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A Rule-Based Advanced Static Var
Compensator Control Scheme for

Transient Stability Improvement

S. Abazari*, M. Ehsan', M.R. Zolghadri! and J. Mahdavi!

The paper presents the application of a rule- based control scheme for an Advanced Static Var
Compensator (ASVC) to improve power system transient stability. The proposed method uses
a current reference, based on the Transient Energy Function (TEF) approach. The proposed
scheme provides, also, a continuous control of the reactive power flow. The performance of the
proposed approach is compared with that of a system using a conventional control method and
of a system without ASVC. A single-machine system and anEEE three machine system are used
to verify the performance of the proposed method.

INTRODUCTION

Transient stability is the ability of a power system
to maintain synchronism when subjected to a serve
disturbance. The resulting response of the system
involves large excursions of generator rotor angle that
are determined by the nonlinear power-angle relation-
ship. System stability depends on both the initial
operating condition of the system and the severity of
the disturbance. Normally, transient stability for a
large disturbance is studied for periods of up to several
seconds [1].

The rapid development of power electronic devices
in the last two decades has made it possible to design
power electronic equipment of a high rating for high
voltage systems.

Due to the fast.control ability of these high rating
static switches, fast transient.response can be achieved
in a system. An ASVC is a fully controlled switch
based converter, which is an upgrade version of SVC,
a thyristor based converter. Like an SVC, an ASVC
provides a controllable parallel compensation. The
reactive power generation or absorption by an ASVC is
the same as that of an SVC. An ASVC has the following
advantages over a conventional SVC:

1. An ASVC does not contain any energy storage
components for providing reactive power. This has
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a great influence on minimizing the size and cost of
an ASVC compared to a SVC of the same rating [2];

N

An ASVC generates harmonics with lower ampli-
tude than those of a conventional SVC. Further-
more, the ASVC harmonics are at higher frequen-
cies and can be filtered more easily [3];

3. An ASVC can control unbalanced loads more effec-
tively [3];

4. Voltage regulation and transient stability enhance-
ment by an ASVC are faster than a conventional
SVC [4].

FACTS devices have been reported to signifi-
cantly improve the transient and dynamic stability of
power systems [5-8].

The ability of an ASVC to maintain full capacitive
output current at a low system voltage also makes it
more effective than SVC in improving transient stabil-
ity [9]. The objective of this paper is to investigate
the influence of ASVC on improving the transient
stability of the power system using a rule based control
scheme. ASVC is modeled as a sinusoidal current
source, Iasvc, whose reference value is determined
by the proposed method. It is supposed that the
ASVC inverter is controlled, such that it can follow
the reference. The current reference is calculated
using a Transient Energy Function (TEF) in a rule-
based control scheme. Additional constraints, such
as ASVCs maximum and minimum reactive power,
due to device limits and bus voltage variations, are
considered [9]. In [10], offline Lyaponov stability and
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a linear programming theory are used to calculate the
maximum or minimum of the current reference. Here,
an online rule-based control scheme is used to calculate
the ASVCs current reference. In this way, a continuous
control of reactive power flow is achievable. Also,
in [10], linear programming is used for current reference
calculation, which requires a lot of calculation. In
this paper, rule-based control is used, which has low
complexity and can be implemented online.

ADVANCED STATIC VAR COMPENSATOR

Like SVC, an ASVC provides controllable parallel
compensation of reactive power for a system. Basically,
it consists of a GTO-based converter and a DC circuit
(Figure 1). In the simplest form, the latter consists of a
capacitor. ASVC ratings, limited by the switch ratings
(voltage and current) and capacitor voltage, are:

- Maximum capacitive current,
- Maximum inductive current,
- Minimum operating voltage for the inverter,

- Maximum operating voltage (inverter rating),

which are shown in the U-I plane (Figure 2).

Control of reactive power is achieved through the
switching scheme of the ASVC. In this way, the system
can be supplied by the constant reactive current,
Iasve, independent of the terminal voltage, Uasyc.
Therefore, considering the rating of the ASVC' and
neglecting its current harmonics, in the control system,
ASVC is modeled as a sinusoidal current source, as
shown in Figure 3.

