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ABSTRACT

This paper proposes a novel optimization algorithm
for designing power system stabilizers (PSSs). The
prospect of attaining higher stability motivated the
authors to creat a new optimization algorithm for this
study. A novel algorithm named the Improved General
Relativity Search Algorithm (IGRSA) was also developed
by cloud theory to improve the performance of GRSA.
The supremacy of the proposed approach is tested by
comparing it with an introduced objective function in
a medium multi-machine power system. The nonlinear
simulation results and eigenvalues analysis has demon-
strated that the proposed approach in this study is highly
effective in enhancing the dynamic stability of the power
system.

Keywords: Power System, Power System Stabilizer,
Variable Slope Damping Scale, Dynamic Stability

1. INTRODUCTION
In most power plants, PSS is taken into account as

an efficient equipment to solve oscillations and stability
problems in our process [1-3] .Effective application
of stabilizers is mainly related to the effectiveness of
objective function, especially when several PSSs are
considered simultaneously in system design. There are
lots of objective functions that are offered to provide a
better condition for PSS design. [4-6].

Moreover, this study regarded damping controllers
with a combinational input signal of both local and
remote measurements to increment the system stability.
The active selection of PSSs parameters can be achieved
by solving an optimization problem based on an objective
function with a powerful optimization algorithm. As
our paper introduces a new algorithm, the main focus of
the paper’s literature review is MHAs. Although other
methods, such as mathematical optimizations, can be
considered in the literature review, a deep review may
not be carried out, and the sentences will be superficial.
In this paper, we do not review algorithms other than
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MHAs. Meta-Heuristic Algorithms (MHAs) are self-
organized and decentralized algorithms for solving com-
plex problems using team intelligence. They often have
many parameters that have a significant influence on
their efficiency. Thus, we can consider the development
of a meta-heuristic algorithm as a configuration problem:
the goal is to choose the best building blocks to combine
as well as the best parameter setting. They can be
classified into the following four groups:
• Physically-based techniques like Gravitational Search
Algorithm (GSA) [7] and Black Hole Algorithm (BHA)
[8].

• Evolution-based techniques such as Genetic Algorithm
(GA) [9] and Bacterial Foraging Algorithm (BFA) [10].

• Social and Swarm-based techniques such as Particle
Swarm Optimization (PSO) [11].

• Gray Wolf Optimization (GWO) [12].
Among a large number of published articles in the

kinds of literature within the field of MHAs and their
practical applications, physically based optimization al-
gorithms have drawn increased attention in the past
decade. Some physically based MHAs can be found in
[13-17].

Several attempts have been made in the application
of MHAs in PSS design; the most recent notable efforts
are as follows: The algorithms of tabu search (TS),
GA, PSO, and combinatorial discrete and continuous
action reinforcement learning automata (CDCARLA)
were used by Abido and Abdel-Magid [18-21] to proper
estimation of the PSSs parameters for a multi-machine
power system. Wang et al. [22], [23] developed a
gradual self-tuning hybrid differential evolution algo-
rithm (GSTHDEA) and improved ant direction hybrid
differential evolution (IADHDE) for the optimal design
of PSSs in a multi-machine environment. Ali et al. [24]
illustrated a hybrid approach involving PSO and BFO
algorithms named bacterial swarm optimization (BSO)
for searching the parameters of the PSSs. Bacterial
foraging optimization (BFO) algorithm is a novel swarm
intelligence optimization algorithm based on the forag-
ing behavior of E. Coli. Shakarami et al. [25] applied
a population-based GWO algorithm for designing wide
area PSSs (WAPSSs) considering time delay. The wide
area PSS consists of two stages; the input of one stage
is a local signal and the input of the other is a global
signal. To select the most effective stabilizing signals
and the location of controllers, Geometric measure of
controllability and observability is used. Beiranvand et al.
[26] proposed GRSA inspired by general relativity theory
and applied it to design PSSs. Ali [27] proposed the BAT
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search algorithm based upon the echolocation behavior
of bats for rapid and efficient adjustment and set of PSS
parameters.

