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Power systems are expanding comprehensively with the increase in load demand
from both residential and industrial usage. Renewable energy is penetrating the
power system to satisfy the power needs of the load demand. With its potential to
generate power and compensate for a large portion of the load demand, wind
generators make a major renewable power contribution. Power oscillations
inherent in wind generator integration with the grid are a power quality issue to
be addressed. Oscillation damping using flexible AC transmission system (FACTS)
devices is a relevant solution for the power quality issue. There are multiple reasons
for power oscillation. Mainly, power systems encounter fault conditions. The faults
can be cleared, and the power system tries to retain stability. Sometimes, the system
fails due to a longer settling time. A series-connected FACTS device utilized as a
series compensator is referred to as a static synchronous series compensator
(SSSC). Controlling the flow of electricity over a transmission line using this
method is incredibly efficient. The capacity to switch between a capacitive and
an inductive reactance characteristic is necessary. The SSSC regulates the flow of
power in transmission lines to which it is linked by adjusting both the magnitude of
the injected voltage and the phase angle of the injected voltage in series with the
transmission line. This allows the SSSC to manage the power flow in the
transmission lines. It does it by inserting a voltage that can be controlled into a
transmission line in series with the fundamental frequency. This paper develops the
optimally tuned SSSC in the wind-integrated grid system to dampen the oscillation.
Teacher–learner-based optimization (TLBO) and gray wolf optimization (GWO)
algorithms are used to tune the PI controller to improve the damping response. The
obtained results show that the damping performance of the proposed controller is
better than that of the other traditional controllers.
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Introduction

The generation of electricity has been almost entirely dependent on fossil fuels, which are a
contributing factor to climate change. Many attempts are being made to incorporate renewable
energy sources (RES) into the power system to supplant the traditional fuels that are currently
used for generation of electricity (Poultangari et al., 2012). One of these renewable energy sources
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is wind energy, which, compared to fossil fuels, is both abundant and
affordable (Osman et al., 2015). Controlling the pitch angle is one of the
control strategies used in wind turbines. It is utilized to achieve the goals
of controlling the output power and lowering the loading on the wind
turbine components. The PI controller, hydraulic or servo motor, and
rate limiter comprise the bulk of its constituent parts. Recent years have
seen the implementation of several controllers, including the fuzzy logic
controller (FLC), the programmable logic controller (PLC), the
maximum point power tracker (MPPT), and the adaptive controller
(Burakov and Shishlakov, 2017; Yang et al., 2017). In contrast to the PI
controllers, however, these controllers are not only difficult to use but
are also expensive. Consequently, PI controllers continue to have a
variety of uses in the wind power industry. Finding the gains that are
best suited for the PI controller is a challenge. In Civelek et al. (2016), an
improved genetic algorithm (IGA) was used to fine-tune the gains of a
proportional integral derivative (PID) controller. Compared to the
Zeigler and GA tuning methods, the outcome produced by the IGA
tuning method is superior.

The gains of the PID controller in the blade pitch angle control
were optimized with the help of the PSO algorithm, which increased
the amount of power that the variable speed wind turbine was able to
produce. Consequently, a larger quantity of power was produced. A
considerable performance improvement was observed by switching
from the GA tuning strategy to the PSO tuning method. Due to the
low efficiency and also the challenges in managing the generator
speed of the fixed-speed wind turbines, the variable-speed wind
turbines were studied as an alternative to the fixed-speed wind
turbines. Regulation of the pitch angle fuzzy is explained in Civelek
(2019). Employing PSO to achieve better pitch control is reported in
Zahra et al. (2017). The optimization of the PMSG wind turbine grid
control is accomplished with the assistance of gray wolf optimizers
(Qais et al., 2018) and whale optimization described in Mohamed A
and Haridy (2019). Soued et al. (2017) discussed many different
metaheuristic optimizers.

Variable-speed wind turbines are more durable, straightforward
in construction, and have lower maintenance costs. The PSO tuning
approach offers the benefit of rapid convergence, but the GA tuning
method is well-accepted due to its high level of accuracy.
Nevertheless, the PSO has the potential to converge on a local
optimum solution. Additionally, the tuning of the GA can converge
too soon, leading to local optimality.

