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Abstract
An approach is proposed in this paper to coordinate the power system stabilizer and static synchronous compensator with 
additional power oscillation damping controller (STATCOM-POD) in the wind-thermal-bundled (WTB) transmission sys-
tem. An improved salp swarm algorithm is proposed. Adaptive weight factor, Levy flight disturbance strategy, non-uniform 
Gaussian mutation operator and greedy selection strategy are introduced to improve the leader and follower position update 
formula in the salp swarm algorithm (SSA). This algorithm improves the ability of SSA to avoid falling into the local opti-
mum and can be used to coordinate and optimize controller parameters. Considering the controller's role in controlling the 
system voltage and damping, an objective function is built to improve the low-frequency oscillation characteristics of the 
WTB transmission system by comprehensively evaluating the real part and damping ratio of low-frequency oscillation mode 
and bus voltage. The eigenvalue analysis and time domain simulation are used to verify the effectiveness of the proposed 
coordination method.
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List of Symbols
KPSS  Damping gain of PSS
TPSS  Wash out time constant of 

PSS
Tp1, Tp2, Tp3, Tp4  Lead-lag time constants of 

PSS
vm  Wind speed
β, βr  Pitch angle and reference 

value of pitch angle
Tm, Te  Output of the mechanical 

torque by the fan and the 
mechanical electromagnetic 
torque of the generator rotor

ωv, ωs  Fan angular velocity and 
generator angular speed

θs  Generator rotor angle

Pf, Qf , Pz, Qz  Active power and reactive 
power generated by the stator 
and rotor

Pb, Qb, Ps, Qs  Active power and reactive 
power absorbed from the 
grid by the grid side con-
verter and injected into the 
grid by the doubly fed wind 
turbine

Vi, Vr  Measured voltage of the 
node and reference voltage

VPOD  POD output signal
Kc, Tc  Gain and time constant of 

STATCOM voltage regulator
iSH, i̇

SH
  Injected current of STAT-

COM node and:the first order 
differential of iSH

KP  Magnification of POD
TP  Time constant of the isolated 

link of POD
T1, T2, T3, T4  Lead-lag time constants of 

POD
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Δxr, Δxs  Vector of the state variable 
of the synchronous unit in 
the receiving end system and 
related to WTB system and 
its control system

As, Bs, Ar, Br, C1–F1, C2–F2  Coefficients multiplied by 
each variable

λi  ith eigenvalue of the state 
matrix A

I  Identity matrix with the same 
order as matrix A

δi, βi  Real part and imaginary 
part corresponding to the ith 
eigenvalue

pij  Participation factor of the 
ith state variable to the jth 
eigenvalue

ϕ, ψ  Left and right eigenvector of 
the state matrix A

σi, ξi  Real part and damping ratio 
of the ith low frequency 
oscillation mode of the 
system

α, βs  Weight coefficients
σ0, ξ0  Expected real part and 

expected damping ratio of 
characteristic value

Vj(t), Vj(0)  Voltage amplitude and volt-
age before fault of the jth 
node

Vjmin  Minimum voltage of the jth 
node

n  Number of observation 
nodes

t0,  te  End time of fault and 
simulation

w1, w2  Weighting coefficients
C1, C2  Weighting coefficients
l, L  Current and maximum num-

ber of iteration
wmax, wmin  The maximum and minimum 

value of inertia weight
s  Levy motion step
μ, v  Random numbers with nor-

mal distribution
xi
j
 , Fj  jth variable value of the 

location of the ith salp 
(leader) and the food location

ubj, lbj  Upper and lower limit of the 
jth variable

xk
j
  jth variable value of the 

location of the kth 
salp(follower)

σ  Standard deviation of Gauss-
ian distribution

X(t)  Original position (the posi-
tion after tth iteration)

X*(t)  New position after greedy 
selection strategy is used

X(t + 1)  Position after (t + 1)th 
iteration

Abbreviations
PSS  Power system stabilizer
STATCOM-POD  Static synchronous com-

pensator with additional 
power oscillation damping 
controller

WTB  Wind-thermal-bundled
ISSA  Improved salp swarm 

algorithm
SSA  Salp swarm algorithm
SVC  Static var compensator
FACTS  Flexible alternative current 

transmission systems
DFIG  Double fed induction 

generator
WTGS  Wind turbine generator 

systems
AC  Alternative current
SG  Synchronous generator

1 Introduction

The use of fossil energy is a major source of global green-
house gas emissions. The use of renewable energy can reduce 
greenhouse gas emissions and mitigate climate change [1, 
2]. The rapid development of wind energy facilitates the 
shift of the global energy system to a high percentage of 
renewable energy system. According to the distribution of 
power resources and loads, wind-thermal-bundled(WTB) 
transmission has become an important way of power trans-
mission in the new energy base [3, 4]. Under this transmis-
sion mode, the interaction between power supply and power 
grid is particularly complex and low-frequency oscillation 
may be caused due to insufficient damping when disturbed 
[5, 6]. Therefore, it is of great significance to improve the 
damping characteristics of the WTB transmission system.

An auxiliary control signal for excitation system of syn-
chronous generator (SG) can be provided by power system 
stabilizer(PSS) to suppress low-frequency oscillation and 
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improve overall stability of power system [7–9]. However, 
the use of PSSs sometimes can not provide sufficient damp-
ing for inter regional oscillations. In the system with wind 
power, the use of PSSs also causes the changes of the voltage 
curve, resulting in the reduction of voltage stability [10–12]. 
In the system with wind power, in order to improve the volt-
age stability, reactive power compensation devices are usu-
ally applied in the system. Because the response time of 
the static synchronous compensator (STATCOM) is fast, 
the device is usually applied in the system to solve the volt-
age stability problem [13–15]. The damping of inter region 
oscillation mode can be enhanced by adding power oscilla-
tion damping controller to STATCOM [16]. However, stud-
ies have shown that interaction effect would appear among 
different controllers when they coexist in power system, 
that is, once inappropriate setting for controller parameters 
exists, different types of controllers may deteriorate system 
damping, and even increase oscillation [17, 18]. In order to 
solve this problem, it is necessary to coordinate and opti-
mize the controller parameters. A few researches are made 
along that line. Reference [19] introduce Cuckoo Search 
(CS) algorithm for optimal PSSs design in a multimachine 
power system. Simulation results confirm the robustness and 
superiority of the optimized controllers in providing good 
damping characteristic to system oscillations over a wide 
range of loading conditions. Reference [20] uses particle 
swarm optimization algorithm to coordinate PSS and static 
var compensator (SVC) controllers, which improves the sta-
bility of power system. Reference [21] uses the salp swarm 
algorithm (SSA) to coordinate and optimize the parameters 
of PSS and flexible alternative current transmission systems 
(FACTS) controllers to improve the stability of power sys-
tem. The SSA is a meta-heuristic algorithm. Compared with 
whale optimization algorithm, particle swarm optimization, 
simulated annealing, crow search algorithm, butterfly opti-
mization algorithm and other traditional optimization algo-
rithms, salp swarm algorithm has the advantages of fewer 
parameters, simple structure, easy implementation and better 
optimization directive [22]. But it still has the problems of 
low convergence accuracy in the later iteration and falling 
in local optimum [23].