The amplitude and phase of the ASVC current are
two controllable parameters of the ASVC. To work as
a reactive power compensator, the phase of the current
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Figure 1. ASVC power circuit.
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Figure 3. Basic scheme of the ASVC.
is:
Arg(Iasve) = Arg(Uasve) +90°, (1)

in which Arg is the angle of a signal. 90° is selected to
show that ASVC is a source of absorption or injection
of reactive power.

In capacitive mode, vector Iasyc leads and, in
inductive mode, it lags voltage vector Uasyc by 90°.

When an ASVC is connected to a transmission
line, circumstances are basically similar to those of a
SVC. As shown in Figure 2, the operating surface of
ASVC is wider than that of SVC. In fact, ASVC can
be used to compensate capacitive reactive power, as
well as inductive reactive power, while, in SVC sets, it
is limited by its inductive components (if any).

EFFECT OF ASVC ON TRANSIENT
STABILITY

ASVC application can enhance the transient stability
of the system by inserting or absorbing instantaneous
current to or from the system. Its capability is verified
for a single machine as follows [2].

Referring to Figure 3 for P; and @i, as well as
P, and @Q», the active/reactive power entering nodes 1
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and 2, respectively, satisfy:

I X
P =Py= Uil |y, ASVO sin 6,
X 20/UZ +U3Z 42U us cos & (2)
U U, Iasve
Ql_y_ e cosd + 5 (3)
Ui UU, Iasve
Qz——?+ e cos 6 — 5 (4)
It U, =0, =0,
Uz . Ulrsve . 0
Pl—P2—ySIH6+TSIH§, (5)

where ¢ is the machine rotor angle. The second term
in Equation 5 represents the increase or decrease in
Po.x. It must be noted that Iasyc in Equations 2
to 5 is a signed scalar, which is positive if the ASVC
current is capacitive and negative if the ASVC current
is inductive. Ixgyvc varies between its maximum capac-
itive value (Imax) and its minimum inductive negative
value (Iin). It is obviously seen that when ASVC
injects its maximum current into the power system
(Iasve = Imax), Pi is maximized and ASVC has
its most significant contribution to transient stability
improvement. On the other hand, when ASVC is in its
inductive extreme, P; has its minimum value.

Transient Energy Function (TEF) can be used to
calculate the margin of stability.

DESCRIPTION OF THE TEF APPROACH

The Transient Energy Function (TEF) approach can
be described by considering a ball rolling on the inner
surface of a bowl, as depicted in Figure4 [9]. The area
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Figure 4. A ball rolling on the inner surface of a bowl.
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inside the bowl represents the region of stability and the
area outside is the region of instability. The rim of the
bowl is irregular in shape so that different points on the
rim have different heights. Initially, the ball is resting
at the bottom of the bowl. This state is referred to as
the State Equilibrium Point (SEP). When the injected
kinetic energy is high enough, it causes the ball to go
over the rim. The surface inside the bowl represents
the Potential Energy Boundary Surface (PEBS) [11-
15]. Two quantities are required to determine whether
the ball will enter the instability region: a) The injected
initial energy and b) The height of the rim at the
crossing point. The basis for the application of the
TEF method for the analysis of power system stability
is conceptually similar to that of a ball rolling in a bowl.
If a fault occurs,the equilibrium point is disturbed and
synchronous machines accelerate. The power system
gains kinetic and. potential energy during the fault
and the system moves‘away from the SEP. After fault
clearing, the kinetic energy, in the same manner as
the ball rolling to the bowl, rolls up the potential
energy surface. To avoid instability, the extra kinetic
energy must-<be absorbed by the system to reach a
new equilibrium point. This depends on the potential
energy absorbing capability of the post disturbance
system. By using an ASVC through the injection or
absorption of reactive current, the transient energy
margin increases.

Figure 5 shows the effect of ASVC to improve the
transient stability using a bang bang control [2].