The following is a brief overview of some of the most recent
papers written about wind turbines. Choi et al. (2016) made a few
suggestions for hybrid power generation. The technical document
is beneficial in gaining a grasp of the operation of the wind turbine
(Wwd- and Wwd, 2019). A review of hybrid wind–solar energy
systems is presented in Sinha and Chandel (2015), which makes
use of several optimization strategies. Syahputra et al. (2014)
suggested the idea of harnessing wind energy for power
generation on the distribution side of the system. A discussion
of the Simulink model can be found in Costea et al. (2015). Naik
and Gupta (2016) and Ou et al. (2017) provided additional
information about the fluctuation of power and the transient
study analysis. Bektache and Boukhezzar (2018) discussed
optimal power capture, and Naresh and Tripathi (2018)
discussed optimal power capture as a hardware solution that
uses FPGA. A Java algorithm is utilized in Annamraju and
Nandiraju (2019), a fuzzy logic controller is utilized in Duong

et al. (2015), an electro-search optimizer is utilized in Dahab et al.
(2020), a social search algorithm is utilized in Mohapatra et al.
(2019), whale optimization is utilized in Khadanga et al. (2019),
gray wolf optimization is utilized in Padhy and Panda (2021), and
TLBO is utilized in Pahadasingh (2021) to study stability.
However, these algorithms are not widely used in the
generation of wind power utilizing doubly fed induction
generators (DFIGs) and for power oscillation damping, which is
the most important issue.

The integration of wind power generation into the electricity system
is done to enhance the power available on the distribution side of the
system. The power is disrupted due to wind turbulence. One of the
effective series flexible AC transmission systems (FACTS) for increasing
the stability of the power system is the static synchronous compensator
(SSSC).Whenmanaging the injected voltage, the SSSCmakes use of the
PI controller. Due to the size of the system, PI controller tuning is not a
task that can be performed by SSSC controllers. Therefore, the meta-
heuristic approach is utilized to modify the PI controller. In this present
study, the tuning of the PI controller, which is intended to increase the
response, uses the teacher and learner (TLBO) and gray wolf
optimization (GWO) algorithms.

Methodology

Figure 1 depicts the planned organizational structure of the
proposed system in terms of blocks. In this configuration, the step-
up transformer is connected to the DFIG wind generator and the point
of common connection (PCC), which is then coupled to the PCC. Then
it is wired to the grid using two transmission lines. DFIG causes more
oscillations because of the fault in the transmission line system, and
eventually, it settles down. The proposed SSSC and associated control
will need to dampen these oscillations to be effective.

SSSC modeling

The components of the series injected voltage for the aforementioned
two components are expressed by the following equations:

Vdse � ncKinvVdcsssc cos αse, (1)
Vqse � ncKinvVdcsssc sin αse, (2)

where
nc—ratio of the coupling transformer
Vdcsssc—Dclink voltage
αse—Series-injected phase angle
Kinv—Is a constant to convert the DC to AC using an inverter.
The real (P) and reactive (Q) flows are given as follows:

P � VsVr

XL
sin δs − δr( ) � V2

XL
sin δ, (3)

Q � VsVr

XL
1 − cos δs − δr( )( ) � V2

XL
sin δ, (4)

where VS and Vr are the magnitudes, and δs and δr are the phase
angles of the voltage sources VS and Vr, respectively. For simplicity,
the voltage magnitudes are chosen such that Vs � Vr � V, and the
difference between the phase angle is δs � δr � δ.
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Pq � V2

Xeff
sin δ � V2

Xl 1 − Xq

Xl
( ) sin δ. (5)

Q � V2

Xeff
1 − cos δ( )( ) � V2

Xl 1 − Xq

Xl
( )

⎧⎪⎪⎨⎪⎪⎩
⎫⎪⎪⎬⎪⎪⎭ sin δ. (6)

Figure 2 shows the details of the SSSC system. It has capacitors as
a storage element, and a converter used is the inverter. The
transformer is connected in series. The DC link is connected to
the converter, and the three-phase end of the converter is connected
to the transformer end. The S1 to S6 switches in the converter are
controlled as shown in Figure 3.

Figure 3 shows the control system of the SSSC. The minimum
voltage requirement at the DC link (Vdcmin) is compared to the DC

voltage (Vdc) that is measured. This error generated is connected to
the PI controller. The PI controller is tuned with TLBO/GWO. This
PI controller output is connected to another comparator. Then, the
output is compared with the reference voltage (Vref). This output is

FIGURE 1
Block diagram of the proposed system.

FIGURE 2
Detailed system model of an SSSC without a control.

FIGURE 3
Detailed SSSC control system.

FIGURE 4
Operational diagram for tuning the controller.
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again connected to another comparator. The point of common
coupling voltage (Vpcc)magnitude is compared with this error, and
the desired converter alpha angle is determined. This alpha angle is
sent to the pulse width modulation (PWM) system. S1 to S6 are the
PWM signals, which are connected to the SSSC block as shown in
Figure 2.