Some studies have shown that before installing FACTS 
devices, the FACTS devices can be located and installed on 
weak buses to improve the voltage distribution and power 
system stability [24, 25].

Based on the above research, this paper proposes a coor-
dinated optimization strategy of PSS and static synchronous 
compensator with additional power oscillation damping con-
troller (STATCOM-POD). The purpose of this strategy is to 
improve the damping characteristics of WTB transmission 
system, and to eliminate the interaction of different control-
lers avoiding causing an adverse effect on the power system. 
Firstly, based on MATLAB, the model of WTB system is 

built. The weak bus is selected by calculating the maximum 
load carrying capacity of each load bus, and the designed 
STATCOM-POD is installed on the bus. In order to solve the 
local optimum problem of the SSA, an improved salp swarm 
algorithm (ISSA) is proposed. According to the ISSA, the 
coordination and optimization model of PSS and STAT-
COM-POD controllers is constructed. Finally, the simula-
tions of various operating conditions are carried out. Eigen-
value analysis and time domain simulation results verify 
the effectiveness of the proposed coordinated optimization 
strategy. The main contributions of this paper are as follows.

(1) An ISSA is proposed based on adaptive weight factor, 
Levy flight disturbance strategy, non-uniform Gauss-
ian mutation operator and greedy selection strategy 
strategies. It implements computationally an ISSA to 
perform the design of the PSS and STATCOM-POD 
controllers. The superiority in finding the minimum 
value for ISSA is proved compared with SSA through 
CEC17 test function. The ISSA has a strong ability to 
find optimal solution.

(2) Based on the real part and damping ratio of low-fre-
quency oscillation mode and bus voltage, it validates 
the ISSA as an optimization technique for adjusting the 
parameters of the PSS and STATCOM-POD controllers 
to improve the low-frequency oscillation characteristics 
of WTB transmission system.

(3) In order to verify the applicability of the proposed coor-
dinated control method, simulation is carried out on 
the large system IEEE 16-machine 68-bus. The results 
further verify the proposed ISSA can effectively coor-
dinate the controller parameters.

The rest of this paper is organized as follows:
The Sect. 2 introduces the model of the WTB system, 

STATCOM-POD and PSS; The Sect. 3 introduces the lin-
earization model of the WTB system; The Sect. 4 introduces 
the coordinated optimization strategy and proposes an ISSA; 
The Sect. 5 introduces the simulation results of various oper-
ating conditions on the IEEE 4-machine 2-area system and 
the IEEE 16-machine 68-bus system. The simulation results 
are analyzed in this section.

2  Modeling of System

2.1  The Model of Doubly Fed Induction Wind 
Turbine Generator Systems

Double fed induction generator (DFIG) is the mainstream 
machine model currently. The mathematical model of dou-
bly fed induction wind turbine generator systems (WTGS) is 
mainly composed of wind speed model, aerodynamic model, 
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wind turbine shafting model, DFIG model, converters and 
its control system model [26], as shown in Fig. 1.

Double mass block model is adopted for fan shaft system 
model, and its dynamic equation and aerodynamic math-
ematical model of WTGS can be referred to the literature 
[27]. In order to ensure the stable output of wind power 
and its conversion efficiency, when the wind speed changes, 
pitch angle control strategy is employed. The adjustment 
equation of pitch and the fourth order mathematical model of 
DFIG under d–q coordinate axis can be referred to the litera-
ture [28]. The converters of doubly fed WTGS are composed 
of rotor side converter, grid side converter and etc. [29].

2.2  The Model of PSS

PSS increases the damping of low-frequency oscillation 
modes by providing additional signals to be applied to the 
auxiliary control unit of the generator excitation system, 
which regulates the generator excitation to improve the sta-
bility limit [30, 31]. PSS can be described by the following 
equation:

where ω is the generator rotor speed.
The control block diagram of PSS is shown in the Fig. 2.
where Va, Vb and Vc are the output signals of each link; 

Vd is the total output signal of the module. The input signal 
of PSS can select the rotor speed, active power and bus 
voltage amplitude of the generator. In this paper, the rotor 
speed of the generator is selected as the input signal.

(1)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

dVa

dt
= −

�
KPSS� + Va

�
∕TPSS

dVb

dt
=

��
1 −

Tp1

Tp2

��
KPSS� + Va

�
− Vb

�
∕Tp2

dVc

dt
=

��
1 −

Tp3

Tp4

��
Vb +

�
Tp1

Tp2

�
KPSS� + Va

���
− Vc

�
∕Tp4

Vd = Vc +
Tp3

Tp4

�
Vb +

Tp1

Tp2

�
KPSS� + Va

��

Fig. 1  The structure diagram of doubly fed induction WTGS

Fig. 2  The structure diagram of PSS
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2.3  The Model of Static Synchronous Compensator

STATCOM is one of the shunt devices in the family of 
FACTS, which regulates the alternative current (AC) 
voltage by providing or absorbing reactive power. In this 
paper, STATCOM current injection model is adopted [32, 
33]. The control block diagram of STATCOM is shown in 
the Fig. 3. STATCOM can be equivalent to a time constant 
regulator and has the ability to dynamically exchange reac-
tive power with the network. The node injection current 
iSH and injected reactive power Q can be expressed as:

2.4  Additional Power Oscillation Damping 
Controller

When FACTS device is attached with a power oscillation 
damping(POD) controller, it can provide supplementary 
damping of low-frequency oscillation, especially for inter-
regional mode oscillation. The POD designed in this paper 
includes amplification, isolation, phase compensation and 

(2)

{
i̇SH = (Kc(Vr + VPOD − Vi) − iSH)∕Tc

Q = iSHVi

amplitude limiting links. The transfer function block dia-
gram for POD is as follows:

The additional POD control enables the STATCOM to 
maximize the output or absorb reactive power, increase 
system damping, effectively suppress low-frequency oscil-
lation, and improve system operating characteristics.

