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Abstract

The main objective of this paper is to investigate the power system stability
enhancement via coordinated control of PSS and static synchronous compensator
(STATCOM) based controllers. Also, investigate the effectiveness and dynamic interaction
of STATCOM controllers in damping system oscillation. Proposed optimal pole shifting
technique to design damping controller of excitation system (PSS) and STATCOM based
controller. The method is based on modern control theory for multi-input and multi-output
system. Several control schemes are proposed. The effectiveness of the proposed control
schemes in improving the power system is verified through eigenvalues and time domain
simulations under nominal loading conditions. The analysis of cases under study show that,
the STATCOM - based controller has good effect on improving system damping and the
coordinated control of PSS and STATCOM — based controller provide the best means for
stabilizing power system, more damping with less control effort than individual control.
Keywords: coordination , optimal control, FACTS, STATCOM
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Introduction

The most important concept of grown rapidly , therefore , the need for more

power system stability cqntrql Is the energy complex power systems has arisen, on the
balance between mechanical input power to other hand , expansion in transmission and

a.generator and its output power a all times generation is restricted with the limited
[1]. Today’s, electric power demand has
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availability of resources and the strict
environmental constraints. Therefore, power
utilities are forced to rely on utilization of
existing generating units and to load existing
transmission lines close to their thermal
limits. However, dtability has to be
maintained at al times. Hence, in order to
operate power systems effectively, without
reduction in system security and quality of
supply, even in the case of contingency
conditions such as, loss of transmission lines
and /or generating units , new control
strategies need to be implemented .

The advances in the field of power
electronics led to a new approach introduced
by the Electric Power Research Institute
(EPRI) called flexible AC transmission
system or simply FACTS, which came asan
answer to a call for more efficient use of
already existing resources in present power
systems, while maintaining and even
improving power system security[2-4].

The interconnection between distant
located power systems is now a common
practice, which gives rise to low frequency
oscillations in the range of 0.1— 3 Hz. If not
well damped, these oscillations may keep
growing in magnitude until loss of
synchronism results [5].

In order to damp these power
system oscillations and increase system
stability, the installation of power system
stabilizer (PSS) is both economical and
effective. PSSs have been used for many
years to add damping to electromechanical
oscillation. To date, most major electric
power system plants in many countries are
equipped with PSS. However, PSSs suffer a
drawback of being liable to cause great
variations in the voltage profile and may not
be able to suppress oscillations resulting
from severe disturbances, especially those
three — phase faults, which may occur at the
generator terminal g 6].

Recently, FACTS — based stabilizer
has appeared offering an aternative way in
damping power system oscillation. Although
, the damping ratio of FACTS controllers
often is not their primary function , the
capability of FACTS — based stabilizers to
increase power system oscillation damping
characteristics has been recognized [/].
However, possible interaction between PSSs
and FACTS - based dtabilizers, may
deteriorate much of their contributions, and
may even cause adverse effect on damping
of system oscillations. Therefore,
coordinated design of PSSs and FACTS-—
based stahilizersis a necessity, both to make
use of the advantages of the different
stabilizers and to avoid the demerits
accompanied with their operation. The static
synchronous compensator (STATCOM) is
one of the important FACTS devices and
can be used for dynamic compensation of
power system to provide voltage support and
stability improvement. This work
investigate the effectiveness of the
coordinated design of power system
stabilizers (PSS) and STATCOM-based
controllers to improve power system
dynamic stability.

Power System M odel

The power system is represented by single
machine infinite bus power system (SMIB)
installed with a STSTCOM at the midpoint
of the line through a step-down transformer
asshowninfig. 1.

Generator Model

The generator is represented by third-order
model comprising of the electromechanical
swing equation and the generator internal

voltage equation [8].

dd

d_t:Wb(W - 1) (D
dw _ 1 i i i
bl (Pm - Pe- D(w - 1))

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28 No0.23, 2010

Damping of Power System Oscillations
by Using Coordinated Control
of PSS and STATCOM Device

(2
déz %(Efd - (xq - x§)ig - EéF)
(3)
Pe = Vgig + V4ig -(4)
Vg = xqiq ..(5)
Vg = E§ - Xx§iy -..(6)

2.2 Excitation System M odel

The excitation system is represented by a
first order model (IEEE type— STI system),

showninfig. (2) [9].