TEF FOR A MULTI MACHINE ASVC
EQUIPPED SYSTEM

Swing equations for a multi-machine system can be
explained as the following equations [1]:

6z=wz 1217277717 (6)
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Figure 5. ASVC effect on transient stability.
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where M; is the ¢th machine, i.e., moment of inertia
and D; and P.; are the damping factor and electrical
power of the ¢th machine, respectively. In addition,
D; is assumed to be positive. P; is the net transferred
power, which is considered as a constant and has two
terms:

P, = P, — E}Gy, (8)

P,,; is the mechanical input power at the ith machine.
Electric load in the ¢th node is considered as a constant
impedance (G;;). E;; is the constant voltage behind
the direct axis transient reactance of the ith machine.
Node n+1 is the reference node, i.e., B4 1 =1, 8,41 =
0. Electric power, P,;, is:

n+1
P, = Z EiEj(Bij sin 5-;]' + Gj cos 50‘), (9)
J=1,57
G;; and B;; represent the transfer real and imaginary
part of admittance between nodes ¢ and j.

Pre-fault and post-fault systems equations differ
in G’s and B’s, due to the variation in the network
topology.

Adding k, ASVC sets introduce k additional
nodes. In this case, the power equation will be modified
to the form presented by the following equation:

n+1
P, = Z EiEj(Bij sin 5-;]' + Gj cos 50‘

J=1,57

n+NAVC
+ Y E;Bysin(b;; — djasvo), (10)
7j=1
where ¢ is angle of voltage ASVC. TEF has two
potential and kinetic components. For the system, with
ASVC, TEF is presented by the following equation:

V(6,w) = Vpe(6,Uasve, pasve) + Vke(w), (11)

where Vpg is the potential energy and Vig is the kinetic
energy.

Since ASVC is blocked during the fault time;
system equations during the fault are those presented
in Equation 9. The TEFE at post fault time can be
written as:

n

Vg (0, Uasve, pasve) = — Z Ppni(6; — 67)

i=1
n n+nASVC
=3 > |E|UjasveBijleos(8; — gjasve)
=1 j=n+l1

— cos(65 — ¢§ASVC)]

- i i Cij(cos(8i; — cos(65;)), (12)

i=1 j=it+1
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n

Vke(w) = Z ]\4'1(,()12 (13)

=1

Cij = |Ei||E;|Bij,

The notation, e, shows the equilibrium point. At the
instability limit of the power system, V(§,w) has its
maximum permissible value. When the energy func-
tion exceeds this limit, the system becomes unstable.
Therefore, the stability region of the power system is
determined by:

V(b,w) < Ve, (14)

where V, is the energy function value at the Unstable
Equilibrium Point (UEP).

The control strategy to improve the stability of
the system must keep'the energy function below the
value given by Relation 14, in order to keep the
state space trajectory within the stability region. The
proposed control system must try to keep the energy
function as.close as possible to the minimum value (i.e.
zero), infsuch a way that a trajectory of the system
becomes closer to the stable point. In the other words,
to improve system stability, the energy function must
bé minimized as much as possible. In order to reach
a minimum energy function, the time derivation of
Vi(é,w) can be kept as negative as possible. On the
other hand, this is the sufficient condition for Lyapunov
stability. In order to match the overall Lyapunov
criterion for stability, the derivation can be calculated
as:

av_ov . ov. . oV
dt 96 0w T aUxsve

ov .
CPASVC,

UAS ot
v dpasve (15)

WV &
=5 Muw;, 16
o = 2 M (16)
oV - .
Jj=1+1
n n+nASVC
+> > |EiBysin(s; — ¢jasve),  (17)
i=1 j=n+1
oV n n+nASVC
e =— EiBi'COS(%— i
T asve gj ; |Ei| Bijlcos(8: — pjasve)
— cos(65 — <P§ASVC)]7
(18)
oV n n+nASVC
—= E;|B;;Viasvesin(é; —pjasve
T Z j:zn;l' |Bi; Viasve sin(6; = ¢jasve)

—sin(6§ — Piasve)l- (19)
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Figure 6. Configuration of the proposed controller plane.