The second part of this paper addresses the improve-
ment of the GRSA using cloud theory, a physically based
optimization algorithm. The cloud theory is a fuzzy
statistical model where qualitative linguistic variables are
statistically related to quantitative fuzzy variables. In the
cloud theory, the uncertain relationships between a qual-
itative concept and its quantitative value are described by
a cloud and its drops [28]. The ratio of kinetic energy
to the rest mass energy can be replaced by using the
cloud theory in the step length calculation stage of GRSA.
Diversity in the random clouds could avoid stagnation
in the evolution of MHA agents. Stagnation can be
measured by calculating the standard deviations. A slight
standard deviation at the last iterations usually shows
stagnation phenomena which can lead to trapping the
MHA in a local minimum. This paper uses cloud theory
to improve the GRSA by avoiding possible stagnation in
a local minimum. Moreover, concerning the assessment
of GRSA with some optimization algorithms such as
PSO and GA in [26], improved GRSA just compared
with GRSA. In addition, this study regarded damping
controllers with a combinational input signal of both
local and remote measurements to increment the system
stability. The GRSA and IGRSA regarding the determined
objective function were applied in PSSs designing, and
its positive effects have been observed. Regarding
the above illustrations, the novelties of the paper can
be summarized as follows: An improved optimization
algorithm is proposed, and cloud theory enhances the
GRSA to avoid possible stagnation in a local minimum.

This paper has organized as follows: Section 2
introduces the power system model and PSSs structure
and some reviews explaining new and customary existing
objective functions in the literature. It also proposes
a novel objective function. Section 3 reviews both
GRSA and improved GRSA methods. Section 4 presents
simulation results and a comparison, which investigates
the efficacy of the proposed methods under various
system operating conditions. Some conclusions are
explained in section 5.

2. PROBLEM STATEMENT
The problem statement is defined in three parts as

follows:

2.1 Power system model and PSSs structure
The closed-loop power system nonlinear modeling

can be constructed with a set of nonlinear differential-
algebraic equations in the following form:

𝑋̇ = 𝑓(𝑋, 𝑈) (1)

Regardless of the damping controller’s structure,
the linearized incremental model of the interconnected
power system around an equilibrium point is generally

Fig. 1: Overall Interconnection of 𝑖𝑡ℎ PSS with IEEE-type-
ST1 Excitation System.

shown as follows:

Δ𝑋̇ = 𝐴Δ𝑋 + 𝐵Δ𝑈 (2)

This paper implements a commonly utilized conven-
tional lead-lag PSS and the IEEE-type-ST1 excitation
system similar to Fig. 1 [2]. The considered PSS structure
and 𝑖𝑡ℎ angular speed deviation are denoted as follows:

𝐺𝑖 (𝑠) = 𝐾𝑖
𝑇𝑤𝑠

(1 + 𝑠𝑇𝑤)
(1 + 𝑠𝑇1𝑖) (1 + 𝑠𝑇3𝑖)
(1 + 𝑠𝑇2𝑖) (1 + 𝑠𝑇4𝑖)

(3)

Δ𝜔𝑖 = (𝛾𝐿Δ𝜔𝐿𝑖 + 𝛾𝑅 ∑
𝑘

Δ𝜔𝑅𝑘)

2.2 Overview of utilized Objective Function
Up to now, there have been several attempts with

the presentation of the different objective functions to
achieve higher small signal stability. A schematic of
this convergence region in four well-known objective
functions is depicted as a shaded area in Fig. 2. The final
objective function is constructed by applying a damping
scale function in the form of Eq. (4) [12]. Thus, this
damping scale objective function can be written as below
(Eq. (5)):

𝜒 ≡
− (𝜎 − 𝜎0)

√(𝜎 − 𝜎0)
2 + 𝜔2

× 100% (4)

𝑀𝑖𝑛 𝐹1 =
𝑛𝑦

∑
𝑦=1

(𝜒0 − min
1≤𝑞≤𝑛𝑞

𝜒𝑞)
𝑦

(5)

In the related convergence region in Fig. 2(d), all
damping factors and damping scales are lower and higher
than 𝜎0 and 𝜒0, respectively. Also, the slope of the
straight line of the fan-shaped region is as follows [12]:

𝑆𝑙𝑜𝑝𝑒𝜒0 = ±
√

1
𝜒2

0
− 1 = ± 1

|
𝜁0

√1−𝜁2
0

− 𝜎0
𝜔 |

(6)