The equation describing it can be written
as.

dE 1
dt T

STATCOM Modél

The STATCOM is modeled as a voltage—
sourced converter behind a step down
transformer as shown in fig.1. There are
two basic controllers implemented in
STATCOM, a DC and AC voltage
regulation shown in figs. (3) and (4)
respectively.

The STATCOM generates a controllable
AC voltage given by [10].

Vs = VDY =0CVpe (COQ/ +jsiny )

For PWM inverter c=mk, where m is the
modulation ratio defined by Pulse Width
Modulation (PWM), k is the ratio between
AC and DC voltage depending on the

converter structure.Vp isthe DC voltage,
and Y isthe phase defined by PWM. The

magnitude and phase of Vg can be
controlled through C andy  respectively.
By adjusting the STATCOM AC voltage

6816

Vg, the active and reactive power

exchange between the STATCOM and
power system can be controlled . Capacitor
voltage dynamics has big influences on
power system, so capacitor voltage
dynamic should be considered. If converter
is assumed to be lossless, the exchanged
active power between converter and system
is equal to the active power that exchanges
between capacitor and

converter(PDC = AC). So with these

assumptions, the relationship between
voltage and current of capacitor, can be
expressed as:

Vocine = real (v, ) = real[cvoc (cosy + jsiny )iy - i)
.(8)
Solving the above equation for
Ipc gives:

(9)

ipc =clig cosy +igsny )

c

¥ pe (iSd oSy +igq sSny )"(10)

Cpc
where Vpc and I are the capacitor
voltage and current respectively, and
gy, Iy ae the d and g axis of
STATCOM current.
linearized M odel
In the design of power oscillation damping
controller the linearized incremental model
around a nominal operation point is usualy
employed. Linearized the system model
yield the following state equation

X=Ax(t)+Bu(t) .(12)

where x represents the nine state variables
of the system under study. The state
varisbles are A8, Aw and AE for the

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

i

Eng. & Tech. Journal, Vol.28 No0.23, 2010

Damping of Power System Oscillations
by Using Coordinated Control
of PSS and STATCOM Device

generator, AEs; for exciter system, and
ﬂVDCJ ﬂxl_. ﬂ‘lu_. ﬂxd_‘. and AC for the

STATCOM and their AC/DC voltage
regulators. Equation (11) may then be re-
written in matrix form as:

¢ 0 W, 0 0 0 0 0 0 0 u
g i £ ﬁ 0 - kPDC 0 - kw 0 - ch E
e M M M M M M u
e -k L . ke oa
é \ 0 \ \ \ 0 \ 0 \ u
¢ T T T T T T
ek o Mk 1 okkeo o ke o kke u
g Ta Ta Ta Ta Ta E
e K 0 K 0 K 0 ky O ke g
g 0 0 0 0 -koc 0 0 0 0 E
e o 0 0 0o ek k-1 0 a
3 TOL T a
g - kIAszl 0 - lﬁA(:fzz 0 - kIACfZS 0 - lﬁA(:fzs 0 - lﬁA(:fza ﬂ
(:e’kF Acf21 0 kaPACfZZ 0 ’kaPAcfzs 0 ’kaPAcfz3 E »Eel +kaAf24;,
8 T T T T T gﬁ T aj:

é0 0 0 u

e u

é 0 0 0 a

g 0 0 0 ﬂ

LI o u

aTa a

éeo 0 0

B=¢ a

&0 kk‘Dck 0 g

é PDC a

g0 T : 0

é N a

g0 0 . k 1‘< A 0

é a

g0 0 t Rpac i

=] Te o

The derivation details of equation (11) are
givenin [11].

