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Abstract. This paper examines the influence of Static
Synchronous Series Compensator (SSSC) on the os-
cillation damping control in the network. The perfor-
mance of Flexible AC Transmission System (FACTS)
controller highly depends upon its parameters and ap-
propriate location in the network. A new Adaptive In-
ertia Weight Particle Swarm Optimization (AIWPSO)
method is employed to design the parameters of the
SSSC-base controller. In the proposed controller, the
proper signal of the power system such as rotor angle is
used as the feedback. AIWPSO technique has high flex-
wbility and balanced mechanism for the local and global
research. The proposed controller is compared with a
Genetic Algorithm (GA) based controller that confirms
the operation of the controller. To show the integrity of
the proposed controller method, the achievement of the
simulations is done out in a single-machine infinite-bus
and multi-machine grid under multi turmoil.
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1. Introduction

Stability studies are mainly classified into two original
areas: small signal [1] and [2] and transient [3] and [4].
Transient stability researches mention to the effects of
abrupt and large turmoil [5] and [6]. Transient stability
happens when the grid is able to tolerate the condition
disturbance, such as a single or multi-phase fault or
loss of generator [7].

FACTS devices can be connected in shunt, in se-
ries, or in a combination of both as shown in Fig.
With FACTS technology, such as shunt controller
(Static Synchronous Compensator (STATCOM) [g]
and [9], Static Var Compensator (SVC) [10]), se-
ries controller (Thyristor-Controlled Series Capacitors
(TCSC) [11], Static Synchronous Series Compensator
(SSSC) [12]), series-shunt controller (Unified Power
Flow Controller (UPFC) [I3], Thyristor Controlled
Phase Shifter (TCPS) [I4]), series-series controller (In-
terline Power Flow Controller (IPFC), impedance of
lines, voltage of buses and phase angles in the grid
can be regulated quickly and flexibly [15]. Therefore,
FACTS controller can facilitate the power flow control,
raise the power transfer ability, decrease the cost of
the generation, and improve the stability and security
of the network [16] and [I7].

Many approaches have been made to assess the
effect of FACTS devices to control network oscilla-
tions and transient stability improvement [18] and [19].
A nonlinear coordinated TCPS and generator excita-
tion at the transmission line midpoint for promoting
the transient stability of a network is proposed in [20].
A robust nonlinear coordinated generator excitation
and TCPS controller is proposed in [21] for enhancing
the transient stability of a grid, which a direct feedback
linearization compensator via the excitation loop has
been used for design to eliminate the interconnections
and nonlinearities of the network. Three controllers
such as Power System Stabilizer (PSS), TCSC and SVC
are simultaneously used in [22] for increasing the sta-
bility and the damping network oscillations, with the
proposed method being tested on a multi-machine grid.
The SSSC is one of the main kind of FACTS family. It
can be mounted in the transmission lines in series. By
changing in reactance characteristic, SSSC is effective
for controlling power flow in a power system [23] and
[24].
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Fig. 1: Classification of the FACTS devices.

A developed multi-objective optimization method to
design an SSSC-based controller to performance im-
provements of a network is proposed in [25]. The solu-
tion method based on Genetic Algorithm (GA) is ap-
plied for generating a Pareto collection of global opti-
mal solutions to the granted multi-objective optimiza-
tion problem. The effects of different control modes of
the SSSC on two kinds stability in a simple power sys-
tem based on modal analysis is presented in [26], which
compares the effectiveness of active power and current
magnitudes in a transmission line as a nomination for
the input signal in the power oscillation damping con-
troller. The nonlinear constrained optimization tech-
nique and location index proposed for the SSSC based
on a circuit similarity of the electromech-anical system
is presented in [27] and a path independent structure
keeping energy function technique is derived for the
SSSC. In [28], in order to improve the network stability,
a hybrid PSO and gravitational search method is used
for designing a coordination structure composed of the
SSSC and PSS. The impact of the constant quadrature
voltage and constant reactance modes of the SSSC on
the synchronizing torque, damping torque and tran-
sient stability limit of a radial grid is shown in [29].

