response. If vertical strip assigned is too far
from the imaginary axis then, system will stabilize very quickly but peak
overshoot/undershoot of some of the state variables may cross their threshold limits
which might affect the entire system in terms of stress in components and also control

effort required is more. Therefore while selecting vertical strip; a care has to be taken
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looking into the stress on the system components.

[ Find system matrix |
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v
| Calculate gain feedback matrix |
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Figure 3.9 Flowchart of Integrated MSLQR-POD controller

Flowchart of proposed control strategy is given in Figure 3.9, where first step is
to find the state matrix of entire system. Initialize the input control parameters of PSS
and UPFC with any intelligent optimization technique. Set the value of perturbation

occurring in the system at particular time and calculate the eigenvalues of the system.
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Define the elements of Q matrix randomly and calculate feedback gain matrix (K) and
new system matrix. Again find eigenvalues and set the elements of Q by seeing real part
of eigenvalue using state predominant approach. Repeat the process until all the states
are tracked to desired response. The process will be same for all other perturbation in
the system. In the flow chart, ‘P’ denotes the total number of stages required for desired
controller response in Multi-Stage LQR (MSLQR) controller and p is the initial point of
that stage. After completing all the stages in MSLQR concept, define vertical strip on
the left side of s-plane and calculate feedback gain matrix K and . Now calculate final
state matrix and find the overall dynamic response of the system.
3.4.4.1 Procedural Steps for Integrated Multi Stage LQR (MSLQR)-POD
Controller

1) Find system matrix (A) and control matrix (B) and obtain array of gain K with
some initialized Q matrix and R as identity matrix.

2) New state matrix Al is obtained as (A1=A-B*K) and eigenvalue of Al (eig(Al)).

3) Calculate new matrix Q1 with the help of eig(Al) by state predominant approach.

4) New gain matrix K1 is obtained from K1=Iqr(A1,B,Q1,R) and new system matrix
is formed with combination of plant and controller (as A2=A1-(B*K1)).

5) Set A1=A2 and repeat step 3 and 4. This process will continue depending upon the
required specification for MSLQR controller.

6) For POD controller- Set the vertical strip [-d2, -d1] to the LHS of the complex
plane, Q as zero matrix and calculate

d2-d1

1
KK =Igr(Al+d1l,B,Q,R)and f==+——— —
ar(ALe QR 4 2 trace(B*KK)

7) Now calculate the modified closed loop system matrix

(A =Al-fF*B*KK)
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3.5 UTILIZATION OF STATES FOR CONTROL ACTIVATION

States deviation of the system represents complete system behavior which is
linked with stability. In general, all states variables are interlinked with eigenvalues and
eigenvalues corresponding to the vulnerable states (placed very close to the imaginary
axis) need to be taken for priority signal selection. These states are termed as state
predominant states and even a small perturbation in the network may aggravate these
states which can ultimately collapse the entire system. Control activation is initiated
based on eigenvalues corresponding to states. In MSLQR controller concept, the
relatively largely perturbed states linked with eigenvalues need to be included for
initiating control injection by assigning higher weight in Q matrix for quick
stabilization. The identification of predominant states is primarily carried out by
respective real part of eigenvalues, elements of Q matrix thus are redefined and linked
with perturbation. Proper regulation of these large deviated states (predominant states)
are ensured by assigning high weightage to respective diagonal elements of Q matrix on
the basis of real part of eigenvalues. The perturbation model has been used for state
predominant concept with proper Q assignment, however for relatively changing
perturbation with changing system dynamics, process of state predominant concept has
to be repeated until all deviated states are tracked to acceptable system response. This
concept is very systematic and effective in dealing with operational shift in system
dynamics.

3.6 CONTROLLER REALIZATION WITH STATES REGULATION

Integrated MSLQR-POD controller has been used to regulate input control
parameters of FACTS devices. Sample six-area system and two-area four-machine test
system has been considered to demonstrate the effectiveness of proposed controller in

terms of states regulation with improved system stability.
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3.6.1 Simulation Results for Two Area Four Machine Test System

UPFC has been connected between both areas as shown in Figure 3.10.
Simulation has been carried out for the proposed concept with 10% increase of loading

in both the areas.
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Figure 3.10 Two Area Four Machine power system with UPFC
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Figure 3.11 Perturbation response for different controllers with UPFC (Two Area Four
Machine System)