Optimal Pole Shifting Technique

Consider the completely controllable linear
time — invariant multivariable system,
equation (11)

where the dimensions of the state vector x
and the control vector U are (nx1) and
(mx1) respectively, and A and B are
constant matrices  of appropriate
dimensions. Let the n-poles of the open-
loop system (11) be denoted by ). If a
feedback control law

U (1) = - Kx(t)

.. (12)

is applied to equation (11), a closed loop
system will be obtained in the form
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K= AX(t) with A, = A- BK ... (13)

Consider |4 =Re(l )+ jIm( ),

being a closed loop pole of equationd3). If
system matrix A isanon— singular matrix,
then for the following algebraic equation

PA+A"P- PBB'P =0

there exists a positive semi — definite
symmetric solution P satisfying [12].

.. (14)

I 2 _I 2
ci — ' oi

and

with  1=12..,n

where (o) and (A) are the open and closed
loop poles with the feedback K = BT P.

Using the above property, then, for the
following matrix algebraic equation

P(A+d)+ (A" +g)P- PBR!B'P=0

... (15)

wherey is apositive real constant scalar and
R a positive definite symmetric matrix.
There exists positive semi-definite real
symmetric solution P satisfying

Re(hs) <-v and

(.. +g)2=(, +g)? 169
Cl g ol g ( )

withi =12 ...,n and

K=R'B'P ... (16-b)

Furthermore, the feedback control law

U =-Kx minimizes the following

qguadratic performance index
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¥

J=gx Qx+UTRU)dt with
0

Q=20P ... (17)

Condition (16-a) follows directly from the
mirror — image property. Relation (17) is
obviousfrom (15) and the Riccati equation.

The linear matrix Lyapunov equation is
given by

(A+d )V +V(AT +g)=H .. (18
with H =BR'B'
The conditions of the controllability of the

par (A, B) together with the positive
definitions of R imply that the pair

((- A- d),BR*?) iscontrollable [13]

Now, rewriting equation (18) in the form

(-A-g)V+V(-A"-g)=-DD'
with D=BRY? .. (9
It follows that the existence of the
unique positive definite solution V of

equation (18) is guaranteed as stated by
Lyapunov lemma [13]. Applying the

feedback matrix K =R B'P to

equation (11).

A =A- HPwith H=BR'B'
... (20)

Post multiplying equation (18) by P, one
obtains

(A+g)+V (AT +g)P=HP
... (21)

Then, substituting equation (21) into
equation (20) yields

A =-(P'ATP+29))

Re(l ci) =- (29 + Re(l oi))
.. (22)

Problem Statement

For the controllable system
described by equation  (11), it is required
to design a feedback matrix K, which shifts
the real part of the open loop system poles
() to the n desred positions

(s; =Re(l )) .At the same time, K would

minimize a standard quadratic performance
index with a preassigned control weighting
matrix R. The performance index is
described by

¥
J = (X' Qx+U"RU)dt
0

Design Procedure

For shifting one pole or a complex
pair of poles, let a reduced order model of
the system (11) be represented by [14].

2(t)=FZ(t)+GU(t),

U@ =- KZ() .. (23)
where
Z(t) = C.x(t) . (24)

C, is the aggregation matrix of order (r*n).
The matrices F and G are given by

CA=FC, ... (25-9)
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G=CB ... (25-b)

By a suitable choice of the constant matrix
C,, it is possible to ensure the eigenvalues
of A. Let matrix C; be chosen as

C, =M™ .. (26)
where

T=]I,0]

I = r*r identity matrix

M = model matrix of A

The first r columns of M are the
eigenvectors corresponding to the r
eigenvalues of A that needsto be reassigned.
The above choice of G ensures that the
eigenvalues of F are identical to these r
eigenvalues of A that need to be reallocated,
and the standard performance index

. ¥ .
J=¢Z"QZ+UTRU)dt ...(27)
0

is to be considered for each of the following
cases.