As depicted in Fig. 2(d), the objective function 𝐹1 has
no problem with the cases related to the high-frequency
or low-frequency lightly damped modes and overcame
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Fig. 2: Convergence Regions of Four Objective Functions.
(a) Rectangular Region of Damping Factor [5]. (b) Fan-
shaped Region with Tip at the Origin of Damping Ratio
[7]. (c) D-shaped Region of Damping Factor and Damping
Ratio [18]. (d) Fan-shaped Region with Tip at 𝜎0 and the
Damping Ratio 𝜁0 of Damping Scale [23].

the disadvantage of prior works. If 𝜎0 is zero, 𝑆𝑙𝑜𝑝𝑒𝜒0
will be similar to 𝑆𝑙𝑜𝑝𝑒𝜁0 in its value; in other cases, as
long as 𝜎0 pursues negative values, the magnitude of
𝑆𝑙𝑜𝑝𝑒𝜒0 is smaller than that of 𝑆𝑙𝑜𝑝𝑒𝜁0 [12].

3. OVERVIEW OF GRSA AND PROPOSE OF IGRS
ALGORITHM

3.1 Overview of GRSA

General Relativity Search Algorithm (GRSA) is a novel
MHA inspired by General Relativity Theory [26], which
is depicted by the flowchart (Fig. 3). In GRSA, a tensor of
agents is considered in a space free from all external non-
gravitational fields and propels toward a position with
the least action. In GRSA, step length and step direction
for updating the agents are computed separately using
particle velocity and geodesics. GRSA shows good
performance in solving optimization problems.

GRSA starts with randomly generated initial agents
in the problem geometry and dimension. Each agent
(particle) is a feasible solution to the problem represented
as a tensor. Based on general relativity theory, a particle
follows a geodesic path based on its energy-momentum
and surrounding gravitational fields in the curved space-
time. It moves toward the best position, where it hasmin-
imum action. The objective function of the optimization
problem is computed for all particles and considered as
their actions. Step length and step direction for updating
the position of a particle are determined by its velocity
and geodesic tangent, respectively. Particles with large

gravitational fields have a significant effect on forming
geodesics for other particles, while the evolutions of
these particles are mainly dependent on their energy
momentum and geodesic tangent. GRSA evolves to
find the optimization problem solution through iterative
calculation of step length and step direction for each
particle position.

The step length and step direction in GRSA are cal-
culated using existing relativistic equations for energy-
momentum, curved space-time geometry, and geodesic
tangent vectors. Finally, Einstein’s field equation applies
the effect of the gravitational field of particles on space-
time, and a new position of particles is obtained. Fig. 5
illustrates the simplified flowchart of GRSA, and details
of this optimization method are given in [26].

3.2 Proposed improved GRSA
In this optimization algorithm, like in GRSA, a random

tensor of solution agents forms a search space. This
search space is uniformly divided into some search
subspaces. After that, step length and step direction can
be calculated as subsections for the subspaces.

3.2.1 Step length computation
Initially, to calculate the ratio of kinetic energy to the

rest masses energy, a forward normal cloud at time t
(iteration t) for 𝑖𝑡ℎ agent, which details of FNC are given
in [28], is generated as:

[𝑋𝑖 (𝑡) , 𝜇𝑖 (𝑡)] = 𝐹 𝑁𝐶(𝐸𝑥, 𝐻𝑒, 𝐸𝑛, 𝐷𝑛) (7)

𝐸𝑛 = |𝑓𝑔 − 𝑓𝑟𝑎𝑛𝑑|
|𝑓𝑎𝑣𝑒| + 𝜀

(8)

𝐻𝑒 = |𝑓𝑔 − 𝑓𝑎𝑣𝑒|
|𝑓𝑎𝑣𝑒| + 𝜀

(9)

Then the energy conversion ratio is defined as:

𝜉𝑖 (𝑡) = 𝑋𝑖,𝑟𝑎𝑛𝑑 𝑖𝑓 𝑋𝑖,𝑟𝑎𝑛𝑑 < 0 𝑎𝑛𝑑 𝑋𝑖,𝑟𝑎𝑛𝑑 ∈ 𝑋𝑑𝑒𝑐𝑖𝑙𝑒
(10)

where 𝑋𝑖,𝑟𝑎𝑛𝑑 such that its certainty degree belongs to a
decile of 𝜇 where 𝑡/𝑡𝑚𝑎𝑥 value belongs to. For example,
if 𝑡/𝑡𝑚𝑎𝑥 = 0.43, a drop will be selected in a set by the
certainty degree in the range of [0.4 0.5]. This selection
process by a moving window which its certainty degree
enhances with iterations, is demonstrated in Fig. 4.
Thereafter, speed and step length for the agent is given
as:

𝛾𝑖 (𝑡) = 1 + 𝜉𝑖 (𝑡) (1 − 𝐾𝑔) (11)

𝑉𝑖𝑗 (𝑡) = 𝐾𝑉 , 𝑖𝑗 (𝑡)
√

1
𝛾2

𝑖𝑗(𝑡)
− 1 (12)

𝐾𝑉 ,𝑖𝑗 (𝑡) = |𝑇
𝐵𝑒𝑠𝑡,𝑠
𝑗 (𝑡) − 𝑇 𝑟𝑎𝑛𝑑,𝑠

𝑗 (𝑡)| (13)

𝜆𝑖𝑗 (𝑡) = 𝜔𝑡𝑉𝑖𝑗 (𝑡) , 𝑖 ∈ {1, 2, … , 𝑙} , 𝑗 ∈ {1, 2, … , 𝑑}
(14)
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Fig. 3: GRSA Flowchart.

In Eq. (14), variable 𝜔𝑡 linearly decreases from 0.9 to
0.1 and provides a smaller step length in the vicinity of
the global optimal point by increasing iterations.

3.2.2 Step direction computation
Time-like, space-like and null geodesics are used to

obtain step direction for a particle which 𝐾𝑓,𝑖𝜖{0, 1}, as
follows:

𝛿𝑖𝑗 (𝑡) = −𝑠𝑖𝑔𝑛(𝛿𝑡𝑙,𝑖𝑗 (𝑡)+𝐾𝑓,𝑗𝛿𝑠𝑙,𝑖𝑗 (𝑡)+(1−𝐾𝑓,𝑗)𝛿𝑛𝑢𝑙𝑙,𝑖𝑗(𝑡))
(15)

where
𝛿𝑡𝑙,𝑖 (𝑡) = 𝑠𝑖𝑔𝑛(𝑇𝑖 (𝑡) − 𝑇𝑖 (𝑡 − 1)) (16)

𝛿𝑠𝑙,𝑖 (𝑡) = 𝑠𝑖𝑔𝑛(𝑇𝑖 (𝑡) − 𝑇 𝐺) (17)
𝛿𝑛𝑢𝑙𝑙,𝑖 (𝑡) = 𝑠𝑖𝑔𝑛(𝑇𝑖 (𝑡) − 𝑇 𝐵𝑖) (18)

From Eq. (20), note that if K𝑓,𝑗 becomes one, the
corresponding component of time-like geodesic tangent
will be in the same direction with space-like geodesic,
and else it will be in the same directionwith null geodesic.
Therefore, the tendency to move toward a particle with
larger energy momentum increases along a time-like
geodesic.

Fig. 4: Selection of 𝜉𝑖 (𝑡) from the Negative Drops Inside the
Moving Window.

3.2.3 Updating particles tensor
By computing step length and step direction from

Eq. (19) and (20), respectively, the new positions of the
particles are as follows:

𝑇𝑖𝑗 (𝑡 + 1) = 𝑇𝑖𝑗 (𝑡) + 𝜆𝑖𝑗(𝑡)𝛿𝑖𝑗(𝑡) (19)

To improve search capabilities, a mutation operation
will be performed for particles with the worst positions
in the overall search space. In this process, the value of
parameter S is chosen, and themutation operation will be
performed with the best position in all subspaces using
Einstein’s field equation to these positions. The steps for
the proposed IGRSA are as follows:

(i) Generate a random initial tensor for a population
of particles;

(ii) Divide the initial tensor into some subspaces uni-
formly;

(iii) Calculate action (cost function) for all particles;
(iv) Assign 𝜉 for each particle using cloud theory;
(v) Calculate the particle’s velocity;
(vi) Compute displacement step length for particles;
(vii) Compute displacement step direction for particles;
(viii) Update the position of particles;
(ix) Perform mutation operation for a number of S

particles with worst positions using Einstein’s
equation;

(x) Repeat steps (iii) to (ix) until the stop criterion is
satisfied;

(xi) End.