The design of STATCOM-POD control block diagram 
is shown in Fig. 4. An additional control signal is added 
to the AC voltage control part of STATCOM. In order to 
avoid overshoot, an amplitude limiting link is added to 
limit the amplitude of the regulating signal generated by 
the control link. The line active power, reactive power, 
current amplitude, voltage and etc. can be select as the 
POD input.

signal according to the situation. In this paper, the line 
active power PL is selected as the STATCOM-POD input 
signal.

3  Linearization of System Model

By using Lyapunov stability rule and linearizing the power 
system model near a stable point, the linearized model of 
the system can be obtained. The power system connection 
diagram of WTB system is shown in the Fig. 5.

where ΔPs + ΔQs is the electric energy injected into the 
power system by WTB transmission system; ΔVs and Δφs 
are respectively the magnitude and phase of the voltage at 
the connection between WTB transmission system and the 
power system; ΔPr + ΔQr is the electric energy injected into 

(3)G(s) = KP

sTP

1 + sTP

1 + sT1

1 + sT2

1 + sT3

1 + sT4

Fig. 3  Control block diagram of STATCOM

Fig. 4  The control block diagram of STATCOM-POD Fig. 5  The diagram of WTB transmission system
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the power system by the receiving end system. The state 
equation of WTB transmission system can be expressed as:

After simplifying Eqs. (4) and (5), the state-space model 
of WTB transmission system can be obtained [34, 35]:

where:
As1 = [C1 C2]Br + [C1 C2][F1 F2](I − [D1 D2][F1 F2])−1[D1 

D2]Br
Ar1 = As + [C1 C2][F1 F2] (I − [D1 D2][F1 F2])−1 Bs
As2 = Ar + [E1 E2][C1 C2][F1 F2](I − [D1 D2][F1 F2])−1[D1 

D2]Br
Ar2 = [E1 E2](I − [D1 D2][F1 F2])−1 Bs
The eigenvalue is determined according to the Eq. (7). 

The system eigenvalue λi = δi + jβi can be determined 
through the solution of the characteristic Eq. (7) of the state 
matrix A.

The damping ratio can be determined according to the 
eigenvalue, which is given by:

The participation factor matrix is calculated by using the 
left and right eigenvectors of the state matrix. The partici-
pation factor gives the relationship between state variables 
and the eigenvalue of the modes [36]. Its value signifies the 
degree of influence of a particular mode on the dynamic 
response of the system. The participation factor of ith mode 
can be defined as:

(4)

⎧
⎪⎪⎨⎪⎪⎩

dΔ�s

dt
= �sΔ�s + �1ΔVs + �2Δ�s�

ΔPs

ΔQs

�
= �sΔ�s + �1ΔVs + �2Δ�s

(5)

⎧
⎪⎪⎨⎪⎪⎩

dΔ�r

dt
= �rΔ�r + E1ΔPs + E2ΔQs�

ΔVs

Δ�s

�
= �rΔ�r + F1ΔPs + F2ΔQs

(6)
d

dt

[
Δ�s
Δ�r

]
=

[
�s1 �r1

�s2 �r2

][
Δ�s
Δ�r

]
= �

[
Δ�s
Δ�r

]

(7)det(lI − A) = 0

(8)�i =
−�i√
�
2

i
+ �

2

i

(9)pij =
�ij�ij

�
T
i
�i

4  Parameter Optimization Design 
Formulation

4.1  Optimization Objectives and Constraint 
Conditions

In this section, the coordination and optimization problem 
of PSS and STATCOM-POD controller parameters is trans-
formed into the problem of finding the minimum value of 
the objective function. By coordination and optimization of 
parameters, the low-frequency oscillation of the system can 
be suppressed while the voltage stability can be guaranteed.

The principle of designing the objective function is to use 
damping adjustment to suppress low-frequency oscillation. 
The real part and damping ratio of the eigenvalue help to 
determine the rate of decay of oscillation. Therefore, this 
paper considers the size of damping ratio and real part of 
the eigenvalue. The objective function can be expressed as:

The voltage stability mainly considers two aspects. On 
the one hand, the amplitude of voltage oscillation in the tran-
sient process of the WTB system is considered. On the other 
hand, the time to recover to the stability in the transient pro-
cess is considered. Then the objective function of transient 
voltage stability performance can be expressed as:

In this paper, w1 and w2 are respectively set as 
1/[n × (te − t0)] and 1.

Since the voltage stability and small signal stability are 
considered at the same time, J1 and J2 should be compre-
hensively considered for the optimization objective function. 
The established objective function is:

The values of C1 and C2 are determined according to 
the actual system structure and the severity of stability 
problems.

Based on the above theory, the STATCOM-POD param-
eter optimization problem can be expressed as:

Minimize J
According to Sect. 2, STACOM-POD constraints are 

defined as:

PSS constraints are defined as:

(10)min J1 = �

∑
�
i
≥�0

(
�0 − �

i

)2
+ �

s

∑
�
i
≤�0

(
�0 − �

i

)2

(11)min J2 = w1
∫

te

t0

n∑
j=1

[
Vj(t) − Vj(0)

]2
dt − w2

n∑
j=1

Vjmin

(12)J = C1J1 + C2J2

Amin ≤ A ≤ Amax

Bmin ≤ B ≤ Bmax
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where A contains the parameters to be optimized 
of the STATCOM-POD controller,  def ined as 
A = [KP,TP,Kc,Tc,T1,T2,T3,T4]; Amax and Amin are the upper 
and lower limit of the STATCOM-POD controller param-
eters; The value’s range of KP and Kc is [1, 10], and the 
value’s range of other parameters in A is [0.01,1]; B contains 
the parameters to be optimized of the PSS controller, defined 
as B = [KPSS,Tp1,Tp3]; Bmax and Bmin are the upper and lower 
limit of the PSS controller parameters; The value’s range of 
KPSS is [1, 10], and the value’s range of other parameters in 
B is [0.01, 0.5] [37, 38].

4.2  ISSA

To solve the problem of falling into local optimum in the 
optimization process for SSA, this paper proposes improved 
methods of SSA. The leader position update formula and 
follower position update formula are made the following 
improvement respectively:

Improvement of leader position update formula
In the leader position update phase of the SSA, individu-

als move around the food source, and the search scope is 
not limited. In the later iteration, individuals can not accu-
rately search at the extreme point, and may even jump out 
of the extreme point. In addition, leaders only change their 
positions according to the food source. When the food falls 
into the local optimum, it will mislead other search agents 
to stagnate in the local optimum. In order to solve these 
problems, the improvement idea of this paper for the leader 
position update formula is to introduce adaptive weight fac-
tor and Levy flight strategy to update the leader position.