Casel (Shifting onereal pole)

A real pole Ay = 0 is to be shifted to the
new positioni, = a. Thefirst order model to
be used is defined by equation (23) and (25)
with

F=% and G=C{B

where G is the left eigenvector of A
associated with .. If the positive scalar a is
chosen as

- _ S-'-Soi
g= (—2 )

The solution of the first order Lyapunov
equation

(s +g)V+V(s +Q) = H ... (28)
isgiven by
v
2(s +9)

Then the required parameters are found to be

.o _2(s +Q)
P=v ="2r L (30)

Substituting equation (30) into equations
(17) and (16) gives.

__4g(s +q)
Q=g

... (31-a)

K =[2(s +g)/H]R‘1B ...(31-b)

Case Il _(Shifting a complex
pair of poles)

conjugate

A complex conjugate par of poles
| , =S £ ]b, ae to be shifted to the
new position | . =S +jb. Let the
position scalar y be chosen as

2

The second-order model to beused is
defined by equations (23) and (25) with

g:
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&, bu
F=a° qa. G=C'B
&b s,
éc'u
and CtT—étTll:J
&CH

where (Cy;, Cy,) are the left eigenvector of
A associated with pole | , =g = jb . By

solving the following second order linear
Lyapuonov equation

(F +g|)\'/+\'/(FT +g)=H ,

H =GR G’ .. (32
The parameters of the corresponding
second order optimal problem are obtained
from

. -1

P=V

and

. Q=2gP

K=R'G'P (33

The relations between these parameters and

those of the full order problem defined by

(11) can be found, as follows: Substituting

equation (24) into (23) yields
U (t) =- Kx(t)

K=KC/

with

.. (34)

If this control law is applied to the full-order
open loop system, then the full-order closed
loop systemis given by

%=(A- BK)x

K=KC'=R'G" PC, ...(35b)
The n-poles of (35-a) are those of (F —

... (35-9)

GK) in addition to the undisturbed open—
loop poles of equation (11). Therefore, the
required pole shifting can be achieved by

6820

using the feed-back control law, equation
(34). Its optimality can be proved by
premultiplying and  postmultiplying

equation (32) by C, Pand PC," which
yields

It follows from equations (32) and (34) and
the above equation that

PA+A'P- PBR'B'P+Q=0

and =RIB"P

K=KC]
withP=C,PCland Q=2gP

The problem of shifting severa
poles may be solved by the recursive
applications of the reduced— order optimal
shifting problem. The resulting feedback
matrices (K;) and the resulting matricesQ
and P can be constructed by the summation
of the matricesQ; and P, respectively.i. e.

P=3a;RP .Q=4Q and
|
K:éKi
|
WhereK i = K& iC tTi )
P, = C tiF&iC tTi
and Q =2g,P
'Re(lci+|oi)
with @, = 5

Design OPS Damping Controller
for SMIB Equipped with STATCOM

The ability of proposed optimal power
system stabilizer and optimal STATCOM
based controller to dampen out the power
system oscillation are investigated. Also the
effectiveness of coordinated design of power
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system stabilizers and STATCOM - based
stabilizers to improve power system dynamic

C,PFC] +CFPC] - C,PGRG' PCT +C,QCT =0

A

PDF created with pdfFactory Pro trial version

stability are investigated. several control

schemes are proposed .
Schemes (1) : where PSS only is considered

Schemes (2) where only STATCOM
controller is considered .

Schemes (3) : where coordinated design of
both PSS and STATCOM controller is
considered .

Simulation and Results

The K — constants of the model are
computed for nomina operating condition
and system parameters (the system data are
givenin Appendix ), and are given below:

K, =03564  K,=0.8254
K, =16 Ky= 01218
K. = 0.0145 K.= 0.6828
K,=—04196 K, =0.493
Kq = 0.052 Kppc = 0.1029
Kpe= 04114  K,y=—0.1774
Kgo=—0315 Kyp- = —00788

Kqp=—0061 Kyp = 0.0553
K, =02212 K,,=—0.0068
Kpc = —01539  Kgy = 1.4075

Substituting these vaues into the
state space equation (11), the numerica
values of the system matrix A, is calculated
andisgiven as

