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Abstract—The main aim of the paper is to design a load frequency controller for an Isolated Hybrid Power system. The
isolated hybrid power system presented in this paper uses renewable sources for power generation and a storage system
feeding load to a remote island. The studied system comprises of wind-turbine generators (WTGs) and wave energy turbine
generators (WETGs) for power production and a compressed air energy storage (CAES) system for storage. It can be
verified from the simulation results that the isolated-hybrid system feeding load can stably operated to attain power and
frequency stability by using Proportional Integral (Pl) and Proportional Integral Derivative (PI1D) Controllers. The Gains
of the controller are obtained from a novel optimization technique named as Grey Wolf Optimization (GWO).

IndexTerms— Grey Wolf Optimization (GWO), Load frequency controller, Hybrid power system, Wave energy, Wind turbine
generator.

l. INTRODUCTION

Wind and wave (tidal waves) are intermittent energy sources and do not usually meet load demands at all times. Conventional
generation of electricity from fossil fuels causes environmental pollution. Therefore to improve power supply to demand, power is
harvested from the distributed generation resources. Unpredictability of these two energy sources in standalone system reflect in
output active power and frequency thus are unreliable to meet load requirements [1]. Thus, in developmental stage of such hybrid
system, the instability of the system output is compensated by adding a suitable energy storage system. Hence, a compressed air
energy storage system (CAES) is introduced into the hybrid wind and wave power generation system. The added energy storage will
store energy during low load demand period and helps to stabilize the system on increased demand [2]. The advantage of this storage
system is that it also eliminates threat of battery disposal, the conventional storage system. Here, the active power balance is improved
by introducing a proportional-integral (P1) and proportional-integral-Derivative (PID) controller. The controllers are optimized for
improved settling time and reduced overshoot in frequency deviation resulting due to active power unbalance. The optimization is
carried out by recently proposed efficient Grey Wolf Optimizer (GWO) [3].

Il. SYSTEM MODELING

The generation system comprises two wind turbine generator (WTG) along with, one wave energy turbine generator (WETG)
and the CAES for storage purpose shown in MATLAB/Simulink model in Fig. 1. The load is connected to the CAES subsystem.
During the off peak load the CAES stores the surplus energy and when the load peaks up, the CAES supplements energy to meet the
load requirement [4-5]. The net power generation P s is the sum of output power obtained from the WTGs Pwre , from WETGS Pwete
and the exchanged power of the CAES Pcags .

The expression of Ps is expressed by

Pcaest Pwete + Pwre =Ps
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Fig.1: Single line diagram of Proposed System
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Fig.2: Simulink Block diagram of Proposed System

2.1. Wind Power Generation

Power content in offshore wind is more than on land and small wind farms can feed electricity to isolated off-grid locations. Here
wind is used to generate electricity. Wind power is a renewable source of energy and does not create any atmospheric pollution and
also it is cost effective and uses little land [6]. Neglecting non-linearities the model of WTGs is reduced to a transfer function

Gare(5) = Ko =ﬂ.P:rm
1+5Twre AP

With Kwre the gain and Twre the time constant of WTG respectively for small change of output power APwre for corresponding
change in input APw

2.2. Tidal Wave Energy Power Generation

Tidal power, also called tidal energy, is a form of hydropower that converts the energy obtained from tides into useful form of
power, mainly electricity. It can be harnessed where high a tidal flow velocity is present [7]. The transfer function of WETG is
represented in a simple form
Kwere  APwrers

1+ 5T wers AP

With Kwere the gain and Twere the time constant of WETG respectively for small change of output power APwerg for
corresponding change in input AP, from the wave.

Gwere (5)=

2.3. Compressed Air Energy Storage System (CAES)

In compressed air energy storage (CAES) system the energy generated during one time is used when needed using compressed
air. The energy generated during the low load hour can be released to meet peak load demand [8]. The storage system is represented
in model as

Keirs APeurs
1+5T c.ars ﬂb?r

With Kcages — the gain and Tcaes - time constant respectively for small change of output of CAES APwere corresponding to Af
frequency deviation.