Table 3.1: Comparison of system response for Two Area Four Machine system

System States Over- Settling Eigenvalues
shoot time 1.0e+05*
(sec)
Ad(degree) 0.58 4.5 -0.15783
Aoy, (Rad/sec) 0.7 6.9 -0.01835
Awy; (Rad/sec) 0.45 6.1 -0.00254
UPFC with LQR AE'y1: (p.u.) 0.12 5.8 -0.00067
controller AE'w1 (p.U.) 0.1 3.8 -0.00053
AEg1(p.U.) 0.58 5.1 -.00015 + 0.00032i
AE¢g1 (p.U.) -1.2 2.0 -.00015 - 0.00032i
Awi,(Rad/sec) 0.14 4.2 -0.00011
Awy, (Rad/sec) 0.27 4.1 -0.00003 + .00001i
AE'y1, (p.u.) -0.25 5.0 -0.00003 - .00001i
AE', (p.U.) -0.17 5.0 -0.00001 + .00000i
AE¢q415(p.U.) -10.1 2.5 -0.00001 - .00000i
AEg (p.U.) -7.5 3.1 -0.00001 + .00001i
AVdc(p.u.) -0.39 4.9 -0.00001 - .00001i
Ad(degree) 1.5 7.5 -0.0000123 +.0014183i
Awy;(Rad/sec) -0.4 6.1 -0.0000123 - .0014183i
Awy; (Rad/sec) -0.4 6.1 -0.0006094
UPFC with POD AE'y1; (p.u.) -.12 7.5 -0.0005033
(EAT) controller AE'y; (p.u.) 0.08 6.9 -0.0004113
AEtg1(p.U.) 1.2 7.2 -0.0001141 + 0.0001904i
AEgg2 (p.U.) 6.0 5.5 -0.0001141 - 0.0001904i
Awgy(Rad/sec) 0.357 7.0 -0.0002506 + 0.0001093i
Awy, (Rad/sec) -0.45 6.5 -0.0002506 - 0.0001093i
AE'y1, (p.u.) -0.47 6.8 -0.0000052 + 0.0000813i
AE', (p.u.) 0.3 7.9 -0.0000052 - 0.0000813i
AE¢g15(p.U.) -3.0 6.9 -0.0000050 + 0.0000035i
AE¢g, (p.U.) 4.2 9.5 -0.0000050 - 0.0000035i
AVdc(p.u.) -0.45 6.1 -0.0050
Ad(degree) 0.21 3.1 -1.0110
Awq;(Rad/sec) 0.39 6.7 -0.0536
A, (Rad/sec) 0.48 3.9 -0.0270
UPFC with AE'q; (p.u.) 0.1 4.0 -0.0042
MSLQR AE'@ (p.u.) 0.1 3.6 -0.0001 + 0.0006i
controller AEq11(p.u.) 0.22 2.0 -0.0001 - 0.0006i
AEgg21 (pU) -1.4 2.1 -0.0005
Awq,(Rad/sec) 0.27 8.0 -0.0001
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Aw,, (Rad/sec) 0.4 3.1 -0.0000 + 0.0000i
AE'y1, (p.u.) -0.04 3.1 -0.0000 - 0.0000i
AE'y, (p.u.) -0.025 2.9 -0.0000 + 0.0000i
AEgg12(p.u.) -7.8 1.9 -0.0000 - 0.0000i
AEg, (p.U.) -6.0 1.8 -0.0000
AVdc(p.u.) -0.55 1.8 -0.0000
Ad(degree) 0.21 11 -1.0115
Awq;(Rad/sec) 0.39 2.1 -0.0521
Integrated Aw,; (Rad/sec) 0.48 2.0 -0.0362
MSLQR-POD AE'q1 (p.u.) 0.1 2.1 -0.0046
UPFC AE';; (p.u.) 0.1 1.9 -0.0001 + 0.0006i
Controller AEgg:(p.u.) 0.22 15 -0.0001 - 0.0006i
[Proposed] AEg (p.U.) -1.4 1.9 -0.0005
Amq,(Rad/sec) 0.27 1.9 -0.0001
Aw,, (Rad/sec) 0.4 1.8 -0.0000 + 0.0000i
AE'y1, (p.u.) -0.04 1.8 -0.0000 - 0.0000i
AE'y, (p.u.) -0.025 1.9 -0.0000 + 0.0000i
AEgg1o(p.u.) -7.8 1.8 -0.0000 - 0.0000i
AEgg (p.U.) -6.0 1.7 -0.0000 + 0.0000i
AVdc(p.u.) -0.55 1.6 -0.0000 - 0.0000i

Perturbation response of state variables is shown in Figure 3.11 and Table 3.1
shows the peak overshoot/undershoot, settling time and eigenvalues of all the
controllers for the sample two area four machine test system. The proposed controller
shows fast damping as compared to other controllers in terms of settling time and peak
overshoot. The vertical strip assigned for the eigenvalues by POD controller is [-2.0, -
3.5] for UPFC. Assignment of this vertical strip depends on the desired response of
system as mentioned earlier. Since system keeps on changing over a period of time, this
strategy may prove beneficial for developing a modular controller over the existing
control structure.

3.6.2 Simulation Results for Sample Six Area Six Machine Test System

Three cases have been considered to demonstrate the effectiveness of proposed

controller.

Case I: Integrated MSLQR-POD STATCOM Controller

Case I1: Integrated MSLQR-POD SSSC Controller

Case Il1: Integrated MSLQR-POD UPFC Controller
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3.6.2.1 Case I: Integrated MSLQR-POD STATCOM Controller

(PSS to all the generators and STATCOM between area 5 and area 6)- at time
t;=0 sec, Load in area 5 and 6 is L=1.0 p.u. with p.f.=0.95 and at time t,=1.0 sec load
increased up to 20% (L=1.2 p.u.) with p.f.=0.85.