] i ] u ]

] ]
—-0.05% —0.667 —0.13F6 O —0.017 O 0.0238 0 -1.6458
—D.D_ET 0 -0.3172 01383 00156 ¢ 00122 ¢ 0.DEZ5
-14.501 0 —&£BLF¥ -20 -552%3 0 E7BF O 2Z1.173
i=|-041% o 04382 0 0052 0 14075 O -0.153
] 0 0 0 -0z 0 0 0 0
o0 ] o -10 20 -2D ] o
0.o0sT 0 00227 0 13z 0 ODILE D 0.07E2
04831 D 1133 0O 377z O 0589 20 -1B.B&T
6821

The dynamic behavior of the system is
recognized through the eigenstructure of the
system matrix A, hence solving the system

characteristic equation| Al — A, the
eigenstructures of the system are computed
and given as:
Ay =—0.123 45596

A, =-0.123 - j5.96

Az =—-0.171+j0.46

Ay = —0.171— j046

A: =—0.24

lg=-10.2+/5.8
A>=-10.2-,5.8
Az =-—18218

Ag = —197

It is clear from the eigenstructure,
the system is oscillatory and would take a
long time to reach the steady state due to the
presence of dominant complex eigenvalues
(A1, A7,A7 and Ay) close to the imaginary
axis.

The behavior of the system can be
easlly understood by solving the state
equation. Equation (11) is solved
numerically, using Ranga— Kutta method.
The open loop responses of state variables
(load angle and speed deviation) to 10% step
change in mechanical power input are
shown in figures (5) and (6). The system is
stable but with high amount of oscillations,
it would take a long time to reach the steady
state. Hence, then stability of the system
must be improved. Thus, several control
schemes are proposed as follows:

Scheme (1):

To damp the unwanted oscillations in the
system, OPS is applied to the design of
optimal power system stabilizer (PSS). The
four dominant eigenvalues
(A4,42,43 and 1;) are shifted to new

location in stable region on complex plane.
The criteria for choosing the new position
are the nearest negative real part to the

www.pdffactory.com
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original eigenvalue that ensure stability.
There are some constraints taken into
account, such as the accepted time domain
characteristic (time constant and damping
ratio). According to these constraints, four
new locations for dominant modes are
proposed, they are:

A =—4+j5.96

A;=—4—j596

Az =—-1.5+;0.4589

Ay =-15-;0.4589

The input matrix B isgiven as:

k
E=[0 0 0 4 0 0
[ /T, 0 0 o0

And

U= [Upss]
R=[1]
The OPS controller is introduced into the
system, and the gain for each state variable
iscomputed and given in table (1)

To verify the vaidity of the
proposed design algorithm, the
eigenstructure of the closed loop (modified)
system is figured out. The closed loop
eigenstructures are:

and

Ay =—445596
A, =—4—j596
Az =-1.5+j0.46
Ag=-1.5—j0.46
A =—0.24
Ag=—-102+j5.8
A;=-102—-j58
Az =—1828
Ag = —197
It is observed from eigenstructure, only the
dominant eigenvalues are shifted and the
other eigenvalues remained unchanged. This
reveals the fact that the proposed controller
improves system damping surely.

Scheme (2):
The optimal pole shifting algorithm

is applied to design optima w-based

6822

controller. The state space equation of this
case isthe same as that of scheme (1) except
theinput matrix B isgiven as:

E =
00 0 0 0 kype kikppe/T. 0 0]

U = (U] and R = [1]

The OPS agorithm is used to shift the
dominant eigenvalues @4y, A5, A3 and 45) to

new location, and al the state variable are
fed back to the system input Uy) through

weight factor for each state. The new
locations for dominant eigenvalues are
proposed in scheme (1). The OPS y-based
controller is introduced into the system, and
the gain for each state variable is computed,
and given in table (2)

Scheme (3):

The OPS algorithm is applied to
design optimal C-based controller. The state
space equation of this case is the same as
that of scheme (1) except the input matrix B
isgiven as.