The PSO technique and genetic algorithms have at-
tracted significant attention between different mod-

controlled phase shifter
(TCPS)

ISR S S

ern heuristic optimization methods. Compare the two
types of optimization methods contains the PSO and
the GA for controller design to increase grid stability
is presented in [30]. For optimal sizing and stay on of
STATCOM and minimize the changes of buses voltage
in a grid, an improved PSO is proposed in [31], where
a multi-bus power system is used as a case to show the
method. To set the parameters and determine the op-
timum location a stochastic technique using the PSO
in a multi-machine grid, shown in [32], which by min-
imizing the objective function, increased small signal
stability. A lead-lag controller for the SVC to reduce
oscillations in the grid, which the use of GA optimiza-
tion method for solving optimization problems and set
PSS optimal parameters and supplementary controller,
is proposed in [33].

In the application of PSO algorithm, there is a spe-
cial regulation type called the ATWPSO algorithm [34].
This is based on the swarm population and a compet-
itive and cooperative interaction can move toward the
optimal solution. In contrast to the other heuristic
methods, the ATIWPSO algorithm has high flexibility
and balanced mechanism for the local and global re-
search. Rapid and easy calculations, simple implemen-
tation and fast convergence are some good aspects of
this algorithm. Moreover, less storage memory is re-
quired in the optimization process [35].
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In this paper, AIWPSO is proposed to adjust the
utilized lead-lag SSSC controller for improving the grid
transient stability. The performances of the proposed
technique are evaluated under various operating states
for both single-machine infinite-bus and multi-machine
grid. Achievement show that the AIWPSO is able
to find the best solution with statistical importance
and better convergence. Also, the proposed algorithm
has better performance in adjusting control parame-
ters and better damping of network oscillation than
the genetic algorithm [36].

2. Power System Model

The SSSC is connected in series with a network. It in-
jects a voltage source in series with each line (Fig. .
The nominal power of the generator is 1900 MVA in-
cluding a turbine for rotating the generator and the
governor. The exciting system consists of an automatic
voltage regulator system. The generator is supposed to
supply the power system at the nominal voltage level of
15.7 kV. Also, the consumer is fed by a 15.7 kV /500 kV
transformer (T). As mentioned before, the SSSC is one
of the main series compensators in the new grids. A
Voltage Source Converter (VSC) is used to inject a vari-
able and sinusoidal voltage (Vs) to the line [37]. In the
SSSC, voltage amplitude and angle can be adjusted.
There exist 90-degree difference between the injected

voltage and current of the line.
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Fig. 2: Single-machine infinite-bus with SSSC.

In the SSSC circuit, a large portion of the injected
voltage that is quadrature with the line current is uti-
lized to improve the capacitive or inductive reactance
of the transmission line. Therefore, the SSSC uses a
virtual Voltage Source (VS) to control the line power
flow by the management of the capacitive and inductive
reactance of the line independently. The Vs set-point
is adjusted through VSC in the secondary side of the
connecting transformer. The compensation level can
be controlled by dynamical change of the magnitude
and direction of Vs both in the inductive and capaci-
tive control modes [38] and [39]. In this study, Insu-
lated Gate Bipolar Transistor (IGBT) and Pulse Width
Modulation (PWM) technique are used for VSC opera-
tion. A constant voltage source which usually is a large
capacitor will supply the required AC voltage. By the

conversion of this AC voltage to a specific voltage level,
the line power flow is controlled.

3. Proposed Technique

3.1. SSSC Controller Structure

The input and output signals of the proposed SSSC
controller are the rotor angle deviation (A¢) and the
injected voltage Vs as shown in Fig. |3| respectively.

AS > Kp > Kus |
1+ Tys
gain block washout block
L 1+ T8 p| 1+ T5s
1+ szs 1+ T4ps

two-stage lead-lag block

L VS max
_/— > AV,

smin

limiter

Fig. 3: Block diagram of SSSC-based controller.

Other parts of the controller are: gain block (K,),
washout block and phase compensation blocks. The
phase com-pensation (time constants Tip, Top and
Tsp, Ty4p) provides the suitable phase-lead character-
istics to compensate the phase lag between the input
signal and the output signal [40]. The value of washout
time constant (TW) is not critical. It may be in the
range 1-20 sec. The accurate adjustment of the con-
troller parameters is so effective to damp the transient
oscillations of the grid in the fault situations.