Perturbation response of state variables is shown in Figure 3.12 and Table 3.2
shows the peak overshoot/undershoot, settling time and eigenvalues of all the
controllers for six area system. The proposed controller shows the fast damping as
compared with MSLQR controller in terms of settling time. Peak overshoot for all the
state variables are within the acceptable limits. Table 3.3 shows the eigenvalue of the
complete system for different controllers. The vertical strip assigned for the eigenvalues
by POD controller is [-2.5, -3.5] for STATCOM. The assignment of this vertical strip
depends upon the desired response of system. The designer may select the suitable strip
depending upon system requirements. Since the system keeps on changing over a period
of time, this strategy may prove beneficial for developing a modular controller over the

existing control structure.

i i F F F i i ;
N A A S Ao, (LQR STATCOM Controller)
008 A3 (LQR STATCOM Controller) 0.6
AS (POD STATCOM Controller) A(DS (POD STATCOM Controller)
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Figure 3.12 Perturbation response for different controllers with STATCOM (Area 5 and
Area 6) - Case |

Table 3.2: Comparison of system response for Six Area system with STATCOM-Case |

System States Over- | Settling time Eigenvalues
shoot (sec) 1.0e+03*
A8 (degree) 0.10 4.50 -1.4172
Aws (Rad/sec) -0.67 4.80 -0.6720
Awg (Rad/sec) -0.68 4.80 -0.0342 + 0.2296i
STATCOM with AE's (p.u.) 0.115 4.70 -0.0342 - 0.2296i
LQR controller AEggs (p.u.) 0.90 4.00 -0.0737
AE'6(p.u.) 0.10 450 -0.0008 + 0.0006i
AEqgs(p.U.) -0.40 1.90 -0.0008 - 0.0006i
AVge(p.u.) -0.41 2.50 -0.0007
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A8 (degree) 0.08 3.80 -0.03009+0.22779i
Aws (Rad/sec) -0.82 3.90 -0.03009 -0.22779i
Aws (Rad/sec) -0.81 3.90 -0.00125+0.03731i
STATCOM with AE' (p.u.) 0.10 3.50 -0.00125-0.03731i
POD (EAT) AEgs (p.u.) -6.50 3.00 -0.01768
controller AE's(p.u.) -0.018 2.80 -0.00862+0.00625i
AE(p.u.) -12.0 3.50 -0.00862-0.00625i
AVg(p.u.) -1.40 4.00 -0.00100
A8 (degree) 0.09 3.30 -3.9959
Aws (Rad/sec) -0.55 3.60 -1.7250
Awg (Rad/sec) -0.56 3.60 -0.0182 + 0.2429i
STATCOM with AE'ss (p.u.) 0.110 4.00 -0.0182 - 0.2429i
MSLQR AEqgs (p.u.) 0.90 2.90 -0.0958
controller AE'46(p.U.) 0.10 2.30 -0.0013 + 0.0006i
AEqe(p.u.) -0.80 1.85 -0.0013 - 0.0006i
AVg(p.u.) -0.58 1.80 -0.0007
A8 (degree) 0.04 2.00 -3.9959
Aws (Rad/sec) -0.50 2.10 -1.7250
Integrated Awg (Rad/sec) -0.50 2.10 -0.0182 + 0.2429i
MSLQR-POD AE'ss (p.U.) 0.095 2.00 -0.0182 - 0.2429i
STATCOM AEggs (p.u.) -0.90 1.90 -0.0958
Controller AE's6(p.U.) 0.10 1.90 -0.0028 + 0.0013i
[Proposed] AEs(p.u.) -2.50 1.80 -0.0028 - 0.0013i
AVg(p.u.) -0.90 1.50 -0.0029