Geaps(s) =

2.4. Power-Frequency deviations

As the hybrid system used is highly fluctuating in nature it requires special control strategies. So, we use a Pl and PID controller
to alleviate mismatch between generation and demand [9]. The power control strategy is obtained by using the difference of power
demand P and net power generation Ps.
Ps— PL =APe
Practically there will be a delay in the frequency characteristics and hence, in the above equation modification is required by
controlling inherent time delay between system frequency variation and power deviation [10]. The transfer function for system
frequency variation to per unit power deviation can be expressed by

Af l 1

Gss(§)=——= =
N AP, Kss(l45T ) D+ Ms
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Where, M and D are the equivalent inertia constant and damping constant of the hybrid system considered respectively.

2.5. Objective Function
GWO is used to minimize the standard objective function Integral of Square Error (ISE) of frequency deviation which is the
fitness evaluation of wolves. The integral square error is denoted by J. The mathematical value of J is:

T .
].:J' L {ﬂl’j 2

I11. GREY WOLF OPTIMIZATION (GWO)

Grey wolf (Canis lupus) belongs to Canidae family. Grey wolves are considered as apex predators, meaning that they are at the
top of the food chain. Grey wolves mostly prefer to live in a pack. The group size is 5-12 on average. Of particular interest is that
they have a very strict social dominant hierarchy.

The leaders are a male and a female, called alphas. The alpha is mostly responsible for making decisions about hunting, sleeping
place, time to wake, and so on. The alpha’s decisions are dictated to the pack. However, some kind of democratic behavior has also
been observed, in which an alpha follows the other wolves in the pack. In gatherings, the entire pack acknowledges the alpha by
holding their tails down. The alpha wolf is also called the dominant wolf since his/her orders should be followed by the pack. The
alpha wolves are only allowed to mate in the pack. Interestingly, the alpha is not necessarily the strongest member of the pack but
the best in terms of managing the pack. This shows that the organization and discipline of a pack is much more important than its
strength.

The second level in the hierarchy of grey wolves is beta. The betas are subordinate wolves that help the alpha in decision-making
or other pack activities. The beta wolf can be either male or female, and he/she is probably the best candidate to be the alpha in case
one of the alpha wolves passes away or becomes very old. The beta wolf should respect the alpha, but commands the other lower-
level wolves as well. It plays the role of an adviser to the alpha and discipliner for the pack. The beta reinforces the alpha's commands
throughout the pack and gives feedback to the alpha.

The lowest ranking grey wolf is omega. The omega plays the role of scapegoat. Omega wolves always have to submit to all the
other dominant wolves. They are the last wolves that are allowed to eat. It may seem the omega is not an important individual in
the pack, but it has been observed that the whole pack face internal fighting and problems in case of losing the omega. This is due
to the venting of violence and frustration of all wolves by the omega(s). This assists in satisfying the entire pack and maintaining
the dominance structure. In some cases, the omega is also the babysitters in the pack.

If a wolf is not an alpha, beta, or omega, he/she is called subordinate (or delta in some references). Delta wolves have to submit
to alphas and betas, but they dominate the omega. Scouts, sentinels, elders, hunters, and caretakers belong to this category. Scouts
are responsible for watching the boundaries of the territory and warning the pack in case of any danger. Sentinels protect and
guarantee the safety of the pack. Elders are the experienced wolves who used to be alpha or beta. Hunters help the alphas and betas
when hunting prey and providing food for the pack. Finally, the caretakers are responsible for caring for the weak, ill, and wounded
wolves in the pack.