Objective function

As shown in Figure 3, the PI controller must be tuned using an
objective function. This objective function (Figure 4) must be
minimized by selecting optimal kp and ki parameters. Eq. 7 is
the objective function. Eqs 8, 9 are constraints.

Minimizing voltage settling time

∑n

i�1Ts. (7)
With respect to constraints

Kpmin ≤Kp ≤Kpmax . (8)
Kimin ≤Ki ≤Kimax . (9)

where Ts—settling time,

FIGURE 5
Proposed TLBO-based tuning procedure.

FIGURE 6
Proposed GWO-based tuning procedure flow chart.

Frontiers in Energy Research frontiersin.org04

Ramalingegowda and Rudramoorthy 10.3389/fenrg.2023.1125408

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1125408


Kpmin—minimum proportional gain
Kpmax—maximum proportional gain
Kimin—minimum integral gain
Kimax—maximum integral gain
The values are obtained by experience while using the PI

controller. The problem is formulated using the aforementioned
objectives and constraints.

Teacher-learner-based optimization (TLBO)
The optimization techniques used in the present research work

are based on the TLBO algorithm, and the steps are presented along
with the flow chart (Figure 5).

Step 1: The TLBO algorithm is initialized with the random
values of the initial group of Kp and Ki values

Step 2: The Kp and Ki from Step 1 are used in the simulation,
and the fitness function is identified.

Step 3: In the group of Kp and Ki values, the values that give
lesser fitness are selected.

Step 4: The new Kp and Ki values are calculated using the
formula given in the TLBO algorithm, and the fitness is found for
new Kp and Ki values.

Step 5: If the new Kp and Ki values give lesser fitness, then
replace the best values with the new Kp and Ki values.

Step 6: Else, reject the new Kp and Ki values, go to Step 2, and
repeat till the end of the final iteration.

The TLBO algorithm is inspired by the process of teaching
and learning in a classroom. The algorithm outlines the two
fundamental ways that learning might occur: Through
instruction from an instructor, which is called the teaching

phase, and through collaboration with other students, which
is called learning. The procedure and the flow chart are
explained previously.

Gray wolf optimization (GWO)
The second optimization technique used is GWO. The steps

involved in the implementation are shown as a flowchart (Figure 6)
with a brief description in this section. Here, the wolf is the
Kp and Ki values. “Position” means in which the position of
the array vector within the group of wolves the Kp and Ki
values are placed.

Step 1: Randomly initialize the gray wolf Kp and Ki values for N
wolves Yi (i = 1, 2, . . ., n)

Step 2: Find the fit value to reduce the settling time for each
individual.

Sort the wolves based on fitness. The three best solutions are
named alpha_wolf, beta_wolf, and gamma_wolf.

Alpha_wolf—least fit wolf.
Beta_wolf—second least fit wolf.
Gamma_wolf—third least fit wolf.
Step 3: Do for maximum iteration:
Find the wolf constant “a:”

a � 2 p 1 − Iter

maxiter
( ).

Do for each wolf till N:

ACalculate the wolf constants Aa1, Aa2, Aa3, Bb1, Bb2, and Bb3,
such that

FIGURE 7
PI controller results after connecting the SSSC.
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Aa1 = a*(2*r1 − 1).
Aa2 = a*(2*r2 − 1).
Aa3 = a*(2*r3 − 1).
Bb1 = 2*r1.

Bb2 = 2*r2.
Bb3 = 2*r.

BCalculate Xx1, Xx2, and Xx3, such that

FIGURE 8
TLBO-PI controller results after connecting the SSSC.

FIGURE 9
GWO-PI controller results after connecting the SSSC.
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Xx1 = Aa1*abs (Bb1* position of alpha_wolf—ith position of
wolf).

Xx2 = Aa2*abs (Bb2*position of beta_wolf—ith position of
wolf).

Xx3 = Aa3*abs (C3*position of gamma_wolf—ith wolf
position).

CCompute a new solution and its fitness:

Xnew = (Xx1 + Xx2 + Xx3)/3
Fitnew = fitness (Xnew).

D Update the ith wolf greedily:

if the fitnew is less than the ith fitness,

ith wolf position = Xxnew
ith wolf fitness = fitnew
End-for
Find the new values of alpha_wolf, beta_wolf, and gamma_wolf.
Based on the fit value, sort the wolves.
Update with the new value.
Alpha_wolf—least fit wolf.
Beta_wolf—second least fit wolf.
Gamma_wolf—third least fit wolf.
End the for loop.
Step 4: Send the final best wolf.