Table 3.3: Eigenvalues for all the gener

ators in each area - Case |

System LQR STATCOM | POD STATCOM MSLQR Integrated
States Controller Controller STATCOM MSLQR-POD
*1.0e+003 *1.0e+002 Controller STATCOM
*1.0e+003 Controller
*1.0e+003
1 Ad -1.4172 -0.3009 + 2.2779i -3.9959 -3.9959
2 Aws -0.6720 -0.3009 - 2.2779i -1.7250 -1.7250
3 Awg -0.0342 + 0.2296i | -0.0125 + 0.3731i -0.0182 + 0.2429i -0.0182 + 0.2429i
4 AE'gs -0.0342 - 0.2296i | -0.0125-0.3731i -0.0182 - 0.2429i -0.0182 - 0.2429i
5 AEqgs -0.0737 -0.1768 -0.0958 -0.0958
6 AE'gs -0.0008 + 0.0006i | -0.0862 + 0.0625i -0.0013 + 0.0006i -0.0028 + 0.0013i
7 AEqgs -0.0008 - 0.0006i | -0.0862 - 0.0625i -0.0013 - 0.0006i -0.0028 - 0.0013i
8 AV -0.0007 -0.0100 -0.0007 -0.0029
9 Ay -0.0021 +0.0038i | -0.0213 + 0.0377i -0.0021 + 0.0038i -0.0021 + 0.0038i
10 Ady -0.0021 - 0.0038i | -0.0213-0.0377i -0.0021 - 0.0038i -0.0021 - 0.0038i
11 AE'y -0.0005 + 0.0031i | -0.0054 + 0.0312i -0.0005 + 0.0031i -0.0005 + 0.0031i
12 AEq1 -0.0005 - 0.0031i | -0.0054 -0.0312i -0.0005 - 0.0031i -0.0005 - 0.0031i
13 AX5, -0.0001 -0.0013 -0.0001 -0.0001
14 AUE; -0.0003 -0.0033 -0.0003 -0.0003
15 Aw; -0.0006 + 0.0046i | -0.0056 + 0.0456i -0.0006 + 0.0046i -0.0006 + 0.0046i
16 Ad; -0.0006 - 0.0046i | -0.0056 - 0.0456i -0.0006 - 0.0046i -0.0006 - 0.0046i
17 AE'y -0.0021 + 0.0039i | -0.0214 +0.0388i -0.0021 + 0.0039i -0.0021 + 0.0039i
18 AEsg -0.0021 - 0.0039i | -0.0214 -0.0388i -0.0021 - 0.0039i -0.0021 - 0.0039i
19 AX5, -0.0004 -0.0037 -0.0004 -0.0004
20 AUE, -0.0001 -0.0013 -0.0001 -0.0001
21 Awz -0.0066 + 0.0090i | -0.0655 + 0.0901i -0.0066 + 0.0090i -0.0066 + 0.0090i
22 Ad3 -0.0066 - 0.0090i | -0.0655 - 0.0901i -0.0066 - 0.0090i -0.0066 - 0.0090i
23 AE'ys -0.0019 + 0.0014i | -0.0189 + 0.0141i -0.0019 + 0.0014i -0.0019 + 0.0014i
24 AEzg3 -0.0019 - 0.0014i | -0.0189 - 0.0141i -0.0019 - 0.0014i -0.0019 - 0.0014i
25 AX53 -0.0007 -0.0071 -0.0007 -0.0007
26 AUE; -0.0001 -0.0013 -0.0001 -0.0001
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27 Ay -0.0053 -0.0533 -0.0053 -0.0053
28 Ad, -0.0004 + 0.0050i | -0.0038 + 0.0498i -0.0004 + 0.0050i -0.0004 + 0.0050i
29 AE'y -0.0004 - 0.0050i | -0.0038 - 0.0498i -0.0004 - 0.0050i -0.0004 - 0.0050i
30 AEtga -0.0006 + 0.0015i | -0.0060 + 0.0153i -0.0006 + 0.0015i -0.0006 + 0.0015i
31 AX5, -0.0006 - 0.0015i | -0.0060 - 0.0153i -0.0006 - 0.0015i -0.0006 - 0.0015i
32 AUE, -0.0003 -0.0031 -0.0003 -0.0003

3.6.2.2 Case II: Integrated MSLQR-POD SSSC Controller

(PSS to all the generators and SSSC between area 5 and area 6)- at time t;=0 sec,

Load in area 5 and 6 is L=1.0 p.u. with p.f.=0.90 and at time t,=1.0 sec load increased

up to 30% (L=1.3 p.u.) with p.f.=0.90.

Perturbation response of state variables with proposed controller concept is

shown in Figure 3.13 and Table 3.4 shows the peak overshoot/undershoot, settling time

and eigenvalues of all the controllers for six area system. The proposed controller shows

the fast damping as compared with MSLQR controller in terms of settling time and

peak overshoot. Table 3.5 shows the eigenvalue of the complete system for different

controllers. The vertical strip assigned for the eigenvalues by POD controller is [-2.5, -

3.5] for SSSC.
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Figure 3.13 Perturbation response of Six Area system for all the controllers with SSSC -

Table 3.4: Comparison of system response for Six Area system with SSSC - Case Il

System States Over- | Settling time Eigenvalues
shoot (sec) 1.0e+03*

A8 (degree) -0.35 3.9 -5.9897
Aws (Rad/sec) -0.6 55 -1.0207

Awg (Rad/sec) -0.6 5.5 -0.0731 + 0.0896i

SSSC with LQR AE'es (p.u.) 0.14 5.1 -0.0731 - 0.0896i
Controller AEqgs (p.u.) 2.0 3.2 -0.1157