3.2.  Objective Function

Optimization

The optimal design of the SSSC controller will improve
the stability of the grid. In order to have a criterion
for comparison, a suitable objective function should be
introduced and used during the optimization process.
When a disturbance happens in the grid, the total net-
work will experience the variation. This variation can
be in any of the parameters of the power system. The
variations of the speed, rotor angle and power flow can
be lonely or altogether be considered as the goal func-
tion to be minimized. The minimization of Integral
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Amplitude Error (IAE) which is, in fact, the rotor an-
gle deviation and rotor speed deviation is the main
objective of this study.

M_Z/tlt|A6(t,X)dt,
0
H= Z/ t|Aw(t, X)| dt, (2)

where M and H are the objective function of the
single-machine system and multi-machine system, re-
spectively. X is the optimization parameters of the
controller (Kp, T1p, Top, T5p, Typ), and t; is the time
of simulation. To evaluate the objective function, sim-
ulation of the power system must be done during the
simulation time. Then, by using settling time, the over-
shoot value and also giving weight to each of these vari-
ables, the objective function is calculated. The goal can
be formulated as the minimization of multi-objective
function H given by:

(1)

Minimum M & H, H = (H,, Hs, ...). 3)
The limit constraints on SSSC controller variables
are given by:

K" < K, < K, (4)

()

The traditional methods for adjusting the SSSC con-
troller parameters cannot give the optimal value and
their perf-ormances mainly depend on trial and error
indication. In the new modern methods based on the
evolutionary algorithms, the optimization process is
based on the simulation time and the objective func-
tion value. In this paper, the AIWPSO approach is
used in comparison with the other evolutionary algo-
rithm such as the genetic algorithm. It is shown that
AIWPSO is much more accurate and fast.

T < Ty < T i=1,2,3,4.

4. AIWPSO Algorithm

The ATWPSO is a modified version of the classical PSO
[41] and a stochastic optimization algorithm. There-
fore, its high ability in solving complex numerical prob-
lems has gained much popularity. This algorithm in-
stead of inspiring by the evolutionary mechanisms is
inspired by the social behaviors of some animals such
as fish and birds. The behavior of each swarm is
based on some social rules such as velocity coordination
with the near particles and acceleration rate depend-
ing on the distance, generally the main characteristics
of the intelligent. Particles are compatibility, diver-
sity of response, nearness, good quality and stability.
This algorithm has a population consisting of vector

X = (Xi1, X2, X;3) with N particles. Each element of
the vector X is a parameter of the SSSC controller. In
the beginning, the population is in-itialed randomly.
During the optimization, the particles are moved to-
ward the optimal solution of the investigated problem.
The position of each particle is shown by vector X
and its value is determined by the objective function.
During the optimization process, the best experience
of each particle and its position are stored. The best
experience for the i-th particle is Pyest; and its posi-
tion is Xpest,i- Accordingly, the best global value and
position among the population are shown by Xgpest s
and Xpeqt,; respectively. The velocity and position of
each particle in each movement are updated as follows:

Vit +1) =
=w- V( )+ rlClrcmdl(Xpbest i
Jr?”zczrandz(ngest,z‘ -

— X))+ (6)

Xi(2),

Xi(t+1) = Xi(t) + Vit + 1), (7)
where w is the inertia weighting factor, C; and Cy are
the acceleration factors. In order to make the nature of
the movement randomly, C; and Cs are multiplied by
the random variables r; and ro. Usually, a low w leads
to a fast convergence to a locally optimal solution when
high values may deprive the algorithm of convergence.
In the ATIWPSO, during the optimization process, w
changes linearly from one to zero as shown below:

(wmax - wmin)Ranki
W = Wmin + y

= (%)
where Rank; is the position of the i-th particle when
they are ordered based on their particle best fitness,
K is the number of particles, and wpyi, and wWmax
are the minimum and maximum values of the iner-
tia weight respectively. In the velocity Eq. @, the
portion 7 Cirandy (Xppest,1 — Xi(t)) is related to the
personal experience of the particles when the portion
roCorands (X gpest,i — X;(t)) is related to the interac-
tive influence among the particles. In fact, the portion
roCorands (X gpest,i — Xi(t)) indicates that the parti-
cles should neglect their personal experience and adapt
their behaviors with the most successful particle in the
neighborhood. According to Eq. , the updating ve-
locity of the particles consists of three parts: the first
part indicates the particles’ velocity, the second part
shows the personal experience and the third part shows
the interactive behavior of the particles [42] and [43].
Referring to Eq. it can be found that the best posi-
tion of the particles happen with Pycs; ;. If any updated
velocity goes beyond Viyax, it is limited to Vi,ax using
Eq. @