In the leader position update formula, parameter c1 can 
make the exploration and development ability of SSA in a 
better state, and it is the most important parameter in the 
SSA. The formula is as follows:

The value of the power coefficient in the formula plays 
a vital role in the exploration and development ability of 
the algorithm. In SSA, m is taken as 2. But according to the 
conclusion in literature [39], when m = 2.5, the parameter 
c1 can make the exploration ability and development ability 
of the SSA in a better state. In this paper, m is taken as 2.5.

Aiming at the problem that SSA's search scope is not 
limited in the leader update stage, an adaptive weighting 
factor is added to multiply with food source location. The 
influence of the food source location on the leader gradually 
decreases with the increase of the number of iteration. In 
the early iteration, it is avoided to fall into the local extreme 
value, and in the late iteration, it is more and more close to 
the optimal value, achieving higher solution accuracy.

(13)c1 = 2e−(4l∕L)
m

The formula of adaptive weight factor is as follows:

Through many tests, the algorithm has the best perfor-
mance when wmax = 0.9 and wmin = 0.4. As the iteration pro-
gresses, the inertia weight decreases linearly from 0.9 to 0.4. 
At the beginning of the iteration, the larger inertia weight 
is, the better exploration ability of the algorithm is. At the 

(14)w = wmax − (wmax − wmin) × (l∕L)2

Fig. 6  Optimization flow chart
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late phase of the iteration, the smaller inertia weight is, the 
better development ability of the algorithm is.

Aiming at the problem that SSA algorithm is easy to 
fall into local optimum, Levy flight disturbance strategy is 
introduced. Levy flight is a kind of random walk strategy 
with occasional big steps. In optimization, this character-
istic makes Levy flight especially useful for performing 
large jumps, which are precisely what is needed to allow a 
possibly stuck algorithm to escape from a local optimum 
and restart the search in a different region of the search 
space. As a global searching operator, Levy flight mecha-
nism searches for space using short-distance walking com-
bined with long-distance jumping routes. The long-term 
short-step local search in the Levy flight mechanism can 
improve the diversity and traversal of the algorithm. The 
short-term long-step global jump can make the search 
agents jump out of the local optimum and improve the 
global exploration capability [40].

The length of the motion track of Levy's flight charac-
teristic motion is a process of random change. There is no 
fixed distribution function. The research summary points 
out that the distribution density function of Levy flight 
step change can be simply expressed as:

s is expressed as:

where μ ~ N(0,σ2 μ), v ~ N(0,σ 2 v); σ2 μ and σ 2 v can be 
obtained by (18).

where 0 < γ < 2; The value of γ is generally 1.5.

(15)L(s) ∼ |s|−1−𝛼 , 0 < 𝛼 ≤ 2

(16)s =
�

|�|1∕�

(17)

⎧⎪⎨⎪⎩

�
�
=

�
Γ(1 + �) sin(π�∕2)

Γ[(1 + �)∕2]�2(�−1)∕2

�1∕�

�
�
= 1

Based on the above sections, the leader's position is 
updated according to the following formula (18):

where  c2 and  c3 are random number between [0,1].
Improvement of follower position update formula
In the follower position update phase of SSA, the 

ith individual will update position according to ith and 
(i − 1)th salp positions. It only depends on the previous 

(18)

xi
j
=

{
w × Fj + c1((ubj − lbj)c2 + lbj) × s, c3 < 0.5

w × Fj − c1((ubj − lbj)c2 + lbj) × s, c3 ≥ 0.5

Fig. 7  Simulation model of 
WTB system

Table 1  Ranking of load 
bus maximum load carrying 
capacity

Bus Qmax(p.u.)

8 75.2
7 130.8
12 139.3
9 155.9
6 191.4
10 202.1
5 245.7
11 284.4

Table 2  Low-frequency oscillation modes of the system

Mode λ ξ/% f/Hz DMs

Case1 1 − 0.5111 ± j6.3096 8.07 1.0042 G3,G4

2 − 0.7932 ± j5.6762 13.84 0.9034 G1,G2

3 − 0.4330 ± j4.3622 9.88 0.6943 G1,G2,G5

4 − 0.1103 ± j3.3204 3.32 0.5285 G3,G4,G5

5 − 0.2071 ± j0.5026 38.09 0.0800 G1-G5,DFIG
Case2 1 − 1.0256 ± j6.4280 15.76 1.0230 G3,G4

2 − 1.6905 ± j5.7188 28.35 0.9102 G1,G2

3 − 0.7540 ± j4.3018 17.26 0.6847 G1,G2,G5

4 − 0.2932 ± j3.1433 9.29 0.5003 G3,G4,G5

5 − 0.1714 ± j0.5518 29.66 0.0878 G1-G5,DFIG
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individuals, and lacks learning interaction with other indi-
viduals. If the previous follower position is a local optimal 
solution, the algorithm is prone to fall into a local optimal 
solution, resulting in stagnation. In addition, the followers 
updated position for SSA will replace the original indi-
viduals regardless of their fitness, which is blind. In order 
to overcome these shortcomings, the non-uniform Gauss-
ian mutation operator and greedy selection strategy are 
introduced in the follower position update stage.

As the follower position update only relies on the pre-
vious individual and lacks other individual information, 
the non-uniform Gaussian mutation operator is added on 
the basis of the original follower position update formula:

where Δ(l,GDk j) is the non-uniform variation step size, 
a mutation operator that adaptively adjusts the step size 
through the Gaussian distribution GDi j; r is a random num-
ber uniformly distributed in [0,1]; l is the current number 
of iteration; b is the system parameter that determines the 

(19)xk
j
=

1

2

(
xk
j
+ xk−1

j
) + Δ(l , GDk

j

)

(20)Δ(l , m) = m
(
1 − r(1−l∕L)

b
)

(21)GDk
j
= N

(
(Fj − xk

j
) , �

)

degree of non-uniformity; Its value is in [1, 5]. In this paper, 
b equals 2.

The introduction of non-uniform Gaussian mutation oper-
ator makes the difference between the food source position 
and the current individual position obey Gaussian distribu-
tion. Then the mutation step size is adaptively adjusted. This 
method can not only ensure that the follower individual has 
enough vitality, but also fully utilize the information of the 
food source. It can improve the accuracy of search, and the 
individual can avoid falling into the local optimum.

Since it is not guaranteed that after the non-uniform 
Gaussian mutation operator is added, the follower position 
is better than the original position, thus, a greedy selection 
strategy is employed to decide whether to update the fol-
lower position. If the fitness value of the new position is 
better than the fitness value of the original position, the new 
position will be retained, otherwise it will be discarded. The 
formula is as follows:

4.3  Performance Comparison of Proposed 
Optimization Algorithm

In order to test the performance of ISSA, the CEC17 test 
function is used. The test functions include unimodal and 
multimodal test functions and are minimization problems. 
ISSA has been run 30 times, and the lowest best, average 
best, maximum values and standard deviation value are pre-
sented in Appendix A. The results are compared with those 
of SSA algorithm. The number of search agents and maxi-
mum generations are selected as 50 and 50, respectively.