AE's(p.u.) 0.1 3.9 -0.0009 + 0.0010i
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AEggs(p.u.) -1.0 1.9 -0.0009 - 0.0010i
AVg(p.u.) -0.25 3.0 -0.0013
A8 (degree) 0.35 35 -.01696 + .21006i
Aws (Rad/sec) -0.33 3.1 -.01696 - .21006i
Awg (Rad/sec) -0.34 3.1 -.00125 + .01206i
SSSC with POD AE'ss (p.u.) -0.07 3.0 -.00125 - .01206i
(EAT) Controller AEggs (p.u.) 7.8 33 -.01451
AE'g(p.u.) -0.07 2.6 -.00867 + .00842i
AEggs(p.u.) -6.5 35 -.00867 - .00842i
AVg(p.u.) -0.59 2.9 -.00160
A8 (degree) -0.3 2.1 -18.966
Aws (Rad/sec) -0.31 2.5 -03.857
Awg (Rad/sec) -0.32 25 -00.064 + 00.087i
SSSC with AE'gs (p.u.) 0.12 45 -00.064 — 00.087i
MSLQR AEzgs (p.u.) 1.9 2.9 -00.115
Controller AE'g(p.u.) 0.1 2.0 -00.002 + 00.001i
AEggs(p.u.) -1.4 1.9 -00.002 — 00.001i
AVg(p.u.) -0.25 3.0 -00.001
AS (degree) -0.2 1.8 -18.966
Aws (Rad/sec) -0.12 15 -03.857
Integrated Awg (Rad/sec) -0.12 15 -00.064 + 00.087i
MSLQR-POD AE'ss (p.u.) 0.1 2.0 -00.064 — 00.087i
SssC AEggs (p.U.) -0.5 1.5 -00.115
Controller AE'g(p.u.) 0.1 1.9 -00.003 + 00.002i
[Proposed] AEzgs(p.u.) -3.0 1.4 -00.003 — 00.002i
AVg(p.u.) -0.25 1.2 -00.003

Table 3.5: Eigenvalues for all the generators in each area - Case 1l

System LQR SSSC POD SSSC MSLQR SSSC MSLQR-POD
States Controller Controller Controller SSSC Controller
*1.0e+003 *1.0e+002 *1.0e+004 *1.0e+004

1 Ad -5.9897 -0.1696 + 2.1006i -1.8966 -1.8966
2 Aws -1.0207 -0.1696 - 2.1006i -0.3857 -0.3857
3 Awg | -0.0731 +0.0896i | -0.0125 + 0.1206i | -0.0064 + 0.0087i | -0.0064 + 0.0087i
4 AE'ss | -0.0731 - 0.0896i | -0.0125-0.1206i | -0.0064 - 0.0087i -0.0064 - 0.0087i
5 AEjgs -0.1157 -0.1451 -0.0115 -0.0115
6 AE'ss | -0.0009 + 0.0010i | -0.0867 + 0.0842i | -0.0002 + 0.0001i | -0.0003 + 0.0002i
7 AE;ss | -0.0009 - 0.0010i | -0.0867 - 0.0842i | -0.0002 - 0.0001i -0.0003 - 0.0002i
8 AV -0.0013 -0.0160 -0.0002 + 0.0004i -0.0003
9 Aw; | -0.0020 + 0.0037i | -0.0205 + 0.0372i | -0.0002 - 0.0004i | -0.0002 + 0.0004i
10 Ady -0.0020 - 0.0037i | -0.0205 - 0.0372i | -0.0001 + 0.0003i | -0.0002 - 0.0004i
11 AE'y | -0.0006 +0.0031i | -0.0061 +0.0314i | -0.0001 - 0.0003i | -0.0001 + 0.0003i
12 AEs: | -0.0006 - 0.0031i | -0.0061 - 0.0314i -0.0000 -0.0001 - 0.0003i
13 AX5, -0.0001 -0.0013 -0.0001 -0.0000
14 AUE; -0.0006 -0.0056 -0.0001 + 0.0005i -0.0001
15 Aw, | -0.0006 + 0.0047i | -0.0057 +0.0470i | -0.0001 - 0.0005i | -0.0001 + 0.0005i
16 Ad; -0.0006 - 0.0047i | -0.0057 - 0.0470i | -0.0002 + 0.0004i | -0.0001 - 0.0005i
17 AE'p, | -0.0021 +0.0037i | -0.0212 + 0.0371i | -0.0002 - 0.0004i | -0.0002 + 0.0004i
18 AEg> | -0.0021 - 0.0037i | -0.0212 - 0.0371i -0.0001 -0.0002 - 0.0004i
19 AX5, -0.0006 -0.0058 -0.0000 -0.0001
20 AUE, -0.0001 -0.0013 -0.0007 + 0.0009i -0.0000
21 Awz | -0.0067 +0.0091i | -0.0669 + 0.0906i | -0.0007 - 0.0009i | -0.0007 + 0.0009i
22 Ad3 -0.0067 - 0.0091i | -0.0669 - 0.0906i | -0.0002 + 0.0002i | -0.0007 - 0.0009i
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23 | AE'; | -0.0018 +0.0015i | -0.0175 +0.0153i | -0.0002 - 0.0002i | -0.0002 + 0.0002i
24 | AEg; | -0.0018 - 0.0015i | -0.0175 - 0.0153i -0.0001 -0.0002 - 0.0002i
25 | AX53 -0.0007 -0.0066 -0.0000 -0.0001
26 | AUE, -0.0001 -0.0013 -0.0000 + 0.0004i -0.0000
27 Aw, | -0.0002 +0.0039i | -0.0020 +0.0388i | -0.0000 - 0.0004i | -0.0000 + 0.0004i
28 A8, | -0.0002 -0.0039i | -0.0020 - 0.0388i | -0.0003 +0.0002i | -0.0000 - 0.0004i
29 | AE'x | -0.0025 +0.0024i | -0.0252 +0.0235i | -0.0003 - 0.0002i | -0.0003 + 0.0002i
30 | AEgs | -0.0025-0.0024i | -0.0252 - 0.0235i -0.0000 -0.0003 - 0.0002i
31 | AX5, -0.0003 -0.0034 -0.0001 -0.0000
32 | AUE, -0.0006 -0.0060 -0.0002 + 0.0004i -0.0001

3.6.2.3 Case IlI: Integrated MSLQR-POD UPFC Controller

(PSS to all the generators and UPFC between area 5 and area 6)- at time t;=0

sec, Load in area 5 and 6 is L1=1.0 p.u. with p.f.=0.85 and at time t,=1.0 sec load

increased up to 30% (L=1.3 p.u.) with p.f.=0.85.