B =
[0 0 0 0 0 0 0 kuc krkpac/Trl

U =[U:] and R=[1]
The OPS agorithm is used to shift the
dominant eigenvalues {4, 45,43 and 45) to

new location, all the state variables are fed
back to the system input (Uz) through

weight factor for each state. The new
locations for dominant eigenvalues are
proposed in scheme (1). The OPS C-based
controller is introduced into the system, and
the gain for each state variable is computed,
and given in table (3).
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To support the result of the
eigenvalue anaysis, the performance of the
system with proposed scheme controllers,
(schemel, scheme2, and scheme 3), are
tested with 10% step change in mechanical
power input. Figures (7) and (8) show the
load angle and speed deviation response
with proposed PSS, vy, and C-based
controller all a one figure for better
clarification. It can be seen that the
STATCOM y-based controller and PSS
provide an excellent damping characteristic
and enhance the stability, while the system
damping is dightly improved in case of C-
based controller.

Scheme (4):

From the time domain simulation of

the previous schemes, it is observed that, the
C-based controller does not perform well
and has poor capabilities in damping the
system oscillation.
In this case, the OPS agorithm is applied to
the designed optima controller that
coordinates power system stabilizer (PSS)
and STATCOM C — based controller. The
state space equation of this case is the same
asthat of scheme (1) except the input matrix
Bisgivenas:

B =

[D 0 0 KJT,0 0 0 0 o
o0 0 0 0 0 0 K FKekeaclTe
And

_ Up_.;_.;] 1 o
U‘[UC and =[o 1

The OPS agorithm is used to shift the
dominant eigenvalues {l;, 4,43 and 45) to

new location, all the state variable are fed
back to the system inputs (Upgsand Uy)

through weight factor for each state.

The new locations for dominant eigenvalues

are proposed in scheme (1).

The OPS controller is introduced into the
system, and the gain for each state variable is

computed as given in table (4).

The time domain simulations are
carried out a nomina loading conditions.
Figures (9) and (10) show the system
responses (load angle and speed deviation)
with 10% step change in mechanical input
power (Apm) wWhere the coordinated control
of PSS and STATCOM C- based controller
is compared to individual contral. It is clear
that the coordinated control of PSS and
STATCOM C- based controller grestly
improves the system damping compared to
their individual control, and the coordinated
control solves the problem of low damping
when C- based controller is considered.
Scheme (5):

Another way of solving the low
damping of STATCOM C - based
controller is by coordinated control with
STATCOM vy — based controller. Then,
the OPS algorithm is applied to the
designed optimal  controller  that
coordinates STATCOM vy and C- based
controllers. The state space equation of
this case is the same as that of scheme
(1) except the input matrix B isgiven as:

i

I T T SO O ¥ A T l
DI T T T R U #
And
Uy, 10
= and B = [ ]
v _Uf] 0 1

The OPS agorithm is used to shift the
dominant eigenvalues {1y, A, A3 and A4) to
new location, all the state variable are
feedback to the system inputs Uy and Ur)
through weight factor for each state. The

new locations for dominant eigenvalues are
proposedin  scheme (1).

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28 No0.23, 2010

Damping of Power System Oscillations

by Using Coordinated Control
of PSS and STATCOM Device

The OPS controller isintroduced into the
system, and the gain for each state
variable is computed and given in table

(5).

