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Abstract: In a radial distribution network integrated with distributed generation (DG), frequency and
voltage instability could occur due to grid disconnection, which would result in an islanded network.
This paper proposes an optimal load shedding scheme to balance the electricity demand and the
generated power of DGs. The integration of the Firefly Algorithm and Particle Swarm Optimization
(FAPSO) is proposed for the application of the planned load shedding and under frequency load
shedding (UFLS) scheme. In planning mode, the hybrid optimization maximizes the amount of load
remaining and improves the voltage profile of load buses within allowable limits. Moreover, the
hybrid optimization can be used in UFLS scheme to identify the optimal combination of loads that
need to be shed from a network in operation mode. In order to assess the capabilities of the hybrid
optimization, the IEEE 33-bus radial distribution system and part of the Malaysian distribution
network with different types of DGs were used. The response of the proposed optimization method
in planning and operation were compared with other optimization techniques. The simulation results
confirmed the effectiveness of the proposed hybrid optimization in planning mode and demonstrated
that the proposed UFLS scheme is quick enough to restore the system frequency without overshooting
in less execution time.

Keywords: load shedding technique; voltage stability index; islanding; distribution network; firefly
algorithm; particle swarm optimization

1. Introduction

Recently, a large number of distributed generation (DG) has been installed in power system
networks around the world. For instance, 18% of Europe’s electricity is based on DGs sources, such as
wind power and hydro [1]. Malaysia is also seeking to raise its renewable energy usage from 6% to
11% in the period between 2011–2020 [2]. The benefits of integration of DG include improved load
balance, voltage profile, energy efficiency and reliability.

The concept of microgrid allows for the integration of more DGs, such as wind turbines, solar
PV systems, fuel cells, and microgas turbines, storage devices such as flywheels, supercapacitors,
and batteries in existing distribution networks. Simultaneously, the microgrids can feed the local
loads which include both critical and noncritical loads. In practice, the control and management
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of MG are centrally conducted by a microgrid central controller (MGCC) which is installed in the
medium-/low-voltage (MV/LV) substation [3]. Generally, a MG operates in two modes; grid-connected
and islanding. The MGCC is regarded the administrator of the MG hierarchical control systems,
which has the ability to manage economic issues and control functionalities. In the grid-connected
mode, the main grid and local DGs in MG can dispatch power to the loads as per the requested demand.
In this case, the MGCC provide power references for DGs within the MG, while, the MV grid sets the
root mean square voltage, to include a DGs to only generate currents. In that case, the DGs’ inverters
control is known as “Active and Reactive power control (PQ control)”. On the other hand, the MG
islanding mode could be due to an intentional disconnection from the MV grid that was ordered to
for maintenance purposes or from a forced disconnection caused by a fault in the MV network as
the voltage dips. Hence, the frequency and voltage in the MG must be kept within the allowable
limits by the MG DGs. In order for it to do this, a DG can implement a voltage source inverter with a
frequency set point and an inner loop of reference voltage to compensate for the imbalance of power
between loads and MG power. That DG is known as a “master source” and operates on VF mode.
Contrarily, the other DGs in MG are known as “slave sources” and operate on PQ mode. It should be
pointed out that the MGCC sends the PQ references to slave DGs to generate real power in order to
avoid overloading inverters and to ensure that load changes are properly controlled. In the context
of isolated microgrids, paper [4] developed a coordinated control strategy for managing the active
power reserve.

When the main grid is connected to a distribution network, the energy production closely matches
energy consumption. However, when the islanded network is formed, it may lead to an imbalance
between the generation and load demand in the power system operation. Consequently, it could lead
to frequency and voltage instabilities, overloading in the line, and in the worst-case scenario, power
system blackouts [5,6].