State variable’s perturbation response with proposed controller concept is shown
in Figure 3.14 and Table 3.6 shows the peak overshoot/undershoot, settling time and
eigenvalues of all the controllers for six area system. Table 3.7 shows the eigenvalue of
the complete system for different controllers. The vertical strip assigned for the
eigenvalues by POD controller is [-1, -1.5] for UPFC. The designer may select the

suitable strip depending upon system requirements. The proposed concept shows the

effectiveness by improving the system stability.
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Figure 3.14 Perturbation response of Six Area system for different controllers with
UPFC (Area 5 and Area 6) - Case Il

TABLE 3.6: Comparison of system response for Six Area system with UPFC - Case IlI

System States Over- | Settling time Eigenvalues
shoot (sec) 1.0e+03*
A8 (degree) 0.07 2.00 -42413
Aws (Rad/sec) -0.045 2.50 -.40308
Awg (Rad/sec) -0.045 2.50 -.02347
UPFC with LQR AE'ss (p.u.) 0.10 4.30 -.01052 + .00725i
Controller AEqgs (p.u.) -1.10 3.50 -.01052 - .00725i
AE's(p.u.) 0.10 3.10 -.00404
AEqge(p.U.) -0.50 3.90 -.00010
AVge(p.u.) -0.28 3.50 -.00007
A8 (degree) 0.22 2.70 -.007461+.030585i
Aws (Rad/sec) -0.61 4.10 -.007461-.030585i
Awg (Rad/sec) -0.61 4.10 -.000125+.001804i
UPFC with POD AE'ss (p.u.) -0.11 3.90 -.000125-.001804i
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(EAT) Controller AE¢gs (p.u.) -11.3 1.20 -.001630
AE'(p.U.) 0.10 2.60 -.000855+.000832i
AEg(p.U.) -6.50 3.50 -.000855-.000832i
AVg(p.u.) -0.50 3.00 -.000100
A8 (degree) 0.050 1.20 -.65700
Aws (Rad/sec) 0.054 1.50 -.37625
Awg (Rad/sec) 0.054 1.50 -.06205
UPFC with AE' (p.u.) 0.10 4.30 -.02509 + .01730i
MSLQR AEggs (p.u.) -0.41 1.20 -.02509 - .01730i
Controller AE's(p.u.) 0.10 2.30 -.02317
AEg(p.U.) -0.80 3.80 -.00014
AVg(p.u.) -0.24 3.00 -.00007
A8 (degree) 0.003 0.80 -5.0554
Aws (Rad/sec) 0.06 0.01 -0.6716
Integrated Awg (Rad/sec) 0.06 0.01 -0.0666
MSLQR-POD AE' (p.u.) 0.10 2.10 -0.0553
UPFC AEggs (p.u.) -0.41 1.20 -0.0304
Controller AE'46(p.u.) 0.10 2.30 -0.0056
[Proposed] AEggs(p.U.) -0.10 2.20 -0.0002
AVge(p.U.) -0.24 1.90 -0.0001

Table 3.7: Eigenvalues for all the generators in each area (UPFC) - Case Il

System LOR UPFC POD UPFC MSLQR UPFC MSLQR-POD
States Controller Controller Controller UPFC Controller
*1.0e+003 *1.0e+002 *1.0e+003 *1.0e+004