According to Appendix A, it can be seen that ISSA has 
succeeded to find better solutions in the search space and 
provides minimum fitness and average best values for CEC 
17 functions also. ISSA have performed well in getting 
global minimum values.

(22)X(t + 1) =

{
X∗(t) , f [X∗(t)] ≤ f [X(t)]

X(t) , f [X∗(t)] > f [X(t)]

Fig. 8  The characteristic value distribution diagram of system

Fig. 9  System response curves of three-phase short circuit
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4.4  Optimization Process

In this paper, ISSA is used to coordinate and optimize the 
controller parameters. The number of iteration of the algo-
rithm is set to 50, and the number of population is set to 50. 
The optimization process is shown in Fig. 6.

The flow chart in Fig. 6 can be explained as follows:

(1) Initialize the values of the parameters of PSS and TAT-
COM-POD,  KPSS,  TPSS,  KPSS,  TPSS, Tp1, Tp2, Tp3, Tp4, 
KP,  TP, Kc, Tc, T1, T2, T3, T4, which will be optimized, 
by generating the initial population of salps with ran-
dom position.

(2) Evaluate the objective function (12) to obtain the fitness 
of all the salps.

(3) According to the order of fitness, the population posi-
tions of salps are sorted, and the best individual is iden-
tified as food.

(4) The leaders and followers positions are updated by for-
mula (18) and (19), (22) respectively.

(5) Make sure the updated location is better than the previ-
ous location.

(6) Iteration = Iteration + 1.
(7) Update food location.
(8) When the algorithm reaches the maximum number of 

iteration, output parameters, otherwise go to (2).

5  Example and Simulation

5.1  Parameter Optimization Simulation

The WTB transmission system in Fig. 7 is used in this sec-
tion. The system includes sending end system and receiv-
ing end system, which are connected through AC transmis-
sion lines. The sending end system is a WTB transmission 

Table 3  Low-frequency 
oscillation modes of the system 
under different transmission 
power of tie lines

Tie line 
power /
MW

Mode Case1 Case2 DMs

λ ξ/% f/Hz λ ξ/% f/Hz

250 1 − 0.6083 ± j6.0755 9.96 0.9669 − 1.0211 ± j6.0703 16.59 0.9661 G3,G4

2 − 0.8186 ± j5.6779 14.27 0.9037 − 1.2962 ± j5.7428 22.02 0.9140 G1,G2

3 − 0.4254 ± j4.3735 9.68 0.6961 − 0.5746 ± j4.3752 13.02 0.6963 G1,G2,G5

4 − 0.0573 ± j3.4428 1.66 0.5479 − 1.1327 ± j2.8987 36.40 0.4613 G3,G4,G5

5 − 0.1722 ± j0.4582 35.17 0.0729 − 0.1456 ± j0.4933 28.31 0.0785 G1-G5,DFIG
298 1 − 0.5601 ± j6.1799 9.03 0.9836 − 1.0642 ± j6.2644 16.75 0.9970 G3,G4

2 − 0.8067 ± j5.6858 14.05 0.9049 − 1.1765 ± j5.7390 20.08 0.9134 G1,G2

3 − 0.4274 ± j4.3767 9.72 0.6966 − 0.5721 ± j4.3653 12.99 0.6948 G1,G2,G5

4 − 0.0789 ± j3.4157 2.31 0.5436 − 1.0626 ± j3.2464 31.11 0.5167 G3,G4,G5

5 − 0.1833 ± j0.4753 35.99 0.0756 − 0.1512 ± j0.5118 28.33 0.0815 G1-G5,DFIG
344 1 − 0.5276 ± j6.2582 8.40 0.9960 − 1.2330 ± j6.4809 18.69 1.0315 G3,G4

2 − 0.7984 ± j5.6850 13.91 0.9048 − 1.1762 ± j5.6984 20.22 0.9069 G1,G2

3 − 0.4304 ± j4.3725 9.79 0.6959 − 0.6845 ± j4.3019 15.71 0.6847 G1,G2,G5

4 − 0.0963 ± j3.3745 2.85 0.5371 − 0.5061 ± j3.1596 15.82 0.5029 G3,G4,G5

5 − 0.1948 ± j0.4899 36.95 0.0780 − 0.1590 ± j0.5303 28.72 0.0844 G1-G5,DFIG

Fig. 10  Three phase short circuit response curves of the system under different transmission power of tie lines
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system, including thermal power units and wind power units. 
The receiving end system is an IEEE 4-machine 2-area sys-
tem. The detailed parameters can be seen in the literature 
[41]. In order to facilitate the analysis, this paper uses the 
single fan model to replace the lumped model of the wind 
farm. In order to improve the low-frequency oscillation 
characteristics of WTB system, five PSSs and one STAT-
COM-POD controller are installed in the system. In order to 
improve the stability of the power system, find out the weak 
bus by calculating the maximum load carrying capacity Qmax 
of each load bus, as shown in Table 1. The load bus with 
the minimum maximum load carrying capacity is the weak 
bus. The STATCOM-POD controller is installed on the bus. 
In Eq. (10), α is taken as 1 and β is taken as 5. In objective 
function (12), C1 is taken as 1 and C2 is taken as 0.5.

The meanings of Case1 and Case2 in the following fig-
ures and tables are explained as follows: Case1: the sys-
tem before coordination and optimization of controllers, 
Case2: the system after coordination and optimization of 
controllers.

Eigenvalue analysis is performed in the linearized system. 
Table 2 shows the low-frequency oscillation modes of the 
system and its eigenvalues, damping, frequency and domi-
nant machines (DMs). By calculating the eigenvalues of A in 
Eq. (7), it can be found that compared with the three modes 

of the traditional 4-machine 2-area system, due to the access 
of WTB sources, the modified power system will add two 
low-frequency oscillation modes, which will aggravate the 
oscillation of the system.

According to the DMs in Table 2, mode 1 and mode 2 are 
the local oscillations of area 1 and area 2 respectively; Mode 
3 and mode 4 are both the inter-area oscillations between 
sending end system and receiving end system. Mode 5 is 
the inter-area oscillation mode between all units including 
the wind farms. After optimization, the eigenvalues related 
to the low-frequency oscillation modes of the system and 
the corresponding damping ratio have been significantly 
improved. It can be seen from Table 2 that compared with 
Case 1, the damping ratios of mode 1, 2, 3 and mode 4 in 
Case 2 are increased by 95.29%, 104.84%, 74.70%, and 
179.82% respectively. Among them, the damping ratio of 
mode 4 is the smallest. The higher its value of the mini-
mum damping ratio is, the greater the ability to damp low-
frequency oscillation for the controller is. This shows that 
after algorithm optimization, different controllers can be 
coordinated, so that the proposed controller can better sup-
press the low-frequency oscillation, which also verifies the 
effectiveness of the ISSA.