From Equations 7 and 12 to 18, the following is
obtained:

n n+nASVC

V(6,w) = —ZDiw? —Z Z

i=1 j=n+1

|Es| Bij

[cos(8; —pjasve) —cos(65 — ¢S asve )| Uasvo

n n+nASVC
+3 )" |Ei|Bi;Ujasvelsin(d;—pjasve)
i=1 j=n+1
—sin(67 — @jasve)lPasve. (20)
If V(8,w) < 0, trajectories of the system will move to-
wards the stability region. By linearizing Equation 16
about the operating point and neglecting machine
damping, one will have:

n n4+nASVC
Z Z |E;|Bi; (Ujasve— jASVCo)[COS(éi—SﬂjAsvoo)

=1 j=n+1

n n+nASVC
—cos(6;—pfasve )] +> > BB Usasveo
i=1 j=n+l

sin(6; — pjasvee)(@jasve = @jasvds) > 0, (21)

where o represents the operating point index. Referring
to the equations above, the absorption or rejection of
the current can be controlled to agree with Inequal-
ity 21.

DETERMINATION OF CONTROL RULES

Configuration of the proposed rule-based controller is
shown in Figure 6 for a single ASVC. It can be the
closest ASVC to the fault in a multi ASVC system. The
proposed controller is composed of a micro-computer
with A/D and D/A converters. The supplementary
stabilizing signal, w, is calculated using the error signal
of w, which, inserted into the ASVC, controls the loop,
as shown in Figure 7. The stabilizing signal, u, is given

w(t) = u(k) for kAT <t < (k+1)AT. (22)

In discrete form, w(k) is determined using machine
states defined by P(k), where P(k) is:

P(k) = [Aw(k), {Aw(k) — Aw(k — 1)/AT]. (23)
The deviation of machine speed, Aw (rad/sec), is
measured at every sampling time and the acceleration
of the machine is calculated by using the second
term at the right hand side of Equation 23. The
selection”of the machine is according to Lyapunov’s
inequality, as-stated in Inequality 21. In the phase
plane, .the upper half phase plane represents the
positive acceleration; on the contrary, the lower half
plane represents negative acceleration, i.e. decelera-
tion. In addition, the points in the right-half plane
represent the speeds faster than synchronous speed
while the points in the left-half plane represent the
speeds slower than synchronous speed. The origin,
o0, is the desired equilibrium point and all the control
efforts should be directed to shift machine state, P(k),
towards the origin, o, as soon as possible. The
phase plane is divided into six sectors, as shown in
Figure 7. The amplitude of the current reference
is chosen from the normalized value of the state
vector, as a percent of the maximum or minimum of

[Aw(k)- Aw(k-1)]/AT

7 3

Ly

Figure 7. Six sectors in phase.
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the current reference calculated from the optimization
problem.

In sector A, the machine speed is almost equal
to the synchronous speed but has a large acceleration.
Then, a strong decelerating control of the controlled
machine is required. Therefore, the control signal
should be positive with a large value. In this case,
the maximum value of the positive optimized current
is used as the maximum value of the reference current.

In sector B, speed deviation is large and the
machine has a negative acceleration. Therefore, with
a small negative acceleration command, the machine
continues to go toward the origin. In this sector, a
small positive current reference is used. In this case,
the minimum value of the positive optimized current is
used as the value of the reference current.

In sector C, acceleration is large and negative and
the speed is near the synchronous speed. To avoid
decelerating more, a positive command will be applied
(a negative small current). Therefore, the minimum
negative value of the optimized current will be used as
the current reference.

Sectors D, E and F are complementary with sec-
tors A, B and C, respectively. Therefore, the command
is complementary to those in zones A, B and C.

The small and large values used for the rule-based
controller output are the outputs of an optimization
program which is processed previous to application of
the rule-based controller. The theory of the method.is
presented in the following section.

Rotating L as the borderline of Zones B, C and
E, F can change the performance of the rule-based
method, but, in this study, it is considered as a 135-
degree line.

CALCULATION OF CURRENT
REFERENCE

The optimized current trajectory is caleulated minimiz-
ing a cost function presented in Equation 24. Linear
programming is used( tonminimize this cost function
with equality and inequality constraints presented with
Equations 25 to 36.

min » " |8; — 65| + Jwi — wfl, (24)

=1

where ¢6f and w{ are equilibrium rotor angle and
angular velocity, respectively.

Equation 25 is the linearized form of Equation 3
and Equation 26 is the linearized version of Equa-
tion 21.