1 Ad -4.2413 -0.7461 + 3.0585i -6.5700 -5.0554
2 Aoy -4.0308 -0.7461 - 3.0585i -3.7625 -0.6716
3 Awyg -0.2347 -0.0125 + 0.1804i -0.6205 -0.0666
4 | AE's -0.1052 + 0.0725i -0.0125 - 0.1804i -0.2509 + 0.1730i -0.0553
5 | AEgs -0.1052 - 0.0725i -0.1630 -0.2509 - 0.1730i -0.0304
6 | AE's -0.0404 -0.0855 + 0.0832i -0.2317 -0.0056
7 | AEgs -0.0010 -0.0855 - 0.0832i -0.0014 -0.0002
8 AV -0.0007 -0.0100 -0.0007 -0.0001
9 Am,q -0.0021 + 0.0038i -0.0213 + 0.0377i -0.0021 + 0.0038i -0.0002 + 0.0004i
10 Ad, -0.0021 - 0.0038i -0.0213 - 0.0377i -0.0021 - 0.0038i -0.0002 - 0.0004i
11 | AE'y -0.0005 + 0.0031i -0.0054 + 0.0312i -0.0005 + 0.0031i -0.0001 + 0.0003i
12 | AEfq -0.0005 - 0.0031i -0.0054 - 0.0312i -0.0005 - 0.0031i -0.0001 - 0.0003i
13 | AX5, -0.0001 -0.0013 -0.0001 -0.0000
14 | AUE, -0.0003 -0.0033 -0.0003 -0.0000
15 | Aw, -0.0006 + 0.0046i -0.0056 + 0.0456i -0.0006 + 0.0046i -0.0001 + 0.0005i
16 Ad, -0.0006 - 0.0046i -0.0056 - 0.0456i -0.0006 - 0.0046i -0.0001 - 0.0005i
17 | AE'yp -0.0021 + 0.0039i -0.0214 + 0.0388i -0.0021 + 0.0039i -0.0002 + 0.0004i
18 | AEggp -0.0021 - 0.0039i -0.0214 - 0.0388i -0.0021 - 0.0039i -0.0002 - 0.0004i
19 | AX5, -0.0004 -0.0037 -0.0004 -0.0000
20 | AUE, -0.0001 -0.0013 -0.0001 -0.0000
21 | Awms -0.0066 + 0.0090i -0.0655 + 0.0901i -0.0066 + 0.0090i -0.0007 + 0.0009i
22 Ad3 -0.0066 - 0.0090i -0.0655 - 0.0901i -0.0066 - 0.0090i -0.0007 - 0.0009i
23 | AE'ys -0.0019 + 0.0014i -0.0189 + 0.0141i -0.0019 + 0.0014i -0.0002 + 0.0001i
24 | AEggs -0.0019 - 0.0014i -0.0189 - 0.0141i -0.0019 - 0.0014i -0.0002 - 0.0001i
25 | AX53 -0.0007 -0.0071 -0.0007 -0.0001
26 | AUE; -0.0001 -0.0013 -0.0001 -0.0000
27 | Aw, -0.0053 -0.0533 -0.0053 -0.0005
28 Ad, -0.0004 + 0.0050i -0.0038 + 0.0498i -0.0004 + 0.0050i -0.0000 + 0.0005i
29 | AE'y -0.0004 - 0.0050i -0.0038 - 0.0498i -0.0004 - 0.0050i -0.0000 - 0.0005i
30 | AEsu -0.0006 + 0.0015i -0.0060 + 0.0153i -0.0006 + 0.0015i -0.0001 + 0.0002i
31 | AX5, -0.0006 - 0.0015i -0.0060 - 0.0153i -0.0006 - 0.0015i -0.0001 - 0.0002i
32 | AUE, -0.0003 -0.0031 -0.0003 -0.0000
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The proposed controller has been tested with changing load conditions for sample
six area power system. The investigations reveal that the overshoot and settling time of
the proposed controller are much less as compared to other controllers reported earlier
and well within the acceptable limits. The controller can readily be extended to include
large numbers of multi-area system with some augmentation which may be derived on a
modular basis and including interface dynamics of large systems. The simulation results
show the capability of the proposed controller in terms of better stability and quick
response to system operation. Since the system keeps on changing over a period of time,
this strategy may prove beneficial for developing a modular controller over the existing
control structure.

3.6.3 Proposed Modified-Multi Stage LQR Controller (M-MSLQR)

All the state variables responses are influenced by the location of each
eigenvalues. Particular locations of eigenvalues are desired depending upon the system
operating conditions. Power oscillation damping can be improved if real part of
eigenvalue associated with mode of oscillation can be shifted to left side in complex
plane. In Multi-Input-Multi-Output (MIMO) systems vulnerable states are identified by
closed loop poles of the system, i.e., system eigenvalues and states which are vulnerable
are interlinked. These states may affect the performance of the system and may
introduce instability. State predominant approach is a novel control concept by which
vulnerable states can be regulated with some adequate control decisions by assessing
the most dominant eigenvalues and generating new control by changing the elements of
Q matrix diagonal entry and calculating feedback gain afresh for ensuring system
stabilization. In general, the concept of calculating the gain K is for small perturbations;
however, for large and dynamic changing systems, design based on state predominant

approach may be extended with multiple iterations along with analysis of eigenvalues
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for system stability. Multi-Stage LQR (MSLQR) controller takes a state predominant
concept only looking the real part of eigenvalues and taking the eigenvalues which is
very close to the imaginary plane and redefining the Q matrix diagonal entry of
concerned states. Such identified states are predominant states and the regulation of

such large deviated states can be ensured by assigning high weight in respective

diagonal entries of Q matrix by proposed concept.