V(1) = sign(V;(t+1)) -min(| 7

i+ 1), Vimax)- (9)

If the velocity becomes more than this value, Vi ax is
assigned to it. If the velocity becomes fewer than Vi,
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Vinin is assigned to it. Thus:

Umin < Vit +1) < Umax. (10)

In this situation, the particle will remain in a specific
part of the inertia weight 2. Here, it is supposed that
w will change linearly from 0.4 to 0.9. The flowchart
of the proposed algorithm for the adjustment of the
parameters is shown in Fig.[d] In order to gain a rapid
convergence rate for the proposed method as well as to
find the accurate optimal solutions, the values used for
the algorithm are shown in Tab. The initial popu-
lation can be chosen randomly and the proposed algo-
rithm will move toward the optimal solutions accord-
ing to the pre-determined number of populations un-
til the termination criterion is satisfied. It can be the
maximum of generation number, the objective function
value and the mean value of the population.

Tab. 1: Parameters used in AIWPSO.

Parameters Values

Generations number 50
Swarms number 4
Particles number 50
Cq 2
Cao 2

Wmin 0.3

Wmax 0.95

5. Simulation Results and
Discussion

The simulations are implemented in the MATLAB soft-
ware environment. In the stability analysis of the grid,
the base frequencies are 50 and 60 Hz which here 60 Hz
is selected [44]. Also, this paper uses phasor method
and the base frequency in the simulations. The values
of the transmission system, generator and SSSC are
given in Tab. 2] In order to compare the effectiveness
of the proposed approach, the simulations are done in
different statuses. Here, the three-phase short circuit
error with the ground is investigated. The disturbances
are applied at t = 1 s. The main purpose is to stabilize
the network by the use of the proposed algorithm as
well as the AIWPSO algorithm.

5.1. SMIB Power System

The SSSC is a solid state VSC which can generate a
controllable AC voltage. This device is in series with
the line so that inject a variable voltage Vs to the trans-
mission line. This process can indirectly change the
line impedance and the power flow direction. The in-
jected voltage (Vs) phase has 7/2 degree difference with
the line current phase; by changing the polarity of Vs, a

The initial values of parameters
PSO: C1, C2, w, Generation

Limitation Evaluation &
Particles Repairing according
to equation (6)

v

Randomly Generate the positions
and velocities of particles

v

Calculate the objective function fitness to
using of Esq: (4) for single machine and
(5) for multi machine of each particles

y

Initialize, Pbest with a copy of the
position for particles, determine Gbest

r

Update velocities using Eq. (7)

v

Update positions using Eq. (8)

L]

Update inertia weight using Eq. (9)

v

Evaluate the fitness of each particle using of
Egs: (4), (5), (6)

v

Update Pbest and Gbest

atisfy for stopping
condition

Last Gbest position of particles is optimal
value of the SSSC controller parameters

Fig. 4: Schematic representation of AIWPSO optimization ap-
proach.
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Tab. 2: System parameters and initial conditions.