Figure 8 shows the distribution of eigenvalues of the sys-
tem on the complex plane for Case1 and Case2. The horizon-
tal axis is the real part of the eigenvalue. The vertical axis is 
the imaginary part of the eigenvalue. The dotted lines from 
the outside to the inside represent the equivalent damping 
ratio lines with damping ratios of 5%, 10% and 15% in turn. 
It can be seen from Fig. 8 that compared with Case 1, the 
eigenvalue originally outside the line of 5% equal damp-
ing ratio left moves inside the line of equal damping ratio. 
The optimization based on ISSA makes the real part of the 
system eigenvalue left move on the complex plane. Most of 
the system eigenvalues in Case2 distribute in the 15% equal 
damping ratio line, and only one pair of eigenvalues distrib-
ute at about 10% equal damping ratio line. The stability of 
the system is improved.

Then time domain simulation is carried out for further 
analysis. Suppose that a three-phase short circuit fault 

Table 4  System low-frequency oscillation modes after increasing the 
output of wind-thermal-bundled power

Mode λ ξ/% f/Hz DMs

Case1 1 − 0.5111 ± j6.3096 8.07 1.0042 G3,G4

2 − 0.7945 ± j5.6785 13.86 0.9038 G1,G2

3 − 0.4321 ± j4.3595 9.86 0.6938 G1,G2,G5

4 − 0.1126 ± j3.3298 3.38 0.5300 G3,G4,G5

5 − 0.1927 ± j0.5271 34.33 0.0839 G1-G5,DFIG
Case2 1 − 1.4052 ± j6.5912 20.85 1.0490 G3,G4

2 − 1.3157 ± j5.6800 22.57 0.9040 G1,G2

3 − 0.5621 ± j4.3306 12.87 0.6892 G1,G2,G5

4 − 0.4607 ± j3.1442 14.50 0.5004 G3,G4,G5

5 − 0.1381 ± j0.5698 23.55 0.0907 G1-G5,DFIG

Fig. 11  Three phase short circuit response curves after increasing new energy output
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occurs in one circuit of double circuit tie lines 7 and 8 when 
t = 1.0 s. The fault clearing time is 0.1 s. The line is put into 
operation again when t = 1.1 s. The simulation time is 40 s. 
The transient response of the system is shown in Fig. 9. The 
(a) and (b) are the relative power angle curves of between 
 G1 and  G4 and between  G2 and  G3 respectively. The (c) is 
the voltage curve of bus 6, and the (d) is the active power 
out curve of  G4. As shown in Fig. 9, it can be seen that the 
oscillation amplitude of the correlation curves decrease.

after parameter optimization, when the system encoun-
tered a fault. Furthermore, it can be seen clearly that the 
oscillation is damped out in about 21 s, 21 s, 12 s and 20 s 
when using the proposed controllers with optimized param-
eters, which is quite less when compared with Case1. The 
transient voltage capability of the system is improved and 
the voltage oscillation amplitude is reduced during the tran-
sient process. The voltage recovery and stability time is 
faster. This proves that the proposed optimization strategy 

is effective in suppressing low-frequency oscillation and 
reducing the interaction between controllers.

5.2  Change Transmission Power of Tie Line

In order to better verify the improvement of stability of 
WTB system by STATCOM-POD controller, PSS and the 
proposed optimization algorithm, the simulations of differ-
ent operating conditions are carried out. The power flow 
direction, the interconnected location of WTB transmission 
and the output of WTB transmission are the same as those 
of Sect. 5.1. By changing the output of SGs set in area 1, 
tie line transmission power is changed. The influence of dif-
ferent tie line transmission power on low-frequency oscilla-
tion modes is studied with the controllers with coordinated 
optimization parameters.

Table 3 shows the comparison of low-frequency oscil-
lation modes of the system under different tie line power 

Table 5  System low-frequency oscillation modes for different proportion of the wind power and thermal power

Percentage of wind 
power in total output /%

Mode Case1 Case2 DMs

λ ξ/% f/Hz λ ξ/% f/Hz

5 1 − 0.5111 ± j6.3094 8.07 1.0042 − 1.5783 ± j6.6990 22.93 1.0662 G3,G4

2 − 0.7931 ± j5.6753 13.84 0.9032 − 1.0589 ± j5.6387 18.46 0.8974 G1,G2

3 − 0.4015 ± j4.3835 9.12 0.6977 − 0.6772 ± j4.3116 15.52 0.6862 G1,G2,G5

4 − 0.1096 ± j3.3113 3.31 0.5270 − 0.3888 ± j3.1044 12.43 0.4941 G3,G4,G5

5 − 0.2123 ± j0.3975 47.11 0.0633 − 0.2171 ± j0.4184 46.06 0.0666 G1-G5,DFIG
10 1 − 0.5111 ± j6.3096 8.07 1.0042 − 1.4669 ± j6.6619 21.50 1.0603 G3,G4

2 − 0.7932 ± j5.6758 13.84 0.9033 − 1.6561 ± j5.7343 27.75 0.9126 G1,G2

3 − 0.4180 ± j4.3730 9.52 0.6960 − 0.7115 ± j4.3345 16.20 0.6899 G1,G2,G5

4 − 0.1099 ± j3.3163 3.31 0.5278 − 0.4588 ± j3.0588 14.83 0.4868 G3,G4,G5

5 − 0.2036 ± j0.4808 39.00 0.0765 − 0.1879 ± j0.4246 40.47 0.0676 G1-G5,DFIG
15 1 − 0.5111 ± j6.3097 8.07 1.0042 − 1.1614 ± j6.4937 17.61 1.0335 G3,G4

2 − 0.7931 ± j5.6763 13.84 0.9034 − 1.6048 ± j5.7098 27.06 0.9087 G1,G2

3 − 0.4355 ± j4.3603 9.94 0.6940 − 0.6681 ± j4.2935 15.38 0.6833 G1,G2,G5

4 − 0.1104 ± j3.3211 3.32 0.5286 − 0.3275 ± j3.1528 10.33 0.5018 G3,G4,G5

5 − 0.2081 ± j0.5060 38.03 0.0805 − 0.1681 ± j0.5534 29.06 0.0881 G1-G5,DFIG

Fig. 12  Three phase short circuit response curves of changing the ratio of wind power and thermal power
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flows. With the change of transmission power of tie lines, the 
damping ratios of low-frequency oscillation modes change. 
By comparing the system damping ratios before optimiz-
ing the controller parameters with those after optimization, 
it can be found that the system damping ratios have been 

improved and the system damping characteristics have been 
enhanced after optimization.