Find system matrix

h 4

Calculate eigenvalues of the system

Set random values of element of Q
matrix and R as identity matrix

Calculate gain feedback
matrix K=Igr(A,B,Q,R)

Calculate new system
matrix A1=A-B*K

Find R=real(eig(Al)) &

I=imag(eig(Al))

Calculate

AR = R(max) — R(min)J

Al = 1 (max) — I (min)

Set Qmax and Qmin

Calculate Q matrix based on real and
imaginary parts of eigenvalues-

QM) = Qe ~S=ROI (g, —Q,,,.)
QM) = Q. — O 1O (g —q,,)

Al

v

Find K=Igr(A,B,Q,R)

v

Calculate A1=A-B*K

Figure 3.15 Flowchart for Modified-Multi Stage LQR controller

In proposed Modified-Multi Stage LQR (M-MSLQR) controller, assigning
diagonal entries of Q matrix is based on the value of real part as well as the imaginary
part of the eigenvalues. It’s an iterative process where at each step elements of Q matrix

are assigned based on the values of complex eigenvalues. The iterative process has to be

Find system
response
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repeated till all deviated states are tracked to desired criterion. In general, R matrix is
maintained as identity matrix. The design of such M-MSLQR controller results to the
quick response regulation for a given system perturbation. Figure 3.15 shows the

flowchart for design of Modified-Multi Stage LQR controller.

3.6.3.1 Design of Modified-Multi Stage LQR Controller
1) Obtain the array of gain K with some initialized Q matrix and R as identity matrix.

2) New state matrix Al is obtained as (A1=A-B*K) and find the eigenvalue of Al
(eig(Al)).
3) Calculate new matrix Q1 with the help of eig(Al) by seeing real part of eigenvalues.

R(i) — R(mi
Qly=q, - RORIMW o 4 )
AR

Then update the element of Q according to the imaginary part of the eigenvalues

Qi) =Q,, —W(Qm -Q..)

4) New gain matrix K1 is obtained from K1=Igr(A1,B,Q1,R) and new system matrix is
formed with combination of plant and controller (as A2=Al-(B*K1)) and
eigenvalues (eig(A2)) which create oscillations are identified. Set Q2 matrix by
using step 3.

5) The gain matrix K2 is obtained from K2=Igr(A2,B,Q2,R) then A2 is transformed
into A3 and again eigenvalues have identified. This process will continue depending
on the required specification.

Case Study IV: Two area sample power system (refer Figure 3.4) with UPFC has been

analyzed with multi-stage LQR controller and Modified-multi stage LQR controller.

Table 3.8 and 3.9 shows the overshoot/undershoot, settling time and eigenvalues of the

system with 1.1 p.u. and 0.8 p.f. loading conditions. Perturbed response of state

variables of the system for both the controllers have been shown in Figure 3.16.
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Figure 3.16 Variation in all state variables for both controllers with UPFC - Case IV
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Table 3.8: Comparison in system responses for MSLQR and M-MSLQR controllers -
Case IV

UPFC Control Parameters:
me=0.85; 8.=0.0157; m,=0.85; $,=0.2863
States Multi Stage LOQR Modified Multi Stage
LOR
Load Overshoot | Settling | Overshoot | Settling
1.1pu time time
0.8 pf (lag)

AS 0.32 10.6 0.31 9.5

A, 0.23 0.019 0.23 .015
Aw, 0.074 0.032 0.05 0.027
AE', 0.1 10.5 0.1 10.7

AE 4 -0.058 5.2 -0.04 4.5
AE',, 0.1 12.5 0.1 12

AE,, -0.058 5.6 -0.22 5.1
AV, 0.0005 4.2 0.001 3.1

Table 3.9: Eigenvalues for both controllers - Case 1V

Multi Stage LQR Modified Multi
1.0e+004* Stage LQR
1.0e+005*
AS -8.8800 -1.1034
Aw, -0.7552 -0.1972
Aw, -0.1537 -0.0681
AE', -0.0328 -0.0161
AE ., | -0.0197 +0.0048i -0.0019 + 0.0006i
AE',, -0.0197 - 0.0048i -0.0019 - 0.0006i
AE , -0.0000 -0.0000
AV, -0.0000 -0.0000

Modified-MSLQR controller considers state predominant approach with real part
as well as the imaginary part of the eigenvalues of the system for the selection of Q
matrix. An improved controller is proposed as Modified-Multi Stage LQR controller
over MSLQR controller in terms of peak overshoot/undershoot and settling time of state
variables of sample system. The proposed controller driving FACTS controller, can
readily be extended for multi-area system with some augmentation related with
interface dynamical changes suitably incorporated. The simulation results show the
performance of proposed controller in terms of quick stabilization. The effectiveness of

116



Chapter 3 Network Representation

proposed controller can be seen as an enhancement in the oscillation damping of two
area sample power system which may be applied for even larger area network
modularly.

3.7 CONCLUSION

This chapter presents the complete modeling of generators with Power System
Stabilizers (PSS) and FACTS devices in power network. The development of concept is
modular where any control structure can be embedded with detailed representation in
respective blocks. It includes the stepwise procedure for all the components connected
in the system with differential equations and finally all the equations are converted in
state space framework. With the help of state space model, three sample test systems
(Two Area Four Machine System, Six Area Six Machine Test System and Ten Area
Fifty Machine Test System) have been developed to demonstrate the effectiveness of
the proposed concept and has been used in next chapters for controller design. Also, the
basic concept of LQR controller and its integration with FACTS devices has been
included. A new integrated MSLQR-POD controller and Modified MSLQR controller
has been developed and comparisons show the better performance of the controller in
terms of settling time and overshoot/undershoot over other controllers (such as LQR

controller, POD controller and MSLQR controller).
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