4. SIMULATION RESULTS AND DISCUSSION
The case study is a 10-machine 39-bus system as a

medium multi-machine power system, shown in Fig.5.
Generally speaking, the PSS optimum parameters will
be obtained by applying an objective function (OF, 𝐹1)
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Fig. 5: Single line Diagram of 10-machine 39-bus (New
England) Test System.

and considering the following constrained optimization
problems.
Minimize (OF, 𝐹1) subject to:

𝐾𝑚𝑖𝑛
𝑖 ≤ 𝐾𝑖 ≤ 𝐾𝑚𝑎𝑥

𝑖 (20)

𝑇 𝑚𝑖𝑛
1𝑖 ≤ 𝑇1𝑖 ≤ 𝑇 𝑚𝑎𝑥

1𝑖 (21)

𝑇 𝑚𝑖𝑛
2𝑖 ≤ 𝑇2𝑖 ≤ 𝑇 𝑚𝑎𝑥

2𝑖 (22)

𝑇 𝑚𝑖𝑛
3𝑖 ≤ 𝑇3𝑖 ≤ 𝑇 𝑚𝑎𝑥

3𝑖 (23)

𝑇 𝑚𝑖𝑛
4𝑖 ≤ 𝑇4𝑖 ≤ 𝑇 𝑚𝑎𝑥

4𝑖 (24)

The range of optimizing our parameters is [0:001 50]
for𝐾𝑖 and [0:01 1.0] for 𝑇1𝑖, 𝑇2𝑖, 𝑇3𝑖 𝑎𝑛𝑑 𝑇4𝑖. Furthermore,
the optimization algorithm of IGRSA has been chosen for
this optimization procedure.

4.1 Tested system
The single-line diagram of the IEEE 10 machine (New

England) power system (Fig. 5) is considered for simu-
lation, and the detail of system data is taken from [29].
In this study, to achieve the overall dynamic stability
of the test system with the presented approaches, all
generators, except G2, an equivalent power source of
the U.S.-Canadian interconnection system, are equipped
with PSSs. To design robust PSSs, two different operating
conditions, in addition to our base case, are characterized
by the system under both severe loading conditions and
critical line outage. Here the ”Robust” term is used in this
concept that the designed controllers will be responsive
to load changes and keep the system stable.
The three cases are defined as follows:
Base case: normal condition [29].

Case 1: outage of the line between buses 21-22.
Case 2: outage of the line between buses 21-22 and 10%
increase in the loads at even buses.

The cases mentioned above are chosen based on the
authors’ knowledge obtained from various simulated
cases. Base case (normal condition) would be the state
of the selected power system with any abnormal change
in its structure. In the New England power system, the
line between buses 21 and 22 would be susceptible. More
specifically, when this line is outaged, maintaining the
system stability would become so complicated that PSSs
should be optimized effectively. This circumstance has
been named Case 1. To make the situation harder, we
have increased the load of even buses, named Case 2.

The results of sensitivity analysis, as it is needed for
designing PSSs, illustrate the oscillation among given 𝑖𝑡ℎ

and 𝑘 𝑡ℎ generators as follows:
Considering ”∼ ”as an oscillation symbol, 𝐺1∼G3

,𝐺4∼(G2 & G6), 𝐺5∼G4 and 𝐺7∼G6. Therefore, all the
generators G1, G4, G5, and G7 are selected to be equipped
with the WAPSSs. The feedback combination signal of
the 𝑖 𝑡ℎ generator is 𝜔𝑖− ∑k 𝜔k.

4.2 Nonlinear Time-Domain Simulation
The nonlinear time-domain simulation of the power

system is conducted from [29], which uses a power flow
program [30] to calculate the dynamic initial conditions
and MATLAB/Simulink to solve the described DAEs of
the dynamic model of a power system in [31] using an
Ordinary Differential Equation (ODE) solver.

Furthermore, to ascertain the robustness of the de-
signed PSSs in the state of variable operating conditions,
the time-domain simulations are derived from studying
the system response to the following disturbances:
1. A three-phase short circuit fault at bus 39 at 𝑡 = 1 s.