It is assumed that the system has the same short circuit 
fault as described in Sect. 5.1. Figure 10 depicts the com-
parative response curve of  G1 relative power angle. By 

Fig. 13  IEEE 16-machine 68-bus system structure diagram

Table 6  The low-frequency 
oscillation modes of IEEE 
16-machine 68-bus system

Mode λ ξ/% f/Hz DMs

1 − 0.4937 ± j7.6458 6.44 1.2169 G10,G11

2 − 0.9394 ± j7.0645 13.18 1.1243 G4,G5

3 − 0.9122 ± j6.7616 13.37 1.0761 G6,G7

4 − 0.8550 ± j6.6461 12.76 1.0578 G1,G8

5 − 0.3589 ± j5.8475 6.13 0.9307 G1,G8,G9,G10,G11,G12

6 − 0.5327 ± j5.9548 8.91 0.9477 G2,G3

7 − 0.4050 ± j5.6038 7.21 0.8919 G1,G8,G9,G10,G12,G13

8 − 0.3309 ± j5.4254 6.09 0.8635 G1,G3,G8,G9,G10,G12,G13

9 − 0.6285 ± j5.0523 12.34 0.8041 G4,G5,G6,G7

10 − 0.3910 ± j4.7433 8.22 0.7549 G2,G3,G9

11 − 0.3531 ± j4.4267 7.95 0.7045 G1,G4,G5,G6,G7,G8,G9

12 − 0.1496 ± j3.1491 4.74 0.5012 G12,G13,G14,G15,G16

13 − 0.1753 ± j2.8983 6.04 0.4613 G4,G5,G6,G7,G9,G12,G13,G14,G15,G16

14 − 0.1292 ± j2.3707 5.44 0.3773 G14,G15,G16,G17

15 − 0.1775 ± j2.0518 8.62 0.3265 G13,G14,G16,G17

16 − 0.1273 ± j1.5436 8.22 0.2457 G12,G13,G14,G15,G17

17 − 0.1335 ± j0.2594 45.77 0.0413 G1-G17,DFIG
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comparing (a), (b) and (c) in Fig. 10, it can be observed 
that with the increase of transmission power of tie lines, 
the oscillation amplitude of the relevant curves gradually 
increases. It takes more time to stabilize.

After optimizing the controller parameters, the maximum 
oscillation amplitude and stabilization time of the system 
decrease. This shows that the coordination and optimization 
method of controller parameters based on ISSA can provide 
sufficient damping for WTB transmission system and effec-
tively improve the stability of the system. The optimized 
controller parameters can improve the stability of the system 
even if the transmission power of the tie line changes.

5.3  Increase the Output of Wind Power

The operating condition of this section is to increase 
the wind power output while keeping the transmission 
power of tie lines unchanged. The wind power output is 
increased by 40%. This section studies the performance 
of the proposed.

optimization strategy under this operating condition.
Table 4 shows the low-frequency oscillation modes of 

the system after the wind power output power is increased 
by 40%. After algorithm optimization, compared with 
Case1, the damping ratios of the system are improved. 

The damping ratios of mode 1, 2, 3 and 4 are increased 
by 158.36%, 63.20%, 30.53% and 328.99% respectively.

As shown in Fig. 11, when the same fault as Sect. 5.1 
occurs, the coordinated and optimized controllers can still 
better suppress oscillation. The curves of relative power angle 
of  G1 and  G2, the voltage of bus 6 and the output active power 
of  G4 are improved to varying degrees. The optimized system 
tends to be stable at about 18 s, about 22 s earlier than the 
original system, shortening the time to return to stability. This 
also shows that the proposed method can still suppress system 
oscillation and improve system stability under the operating 
condition of this section.

5.4  Change the Ratio of Wind Power and Thermal 
Power

The operating condition of this section is to change the ratio 
of wind power and thermal power while keeping the output 
power of WTB unchanged. This section studies the per-
formance of the proposed optimization strategy under this 
operating condition.

Table 5 shows the low-frequency oscillation modes of 
system after changing the ratio of wind power and thermal 
power. By coordinating and optimizing the controllers, the 
damping ratios of modes 1, 2, 3 and 4 are improved to vary-
ing degrees.

Table 7  The characteristic 
root comparison of IEEE 
16-machine 68-bus system 
before and after optimization

Mode λ ξ/% f/Hz DMs

Case1 12 − 0.1531 ± j3.1456 4.86 0.5006 G12,G13,G14,G15,G16

13 − 0.1764 ± j2.9017 6.07 0.4618 G4,G5,G6,G7,G9,G12,G13,G14,G15,G16

14 − 0.1296 ± j2.3676 5.46 0.3768 G14,G15,G16,G17

15 − 0.1778 ± j2.0527 8.63 0.3267 G13,G14,G16,G17

16 − 0.1284 ± j1.5494 8.26 0.2466 G12,G13,G14,G15,G17

Case2 12 − 0.2063 ± j3.1318 6.57 0.4984 G12,G13,G14,G15,G16

13 − 0.1934 ± j2.8932 6.67 0.4605 G4,G5,G6,G7,G9,G12,G13,G14,G15,G16

14 − 0.1731 ± j2.3528 7.34 0.3745 G14,G15,G16,G17

15 − 0.1806 ± j2.0508 8.77 0.3264 G13,G14,G16,G17

16 − 0.1496 ± j1.5348 9.70 0.2443 G12,G13,G14,G15,G17

Fig. 14  Three phase short circuit response curves of IEEE 16-machine 68-bus system
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Set the same short circuit fault as Sect. 5.1. Figure 12 
shows the comparative response curve of  G1 relative power 
angle. By comparing (a), (b) and (c) in Fig. 12, it can be seen 
that the controllers optimized by ISSA can better decrease 
the oscillation amplitude of the correlation curves and 
shorten the time to return to the steady state. This shows that 
the proposed optimization strategy is still effective under the 
operating condition of this section.

5.5  IEEE 16‑Machine 68‑Bus System

In order to verify the effectiveness of the algorithm in large 
power system, the proposed algorithm is tested in more com-
plex networks. The simulation is carried out on the intercon-
nected New York Power System and New England Trans-
mission System (NYPS-NETS). As is shown in Fig. 13, the 
structure of the NYPS-NETS consists of 16 SGs.  G1-G9 are 
in New England and  G10-G16 in New York and its neighbor-
hood. The WTB transmission system is connected to bus 3. 
The system can transmit the electric energy generated by 
the new energy unit to the remote place via the transmission 
line. The SG  G17 is newly added. The output of wind power 
and thermal power is 50 MW and 220 MW respectively. 
The SGs are the fourth order model described above and are 
equipped with AVR and TG. The detailed system parameters 
can be referred to the literature [42, 43].