Miwi — PiAt — PeiAt = 0,
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where:
nASVC
P.;2P.;, +Z|Ei l|yai; |[(COS(9ij— diot©iasvee) AUjAsvVCo
j=1

—sin(6;; — dio + Yjasvco)UjasveoA®jasve, (26)

0;; and |y4i;| are the phase and amplitude of the
elements of the post fault reduced admittance matrix.

The dimension of the admittance matrix is equal
to the number of ASVCs (rASVC) plus the number
of machines (n). The admittance matrix post fault
equation is expressed as follows:

Y Y
-GG -GD
Keduce = Y Y ) (27)
~DG =DD
where:
Yg11 < Yg12  Yg1i -Ygin
Yg21 Yg22  Yg2i -Yg2n
Yy .-
= 28
-GG Ygil  Ygi2 Ygii  Ygin ’ ( )
Ygnl  Ygn2 Ygni Ygnn
Yy yT a
—GD  —DG
Ydg11 Ydg12 Ydglin
Ydg21 Ydg22 Ydg2n
Ydgil Ydgi2 Ydgin (’29)
YdgnASVC1  YdgnASVC2 YdgnASVCn
and:
Y a
—-DD
Ydi1+Y1 Ydi2 Yd1nASVC
Yd21 Ya22+Y2 Yd2nASVC
. (30)
YdgnASVC1  YdnASV(C2 YdnASVCnASVC
+Ynasvc
where y1, ¥2,- -, Ynasvc can be expressed as:
—JQjasve .
yj:#7 3217277’”’ASV07
J
J?=-1. (31)
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In the above equation, @;asvc and V; are the injected
reactive power and bus voltage of the ASVC, respec-
tively. Considering I =YV, one can write:

I Yy v E
e 66 -ep|| -¢
I |7y v v |- 62
—asve|l  |=pe -pp| |-asve

where IASVC =0.
Due to the fact that the injected or absorbed
current is modeled by admittance, therefore:

I (Y -Y Y Yy!' -Y\E (33)
-G \-GG -GD -DD -DD -DG) -G
The electric power is then calculated from:
Pei = Re(EJ;), (34)

where * means conjugate. Moreover, the bus voltage
of the ASVC must satisfy the following condition:

Ui <Uiasve < Uin, (35)

where U,z and U;g are the lowest and highest permis-
sible voltages at bus i, respectively. The ASVC must
also satisfy:

Qasvomin < Qasve < QASVC max,

Qasve = yUisve- (36)

Considering the objective function in Relation 24
and using linear programming, the amount. of ab-
sorbed /injected current can be calculated at each time
step of the simulation. Since the Lyaponow stability
condition is taken into account during the linear pro-
gramming, a trajectory of the system will move towards
the stability region.

TYPICAL SIMULATION RESULTS

In the first case, a single machine and infinite bus is
considered. The ASVC is installed in the middle of
the line, as shown in Figure 8. The line and machine
characteristics are shown in Tables 1 to 3. A three-
phase fault is simulated at the machine bus. The
critical clearance time without ASVC is 0.175 sec. For
the system with an ASVC in the middle of the line and
controlled using the proposed scheme, it is supposed

Table 1. Line characteristics (Shase = 300 MVA and
Vbase = 400 KV).

Start | End | Series Resistance|Series Reactance
1 3 0.0199 0.075
2 3 0.0199 0.075
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Figure 8. Single machine system.

Table 2. Bus data for the load flow calculations
(Sbase = 300 MVA and Viase = 400 KV).

Bus'| Bus Type | Voltage | Poc | Qe | Pr | QL
1 Slack 1 - - - -
2 P-V 1 04 - - -
3 P-V 1 0 - - -

Table 3. Machinery data (Spase = 300 MVA).

X H D
0.312 2.035 0

that the clearance time of the fault breaker is 0.18 sec.
Simulated rotor angle and angular velocity are shown in
Figures 9 and 10, respectively. From Figures 9 and 10,
one can see that the proposed control scheme of the
ASVC can increase the critical time and avoid system
instability.