Power system Content Parameters
Sn = 1900 MVA, V =15.7 kV, X4 = 1.305, Xq = 0.474, X/, = 0.296,
Generator Xy =0.18, X = 0.252, Rs = 0.003, f= 60 Hz, Tq = 1.01 s,
T/, = 0.053 s, T;O =0.1s, H=3.7s
Single-machine Excitation System Ka =200, T, = 0.001 s, Ke =1, Ky = 0.001
900 MVA, 15.7/500 kV, 60 Hz, R1 = R2 = 0.0027, L; = Ly = 0.08,
Transformer
Rm = Lm = 500
Lines Length of linel=line 2 = 250 Km, R = 0.02546 W-Km 1,
L = 0.0009337 H-Km~!, C = 12.74¢"9 F-Km~!
9S50 Sn =100 MVA, V,, =500 KV, R = 0.00533, L = 0.16, VDC = 40 KV,
Ky, = 0.00375, K; = 0.1875
Load Load 1 = 100 MW, Load 2 = 50 MW
S1 = 1200 MVA, S5 = 1600 MVA, V= 15.7 kV, f — 60 Oz, Tq = 1.01 s,
Generators TJ =0.053 s, T;O =0.1s, Rg = 0.003, Xq = 1.305, X/; = 0.296,
) ) X' = 0.252, Xq = 0.474, X', = 0.18, H= 3.7 s
Multi-machine Tramet ST =T300 MVA, S, = 1600 MVA, 15.7/500 KV, R, = R = 0.0027,
ansiormer Li =Ly = 0.12, R = Ly = 500
Length of linel = line 2 = 250 Km, Length of line 3 = 50 Km,
Lines Length of line 4 = 15 Km, R= 0.02546 W-Km~!, L. = 0.0009337 H-Km~1!,
C = 12.74¢"9 F/Km
Loads Load 1 = 100 MW, Load 2 = 50 MW,
Load 3 = Load 4 = Load 5 = Load 6 = Load 7 = 150 MW, 75 MVAR

capacitive or inductive reactance can be applied to the
line [45]. For the optimization of the objective function
of Fig. [l the AIWPSO algorithm is employed.

The objective function in the disturbance status is
evaluated for each particle in the population. In order
to have a suitable speed and convergence, the accept-
able range for each parameter should be determined. In
this end first finding population should be evaluated in
a wide range of variation and then by the acceptable
goal function, the acceptable range of each parameter
is dete-r-mined. The best optimal values for the SSSC
controller are found in 100 iterations which as shown in
Tab. [3] The optimal values are found by AIWPSO al-
gorithm for three-phase fault. In order to demonstrate
the ability and accuracy of the proposed method, the
power system with the obtained values for the SSSC
controller is examined in different disturbances. To
demonstrate the suitable effectiveness of the approach,
different cases are shown as following:

e Faulted power system without the controller.

e Power system with controller and adjusted param-
eters GA.

e Power system with controller and adjusted param-

eters by AIWPSO.

1) Three-Phase Fault Between Bus 1 and
Bus 3 at Point A (Nominal Condition)

The simulation results for the three-phase fault
between the buses 1 and 3 at the point A and middle

of one of the parallel lines in the nominal loading are
shown in Fig. |5| over 5 cycles (Pe = 0.78). Fig.
shows the speed devia-tion in pu. Figure shows
the rotor angle in degree and Fig. shows the in-
jected voltage to the SSSC. Figureshows the phase
voltage V; near the generator in pu and Fig. shows
the power of the system buses. For a transient distur-
bance in the system, the rotor speed and angle varia-
tions increase such that the voltage level in the near
buses reduces; it means a voltage collapse has hap-
pened. In order to compensate this voltage collapse,
the SSSC controller detects the instability of the grid
by the use of the rotor angle feedback. According to
the instability, severity the required signal is applied to
the SSSC exciter shown in Fig.

It is seen that the most variations have happened
with the controller, the rotor angle has moved from
0 = 70.16° to 6 = 81.502° in the first oscillation. When
an ATWPSO controller is used in the first variation, it
reaches to § = 79.063°. Also, by using AIWPSO al-
gorithm, oscillation and time damping have been de-
creased in comparison to GA.

Tab. 3: Optimal parameter setting controller for SMIB.

Paramegesrscé)ntroller ATWPSO GA Range
Kp 67.1940 76.3128 20-80
Tip 0.8329 0.9059 0.01-1
Top 0.2545 0.4396 0.01-1
Tsp 0.6456 0.889 0.01-1
Typ 0.8872 0.9107 0.01-1
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Fig. 5: Simulation results for case I (Three-phase fault between busl and bus 3 at point A and nominal loading).
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Fig. 6: Simulation results for case II (Three-phase fault at Ly line and light loading condition).