To ensure the effectiveness of the
proposed controller, time domain
simulations with 10% step change in
mechanical input power (Apn), are
performed. The system response of rotor
angle (Ad) and speed deviation Aw) for
the above disturbance are shown in
figures (11) and (12) respectively. The
simulation results obtained clearly
indicate that, the proposed coordinated
control of  — based controller and C—
based controller  outperform  both
individual controls. This solves the
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Appendix C, 0.25
System Parameter Values SMIB XspT 015
Equipped with STATCOM
t- 0.5
_ D 0.8
List of symbols ?
q. 0.2
Symbol Description k. 50
SRY; DC link capacitance Lo 0.05
e ¥be and voltage
, K oci 0.2
w Phase angle of mid-bus
voltage k aep -0.5
& Rotor angle (rad.) s 504
ﬂ .
_ Synchronous speed
“b (377 rad. /sec.) B 0
G 0
e Rotor speed (rad. /sec.)
R 0
M Inertia constant D 4
Mechanical input M 6
P power of the generator,
(W) X4 1
Xg 0.3
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Generator  electrical .
i}
Pe output power, (W) ps= PSS control signal
D Machine damping T Time congant  of
coefficient W washout (sec.)
d- and g-axis o
- components of Vim Midpoint voltage(V)
=0 generator  terminal
voltage(V) _ is STATCOM current
d- and g-axis
" components of STATCOM bus
g generator  armature Vg voltage(V)
current(A) :
. Transient  generator C Magnitude voltage of
Eq internal voltage STATCOM control
Synchronous K Proportional gain for
Xy reactance d- axis ACP STATCOM AC voltage
; Integral gain for
. Transient reactance d- Kaci
x4 axis STATCOM AC voltage
Control  signal  of
%q Synchronous U, STATCOM AC voltage
reactance g- axis regul ator
E Generator field Control ~ signal  of
fd V0|tageM U';" STATCOM DC voltage
—— : regulator
F Open-circuit field time Proportional aain for
de constant(sec.) Kocp - 9
STATCOM DC voltage
K Gain of excitation
A system
T Time congtant  of
A excitation system (sec.)
Vpaf Reference voltage (V)
" Generator terminal
voltage(V)

Table (1): Gain associated with each statevariable

State

control AS

AE,

AE,,

AV,

AC

r..
0.0742

1232

0.0104

2134

-9.138 -0.151

43.226

3585
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Table (2): Gain associated with each statevariable

State
control As Ao AE, AE., AV ye Ax, Ay Ax, AC
r, 0.3397 -18.79 09321 0.0089 05894 01972 00775 82133 21986
Table (3): Gain associated with each statevariable
State
control
AS Aw AE, AE, AV .. AT, Ay AX, AC
L'i
48.503 -844.08 85.429 0922 50.044 13.89 7633 904.89 16059
Table (4): Gain associated with each statevariable
State
control A Ao AE, AEfa AV AXy Ay AXy AC
Wegs 0.046 | 0.00028 | 0.0916 | 0.0173 | 0.0072 | 0.5576 | 0.1625
0.0173 | 2.2555
I, -0.044 0.1261 | 0.00072 | 0.1558 | 0.2185 | 0.013 | 1.9065 | 0.4703
6.4529
Table (5): Gain associated with each statevariable
State
control AS A® A.t',r AE., AV, AT, Ay AI, AC
U 00167 0.0007 0.067 0172 0075
0.0042 10134 0.0225 0.0014
. 0.2255 0.0012 0.1917 0.2325 0.0158 1711 0.880
00772 12.108
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Figure(1): Single machineinfinite bus
system with a STATCOM
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Figure (2): Excitation system block
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controller
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Figure (3): STATCOM dynamic
model of DC voltageregulator and
NOPS s ahilizer
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Figure (4): STATCOM dynamic model of AC
voltageregulator and POD stabilizer
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state variable devestion (delta)

time(sec.)

Figure (5): Dynamic response for Ad without
controller
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Figure (6): Dynamic response for Ad with
proposed schemes (scheme 1, 3 and 4).

state varigble deviation(s peed)

o 1 2 s ;ﬁmeiemg 7 s s 10
Figure (8): Dynamic response forAm with proposed
schemes (scheme 1, 2 and 3).
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Figure (7): Dynamic response forAd with
proposed schemes (scheme 1, 2 and 3).
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Figure (9): Dynamic response forAm
without controller.
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Figure (10): Dynamic response for Ao with

Figure (12): Dynamic responsefor Am
proposed schemes (scheme 1, 3 and 4). gure (12): Dy o

with proposed schemes (scheme 2, 3 and 5).
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Figure (11): Dynamic response for Aé with proposed
schemes (scheme 2, 3and 5).
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