Results and discussion

The SSSC is connected according to the proposed block diagram
shown in Figure 1. The fault is created at the time 1.5 s and released
at 1.6 s. The SSSC is connected in the circuit at 0.3 s.

Here, three cases are studied.

Case 1: With the PI controller

Case 2: With TLBO-PI

Case 3: With GWO-PI
Case 1 uses the PI controller in place of the SSSC control. The

Case 2 Kp and Ki parameters are tuned using the TLBO algorithm.
Then in Case 3, the GWO algorithm is used to tune the PI controller.

The setup and the system are common for all three cases. The
results of voltage injection from SSSC (Vinj), the current through the
SSSC (Iabc), the reference voltage of SSSC (Vref) and the injected
voltage (Mag_inj), the DC voltage measured at the DC link (Vdc),
the real power flow and reactive power flow of the power (P
L1 L2 L3 and Q L1 L2 L3) are depicted as results for each case.
Vinj is the voltage that must be injected when the SSSC is connected
at 0.3 s. The current through the SSSC has a phase variation from the
voltage of the power system. The magnitude of the Vinj is measured
separately and shown as Mag_inj. Then, the SSSC has the DC link as

FIGURE 10
Comparison of the measured voltage amplitude of the SSSC injected voltage.

TABLE 1 Kp and Ki values.

Parameter PI TLBO-PI GWO-PI

Kp value 0.77619 0.44402 0.41577

Ki value 2.4481 2.402 2.4843

The bold value shows better results.

TABLE 2 Comparative study of waveform properties while using PI, TLBO-PI,
and GWO-PI.

Parameter PI TLBO-PI GWO-PI

Rise time (s) 0.77619 0.44402 0.41577

Settling time (s) 2.4481 2.402 2.4843

Settling min 0.022728 0.031118 0.008088

Settling max 0.09319 0.098543 0.066098

Overshoot % 89.511 94.518 30.597

Peak 0.09319 0.098543 0.66098

Peak time (s) 0.86569 1.5184 1.5359

The bold value shows better results.
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the capacitor voltage. This voltage should be maintained to get
compensation from the SSSC. There are three lines of real and
reactive power available in the system labeled P_L1 and Q_L1, P_
L2 and Q_L2, and P_L3 and Q_L1.

The SSSC is designed for 10% of injection voltage. The set point
of the voltage of SSSC of 0.05 pu is set as the DC link voltage
reference. Figure 7 shows the results of PI, Figure 8 shows the results
of TLBO-PI, and Figure 9 shows the results of GWO-PI. It can be
seen that the Mag_inj takes a very long time to respond, and the
oscillations are more in the waveform. This oscillation is also
reflected in the other waveforms.

All three methods follow the reference voltage set. However, PI
is more oscillatory than TLBO-PI and GWO-PI. The final results
show that the settling time is better when using TLBO and GWO
than when using PI, while the overshoot is less in GWO than in
TLBO. The improvements result in faster stability in the power
system, as shown in Figure 10.

Table 1 shows the Kp and Ki values. Here, Table 2 shows the rise
time, settling time, minimum and maximum values of settling time,
percentage of overshoot, peak value, and the time taken to reach the
peak values. The settling time shows that TLBO-PI has a smaller
value of 2.402 s, while the PI and GWO-PI take longer to settle. The
overshoot value shows 30.597%, which is less than PI and GWO-PI.
The peak value of the error is smaller in the PI controller, where the
TLBO-PI is slightly higher than the PI and very high in GWO-PI.
The research objective is to minimize the settling time, which
improves the stability of the system considered. The settling time
is less when using the TLBO-PI controller than in other cases. The
tendency to reach a peak value is also smaller. However, the
percentage of overshoot is less in GWO-PI. Therefore, the
TLBO-PI performs better in this study. In addition, the
oscillations are smaller, as depicted in Figure 10.

Conclusion

To increase power on the system’s distribution side, wind power
generation is connected to the power grid. The power is disrupted by
this wind’s increased disruptions. One of the successful series

FACTS for enhancing power system stability is the static
synchronous compensator (SSSC). The injected voltage is
controlled by the SSSC using a PI controller. Due to the size of
the system, SSSC controllers cannot handle this PI controller setting.
Therefore, the PI controller is tuned using a meta-heuristic method.
This study uses the TLBO and GWO algorithms to tune the PI
controller. Improved PI-controller tuning results are shown with the
TLBO and GWO. TLBO reduces the settling time by 1.88%, along
with a reduction in the peak value of voltage set by the SSSC. The
validity of tuning the PI controller and the oscillations is established.
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