The fault is cleared by tripping the line between buses
36−39 after 100 ms.

2. 0.05 pu increment in 𝑉ref of the 𝐺3 excitation system
at 𝑡 = 1 s with a duration of 100 ms.

3. 50% load change (decrement) at bus 35 at 𝑡 = 1 s with
a duration of 100 ms.
Because of space constraints, some studies were only

conducted with the appearance of the first disturbance.
The first disturbance would be more severe than the
others, which has been considered for this study. If the
proposed method becomes effective in such a circum-
stance, it will certainly excel in other conditions. The
next study would utilize other disturbances for a bigger
power system.

4.3 Evaluation of Optimization Methods
The specific aim, which is focused here, is to clarify

the positive effect of the proposed optimization algorithm
in all presented operating conditions. The rotor angle of
different generators concerning 𝐺1 under the first distur-
bance has been shown in Fig. 6. Analysis ascertains that
the PSSs, which are tuned with IGRSA, can provide more
positive damping in the system response in all conditions.
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Table 1: Performance indices.

Table 2: Results of performance indices with different
algorithms.

The selection of generators from different parts of the
power systemwas to demonstrate the effectiveness of the
proposed algorithm in every situation.

These figures show that the response of the gener-
ators undergoes more fluctuations by applying the old
optimization algorithm. In contrast, the designed PSSs,
considering the proposed optimization algorithm, can
effectively reduce the fluctuations to settle down faster
and reach new steady state conditions.

4.4 Evaluation of Performance Indices
The optimization performance of each search algo-

rithm is investigated by three indexes. These indexes are
the Best Function Value (BFV), Average Value (AV), and
Standard Deviation (STD) of function values obtained
at the end of 30 successive runs of these optimization
algorithms [26]. To give more details, the index of AV
is a criteria to determine how the function would be
converged, the index of BFV determine the number of
iteration for getting global optimum, and the index of
STD would determine the robustness of the proposed
algorithms in finding near global optimal solutions. The
standard deviation is the average amount of variability in
your dataset. It tells you, on average, how far each value
lies from the mean. A high standard deviation means
that values are generally far from the mean, while a
low standard deviation indicates that values are clustered
close to the mean. Because of space constraints, only the
severe condition of case 2 with the first disturbance is
reported.

To investigate and complementary study of the system
response in different operating conditions, two common
performance indices (PI) which are related to the settling
time and overshoot of speed response [19] are described
as follows:

𝑃 𝐼1 =
𝑛

∑
𝑖=1 ∫

𝑡=𝑡𝑠𝑖𝑚

𝑡=0
(𝑡Δ𝜔𝑖)

2𝑑𝑡 (25)

𝑃 𝐼2 =
𝑛

∑
𝑖=1 ∫

𝑡=𝑡𝑠𝑖𝑚

𝑡=0
(Δ𝜔𝑖)

2𝑑𝑡 (26)

Fig. 6: Rotor angle deviation with the first disturbance in
different cases. a) Base case b) Case 1 c) Case 2.

The performance indices of 𝑃 𝐼1 and 𝑃 𝐼2 for case 2
and considering all disturbances are reported in Table II.
Here, it should bementioned that the lower values of per-
formance indices resulted in better system performance
from the dynamic stability point of view. The supremacy
of the proposed design technique will be evident from
the analytical study of the obtained performance indices
in the different disturbances.
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5. CONCLUSION

This work aims to introduce a new meta-heuristic
optimization method and simultaneously get involved
with designing highly effective PSSs. The cloud theory
was used to improve GRS algorithm performance, and
a technique named IGRSA was presented. Finally,
IGRSA was utilized to optimize the objective function.
The obtained results through optimization of utilized
objective function and use of IGRSA show that this
method is the most effective way in PSS designing.
Furthermore, small signal analysis and time domain
simulations on a multi-machine power system illustrate
the effectiveness of the proposed method.

APPENDIX
Requirement data and the parameters of implied

optimization algorithms that should be established be-
fore performing the optimization process are listed
in Table.A1 and Table.A2, respectively. The optimal
parameters of the proposed PSSs are given in Table.A3.
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