2) Three-Phase Fault at L; Line (Light

Loading Condition)

In order to demonstrate the capability of the proposed
controller, a three-phase fault over 5 cycles at the point
A is in L; line for light loading is simulated. The
generator rotor angle, speed deviation and the active
power of the phase are shown in Fig. [f] The genera-
tor is at first at the operating point of § = 34.7° and
Pe = 0.6 pu and after the fault, its angle reaches § =
51.81° with ATWPSO controller and § = 52.63° with
GA controller. It can be deduced from these figures
that the system oscillation can be damped quickly. The
oscillation is improved using approach AIWPSO versus
to genetic algorithm. The reason is that the SSSC has
changed the reactance of the line by injection of Vs

(©2018 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

to the system. So the power flow direction has been
changed.

Three-Phase Fault Between the Buses 3
and 4 at Point B

3)

The simulation results using the proposed method is
shown in Fig. [ Here, a three-phase fault to ground
at 83 ms for the heavy loading at point B happens.
It as seen the rotor angle has started from § = 82°,
Pe = 1.04 pu and reached the maximum value of
0 = 101.02° using ATWPSO controller. When the an-
gle variation for this case is more than the other cases,
the dynamic stability of the system is largely improved
by the proposed controller.
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Fig. 7: Simulation results for case III (Three-phase fault be-

: Fig. 8: Power system oscillation under unbalanced faults.
tween the buses 3 and 4 at point B).

4) Unbalanced Faults Disturbance
0.026 . : : :

Here the behavior of the proposed controller for the un- AIWPSO

balanced fault (double line to ground, line to ground 0.025 -W TToeA 1
and line to line) during 83 ms between buses 1 and 3 is BE

. . R 0.0241 | « .
investigated. The system oscillation under unbalanced 5 '

disturbances is shown in Fig. This case indicates 8 ;551 N . |
the system response without the controller in the sta- < e — - o
tus of line to line fault. The simulation results show 3 o.022f 1
that following the L-L fault, the system with no con- §‘

troller becomes unstable and as such the disturbance 0.021 ]
is controllable. By utilization of the SSSC with the

proposed controller, any fault in power system is con- 0.02¢ ’

trollable and by using disturbance control, the system 0,019 )

is stable. 0 20 40 60 80 100
Number of iteration

In Fig. [0} the objective function with ATWPSO and
genetics algorithms respectively converges to 0.0193 Fig. 9: Convergence of the objective function for gyest-
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Fig. 11: Results of simulation for multi-machine network.
and 0.0226 for gbest. As a result, AIWPSO algorithm, tion is better and therefore gbest of the ATIWPSO al-

in comparison to GA in minimizing the objective func- gorithm is also better.
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5.2.  Multi-Machine Power System

In this part, the proposed controller for the SSSC is
expanded to the multi-machine case. The case study is
a two-machine grid with 9 buses (Fig. . The system
consists of 2 generators with power 1200 MVA and 1600
MVA, a large 750 MW and 75 MVAR load at bus 2 and
some small loads. After the fault in the system, both
generators oscillate and the SSSC is used to improve
the network stability. The SSSC parameters for the 2-
machine system are shown in Tab.[4] Three-phase fault
occurs on one of the parallel lines between the buses 1
and 3 occurring over 5 cycles. The simulation results
are shown in Fig. They indicate that the system
is capable to damp the oscillations in short time after

the fault. The diagram shows the power system with
and without AIWPSO controller of the SSSC.

Tab. 4: Optimal parameter setting of the propositional con-
troller for multi-machine.

Parametsesrscc(:)ntroller AITWPSO GA Range
Kp 66.8 76.0128 20-80
Tip 0.9021 0.9238 0.01-1
Top 0.4236 0.7665 0.01-1
Tsp 0.1470 0.4071 0.01-1
Typ 0.9325 0.9637 0.01-1

6. Conclusion

In this paper, the grid transient stability promotion
through the SSSC controller was discussed and inves-
tigated for power systems. The new ATWPSO algo-
rithm was used to find the optimal amounts of the
SSSC controller. The investigated problem, as well as
the objective function, was formulated precisely. The
satisfying performance of the proposed method was ob-
tained in different cases and the achievements were
compared to each other. It was seen that the rotor
angle in the first oscillation is large and its maximum
value happens in case 3. The oscillation improved
when approach AIWPSO is applied. Also, the pro-
posed method was applied to both single-machine and
multi-machine systems and it was found that the sug-
gested controller can sufficiently damp the oscillations
of both systems.
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