Table 6 shows the low-frequency oscillation modes of 
the interconnection system. In Table 6, the damping ratios 
of modes 12, 13, 14, 15 and 16 are generally small, and 
they are inter regional oscillation modes. The oscillation 
modes are strongly correlated with  G13,  G14,  G15 and  G16. 
This paper chooses to add PSS to  G13,  G14,  G15 and  G16 to 
better enhance the damping characteristics of the system. 
By calculating the maximum load carrying capacity of each 
load bus, the results show bus 49 has the minimum maxi-
mum load carrying capacity. The calculation results can be 
seen in Appendix B. The SATCOM-POD controller is con-
nected to bus 49. The active power PL from bus 49 to bus 52 
is selected as the controller input signal.

By Tables 6 and 7, it can be found that the damping ratios 
of some modes are improved to some extent after installing 
PSS and STATCOM-POD controllers. It can be seen from 
Table 7 that the damping ratios of oscillation modes are 
improved after coordinating and optimizing the controllers.

Assume that the fault occurs at bus 52. Figure 14 shows 
the corresponding response curves. The fault time is 
 ts = 1.0s, and the fault duration is 0.2 s. After parameters are 
coordinated and optimized, the oscillation amplituddeclae of 
the relative power angle, active power output and voltage of 
the bus is reduced. The time to restore stability is also short-
ened. This also verifies the effectiveness of the proposed 
optimization algorithm for large power system.

6  Conclusion

This paper presents a coordination and optimization strat-
egy of PSS and STATCOM-POD in WTB system based on 
ISSA. The purpose is to suppress the low-frequency oscilla-
tion phenomenon in WTB system and reduce the interaction 
between controllers. The simulation of various operating 
conditions is carried out in IEEE 4-machine 2-area system. 
It also carried out in the IEEE 16-machine 68-bus system. 
The results of eigenvalue analysis and time domain simula-
tion verify the effectiveness of the proposed control strategy. 
The main conclusions are as follows:

1.  A new optimization algorithm named ISSA is proposed, 
which has been developed as the solution technique for 
coordination and optimization design of PSS and STAT-
COM-POD. It is thoroughly investigated for different 
operating conditions.

2.  The CEC17 test function results show that introduc-
ing the adaptive weight factor, Levy flight disturbance 
strategy, non-uniform Gaussian mutation operator and 
greedy selection strategy for SSA is conducive to over-
coming local convergence problem and improving accu-
racy of controller parameters optimization.

3. For the proposed controllers coordination and optimiza-
tion problem, the real part and damping ratio of low-
frequency oscillation mode and bus voltage are taken as 
the objective function to improve the damping charac-
teristics of WTB system and suppress the low-frequency 
oscillation of the system. The simulation results show 
that the coordinated design of PSS and STATCOM-POD 
parameters can effectively eliminate the adverse effects 
between different controllers to achieve the optimal con-
trol effect. Under the different operating conditions, the 
oscillation amplitude and the time required to stabilize 
for the system are also significantly shortened.

4.  The proposed coordination and optimization design is 
robust and simple to implement.

The further work is the application of the proposed 
algorithm to solve the stability problem of WTB system 
while considering system economics such as installation 
cost, network loss and etc. The coordination between 
multiple FACTS-POD and power system stabilizers is the 
future scope of this work.

Appendix A

See Table 8.
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Appendix B

See Table 9

Table 8  Comparison of test function results

Name of the 
function

ISSA SSA

Maximum 
value

Minimum 
value

Average value Standard 
deviation 
value

Maximum 
value

Minimum 
value

Average Value Standard 
deviation 
value

Bent Cigar 
function

6.57e−04 1.69 e−04 3.71e−04 1.30e−04 3.33e+09 7.94e+08 1.80e+09 6.29e+08

Sum of Dif-
ferent Power 
function

7.25e−27 9.28e−31 1.23e−27 1.92e−27 2.48e−12 1.06e−15 3.85e−13 6.37e−13

Zakharov func-
tion

2.42e−09 8.50e−10 1.42e−09 4.14e−10 7.42e+03 1.72e+03 3.93e+03 1.38e+03

Rosenbrock’s 
function

2.90e+01 2.89e+01 2.90e+01 1.84e−02 7.47e+07 5.11e+06 3.26e+07 1.69e+07

Rastrigin’s 
function

3.48e+02 7.78e+01 2.38e+02 5.00e+01 3.74e+03 9.58e+02 2.27e+03 6.03e+02

Levy function 2.88e+01 2.73 4.23 4.57 1.14e+03 3.44e+02 6.88e+02 2.17e+02
High Condi-

tioned Elliptic 
function

8.57e−06 1.51e−06 3.92e−06 1.69e−06 7.55e+07 3.98e+06 2.86e+07 1.65e+07

Discus function 2.30e−08 4.11e−09 1.01e−08 4.13e−09 8.66e+04 4.05e+03 1.68e+04 1.54e+04
Weierstrass 

function
1.58e−10 1.01e−11 2.90e−11 2.90e−11 1.81 1.26 1.47 1.40e−01

HappyCat 
function

1.43 6.99e−01 1.06 1.57e−01 7.10e+01 1.81e+01 3.76e+01 1.19e+01

Table 9  Ranking of load bus maximum load carrying capacity

Qmax 
(p.u.)

Bus Qmax 
(p.u.)

Bus Qmax 
(p.u.)

Bus Qmax 
(p.u.)

Bus Qmax 
(p.u.)

Bus Qmax 
(p.u.)

Bus Qmax (p.u.)

49 189.1 28 467.0 17 691.2 19 737.5 6 931.3 31 1178.4 52 4979.5
25 209.9 26 471.9 16 709.2 7 773.6 14 931.9 39 1229.4 42 7208.7
48 277.3 27 522.9 51 710.3 3 773.9 11 943.8 9 1238.3 37 9185.5
46 283.3 34 541.7 18 713.9 21 804.5 4 944.7 22 1431.7 41 12,243.4
40 287.9 29 589.6 8 728.2 1 834.9 13 945.9 44 1500.1
47 341.3 20 609.7 24 728.9 23 890.2 33 970.9 43 1582.7
2 400.9 15 639.7 38 729.0 5 894.1 10 1038.1 32 1615.9
12 413.3 35 642.1 45 735.9 50 914.0 30 1143.6 36 3100.5
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