In addition to the social hierarchy of wolves, group hunting is another interesting social behavior of grey wolves. The main phases
of gray wolf hunting are as follows:

e Tracking, chasing, and approaching the prey
e  Pursuing, encircling, and harassing the prey until it stops moving
e  Attack towards the prey

To see how GWO is theoretically able to solve optimization problems, some points may be noted:

e The proposed social hierarchy assists GWO to save the best solutions obtained so far over the course of the iteration

e The proposed encircling mechanism defines a circle-shaped neighbourhood around the solutions which can be extended to
higher dimensions as a hyper-sphere

e The random parameters A and C assist candidate solutions to have hyper-spheres with different random radii

e The proposed hunting method allows candidate solutions to locate the probable position of the prey

o Exploration and exploitation are guaranteed by the adaptive values of a and A

e The adaptive values of parameters a and A allow GWO to smoothly transition between exploration and exploitation

e With decreasing A, half of the iterations are devoted to exploration (JA>1) and the other half are dedicated to exploitation
(IAI<1)

e The GWO has only two main parameters to be adjusted (a and C)

The C vector can be also considered as the effect of obstacles to approaching prey in nature. Generally speaking, the obstacles in
nature appear in the hunting paths of wolves and in fact prevent them from quickly and conveniently approaching prey. This is
exactly what the vector C does. Depending on the position of a wolf, it can randomly give the prey a weight and make it harder and
farther to reach for wolves or vice versa.
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To sum up, the search process starts with creating a random population of grey wolves (candidate solutions) in the GWO algorithm.
Over the course of iterations, alpha, beta, and delta wolves estimate the probable position of the prey. Each candidate solution
updates its distance from the prey. The parameter is decreased from 2 to 0 in order to emphasize exploration and exploitation,
respectively.

The GWO algorithm is as follows:

« Initialize the grey wolf population Xi (i=1,2, ..., n)
e [nitialize a, A, and C
s Calculate the fitness of each search agent
o X, =the best search agent
¢ Xj =the second best search agent
o X; =the third best search agent
s while (t = Max number of iterations)
+ for each search agent
« Update the position of the current search agent by above equations
o end for
¢ Updatea, A and C
+ Calculate the fitness of all search agents
¢ Update X,, Xp, and X;
o 1=t
« end while
o retun X,

IV. RESULTS AND DISCUSSIONS

Simulation block diagram of hybrid power system modeling mainly consists of two wind energy power generating systems, one
tidal wave energy power generating system and compressed air energy storage system (CAES) which are connected to the load. In
this work two different input loads variations are given to the system they are:

Case (i): Step load perturbation :( 1%SLP)

The step load perturbation means that total load given to the hybrid system is 1% of per unit load.
Case (ii): Random Load perturbation:

In this case the total load given to the hybrid system simply taken a random input load value.

4.1 Case (i): Step load perturbation :( 1%SLP)

From the above simulation block diagram it consist of two number wind energy stations, one tidal wave energy station and cases
energy system. The transfer function of each block we are taking only first older values it means to minimize the complexity of the
system because the hybrid power system consist a very small of loads compared to main power stations. The power generated from
WETG and WTGS are 0.2 pu and 0.8 pu respectively. Total power from generators is 1 pu. The comparative frequency deviations
of the system for the step load perturbation for GWO are given Fig.4 below.

4.2 Case (ii): Random Load perturbation

In this case the step load perturbations are been replaced with random load for a certain period. This random load is displayed in
the Fig.3 below.
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Fig.3: Random Load Deviation
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Fig.4: Comparative Frequency Deviations of controllers under case-i

The comparative frequency deviations of the system for the Random load perturbation for GWO are given below.
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Fig.5: Comparative Frequency Deviations of controllers under case-ii

V. CONCLUSION

This paper presents the frequency analysis for the controller design of an isolated hybrid power system for power supply to a
remote island. The system contains two wind turbine generators and one wave energy turbine generator and a compressed air energy
storage system. The transfer function of WTGs, WETG and CAES are represented by first order system. It can be concluded from
the frequency results of GWO tuned PID controlled system can be effectively meet the step load and random load variation in power
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demand compared with GWO tuned PI . The system frequency deviation is properly controlled with in a small range. Better controller
can be developed on this system using other approaches and compared for improvement.
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Appendix: Parameters of the studied hybrid power system

Kwte1 = 1.0, TwreL = 1.5SEC, Kwra2 = 1.0, Twrez = 1.3SGC, Kwets = 1.0, Twerc = l.ZSGC, Kcaes :-1/100, Tcaes :0.1580, M=0.2
and D =0.012
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