In the second case, an IEEE 9-bus system is used

604 F'
C

& (degree)
=]
T ——
|mammmnet
I,

-40J b

time (sec)

Figure 9. The rotor angle: a) Without control, b) ASVC
with conventional bang-bang strategy and c) ASVC with
the proposed control strategy.
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Figure 10. The angular velocity: a) Without control; b)
ASVC with conventional bang-bang strategy and c) ASVC
with the proposed control strategy.

Table 4. Characteristics of a three-machine system

(Sbase = 100 MVA).

Start | End Series Series Half
Bus Bus | Resistance | Reactance | Admit.
2 7 0 0.0625 0
7 5 0.0320 0.1610 0.1530
5 4 0.0100 0.0850 0.088
4 6 0.0170 0.0920 0.0790
6 9 0.0390 0.1700 0.1790
8 9 0.0119 0.1008 0.1045
8 7 0.0085 0.0720 0.0745
3 9 0 0.0586 0
1 4 0 0.0576 0

(Figure 11). Machine 1 is the reference. The system
characteristics are shown in Tables'4 to 6. The ASVC
capacity is 200 MVAR. The optimal location of the
ASVC is set on bus 4. In(the simulation studies,
a three-phase-to-ground fault at bus 7 is considered.
While the critical clearance time is.0.227 sec., the fault
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Figure 11. Threemachine system.

Table 6. Data of a threesmachine system (Shase = 100
MVA).

No. Gen. Xa X} Xq H (sec)
1 0.146 0.0608 | 0.0969 23.64
2 0.8956 | 0.1198 | 0.8645 6.4
3 1.3125 | 0.1813 | 1.2576 3.01

clearing time is supposed to be 0.25 sec.
Three different situations are simulated to verify
the performance of the proposed control scheme:

I. Without any control,

II. An ASVC with the conventional bang-bang con-
trol,

ITI. An ASVC with the proposed control strategy.

The behavior of machine 2 is shown in Figures 12
and 13 because this machine is the most affected. As
can be seen in these figures, the system is stable with
the proposed control strategy and unstable without any
control action.

The simulation results show that out of the two

Table 5. Bus data for the load flow calculation (Spase = 100 MVA).

Bus | Pe (p.u.) | Qe (p.u.) | Pr (p.u.) | Qr (p-u.) | Voltage (p.u.) | Phase (Deg.)

1 0.71 0.27 0 0 1.04 0

2 1.63 0.06 0 0 1.02 9.3
3 0.85 -0.11 0 0 1.02 4.7
4 0 0.05 0 0 1.02 -2.2
5 0 0 1.25 0.50 0.99 -4
6 0 0 0.90 0.30 1.01 -3.7
7 0 0 0 0 1.02 3.7
8 0 0 1 0.35 1.01 0.7
9 0 0 0 0 1.03 2
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Figure 12. The rotor angle of machine 2: a) Without
control, b) ASVC with the conventional bang-bang
strategy and c) ASVC with the proposed control strategy.
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Figure 13. The angular velocity of machine 2: a)
Without control, b) ASVC with the conventional
bang-bang strategy and c) ASVC with the proposed
control strategy.

cases, the proposed.scheme damps the rotor angle
oscillation faster. ' In addition, as can be seen in
Figure 14, the new method results in a continuous
reactive power flow comntrol, which, in turn, provides
a better system stability.

Comparing the phase plane trajectory of the
machines shows, once more, the superiority of the pro-
posed method against the classical bang bang control
of ASVC (Figures 15 and 16).

CONCLUSIONS

In this paper, a new rule-based control approach for
ASVC has been proposed. A performance of the
proposed control technique is compared with a conven-
tional bang-bang method in improving the transient
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Figure 14. Presentation of Iasvc: a) Bang-bang control
strategy and b)Proposed control strategy.

w (rad/sec)
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Figure 15. Phase plane §, w machine 2 with the
bang-bang control strategy.

Phase plane

w (rad/sec)
i~
=
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=]
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Figure 16. Phase plane §, w machine 3 with the
proposed control.

stability of single-machine and multi-machine power
systems. The simulation results confirm the ability of
the proposed method to improve the transient stability
of the system, as well as its superiority compared to
the bang bang control of the ASVC.

Linear programming is used to calculate maxi-
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mum and minimum inductive and capacitive currents.
These values can be used to calculate ASVC current
references in an online system using simple calcula-
tions.
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