Nowadays, due to increasing integration of DGs with the power systems, power systems have
become very complex. For that, an intelligent load shedding scheme is needed to overcome the
traditional load shedding techniques which incapable to offer efficient load shedding in order to
shed the optimal load and maintain power system stability. Accordingly, several intelligent load
shedding schemes have been proposed. The optimal of load shedding scheme based on Artificial
Neural Network (ANN) for an isolated power system was proposed in [7]. In this technique, the inputs
of ANN include total generation, total load demand, and the frequency drop rate, while its output
is the minimum amount of load shedding. A comparative study was carried out to prove that the
proposed load shedding is faster than the conventional technique. Also, an ANN-based load shedding
technique was applied on Taiwan’s power system to increase the reliability [8]. The results confirmed
that the ANN-based load shedding technique is suitable for real-time applications due to shedding the
exact amount of load. Moreover, [9] suggested an optimal load shedding based on the ANN technique
and they applied it on a 39-bus New England power. The results showed that the proposed technique is
capable of shedding an optimal load to stabilize the power system. The authors in [10] suggested a new
fuzzy Under Frequency Load Shedding (UFLS) technique for an islanded microgrid. This technique is
dynamic and robust towards regulating frequencies in different cases. The authors in [11] proposed a
new fuzzy logic based UFLS technique for an islanded distribution network that is able to restore the
frequency as soon as possible. It uses frequency, the rate of change of frequency, and load priority to
do this. An UFLS technique based on the forecast of the minimum frequency was proposed in [12].
In this technique, the system frequency samples are taken post-disturbance; then, the Particle Swarm
Optimization (PSO) method is used to forecast the minimum frequency and shed the required loads.
Moreover, Genetic Algorithm (GA) is also applicable in certain load shedding problems. The authors
in [13] proposed a genetic algorithm application for the load shedding technique. It was verified on an
IEEE 30-bus system. Another GA-based load shedding technique that can minimize the amount of
load shed was proposed in [14]. A comparative simulation study of the proposed and conventional
techniques was performed to confirm the ability of the GA-based technique in shedding optimal loads.
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An optimal load shedding technique based on the PSO method was reported in [15] to determine
the maximum loading point. The technique was verified on an IEEE 14-bus system. A comparative
simulation study between PSO and GA methods was also performed, and it was confirmed that
the UFLS technique based on the PSO method is able to find the optimal solution more quickly
compared with the genetic algorithm method [16] used the particle swarm-based-simulated annealing
optimization method to provide long-term voltage stability. The most important feature of the proposed
method is its capability to determine the global optimum solution within a few iterations.

Commonly used optimization techniques such as Evolutionary Programming (EP) algorithms
and Genetic Algorithm (GA) are limited due to their computational time needs and premature
convergence. These limitations may result in a non-optimal load shedding scheme. Accordingly,
this study integrates between two algorithms to obtain an effective optimization algorithm known as
the Firefly Algorithm-Particle Swarm Optimization (FAPSO).

The Firefly algorithm (FA) is a newly designed algorithm that mimics the flashing technique of
fireflies. A detailed explanation and formulation of the firefly algorithm will be given in Section 2.2.3.
A. FA has one demerit when finding a solution, it is sometimes trapped in a local optimum solution [17].
The firefly algorithm does not have a technique to remember the previous best solution of each firefly
because the parameters in the firefly algorithm are fixed. Thus, it makes the fireflies move without
taking into consideration its previous better solution. Moreover, FA also encounters some difficulties
such as premature convergence and obtaining better solutions. On the other hand, the PSO algorithm
is regarded as more common optimization algorithms and is applicable for many types of optimization
problems. The PSO is a computational technique that depends on the movement of the swarm to
determine the optimal solution in the search space. The swarm movement in the PSO algorithm in
the search space takes its inspiration from a group of birds or bees. The major advantages of the PSO
algorithm are simple context, easy implementation mechanism, and minimal storage requirements [18].
However, the PSO often faces some problems such as taking a long time to converge to optimal.

According to the previous explanation, despite the privileges of FA and PSO algorithms, they have
some drawbacks, and in order to mitigate/minimize them, the two algorithms can be merged/
combined. The main goal of the proposed hybrid algorithm is realizing both local search using the
flashing behaviour operation of Firefly in FA, and global search via PSO optimization. Therefore, it can
be achieved a balanced search between exploration and exploitation. This hybridization between FA
and PSO serve the load shedding technique to find the optimum solution with less number of iteration
in planning load shedding. Moreover, FAPSO aims to play an important role in reducing the execution
time of load shedding operation in real time application.

The UFLS scheme is used to prevent a frequency instability in a distribution network that is caused
by power imbalance. In order to restore power balance, the UFLS scheme curtails a specific amount of
loads when the amount of reserve power is inappropriate to compensate a power imbalance. It should
be pointed out that a quick frequency decline that is caused by a generation loss or large excess load
will take place due to the inadequate spinning power reserve and a small system inertia. The UFLS
scheme is carried out to maintain the system frequency within allowable limits by keeping a balance
of electricity between a power generation and load demand [19]. There are two main types of UFLS
schemes; conventional and adaptive UFLS schemes. The conventional UFLS scheme is considered
the most common load shedding technique implemented by power utilities [20,21], where it curtails
a fixed amount of loads at certain frequency thresholds without taking into account voltage dip,
frequency decline, and disturbance location [22]. However, this technique is unable to shed the correct
amount of power deficit [23], and therefore, in practice, the conventional UFLS scheme may lead to the
removal of load quantity at levels lower/higher than the amount of power deficit, which could result
in overshooting/undershooting in system frequency, respectively.

In the worst-case scenario, the frequency instability will cause power system blackout due to
either over-shedding or under-shedding loads in the system. To solve this problem, an adaptive UFLS
was proposed, which employs the system frequency, the first derivative of system frequency and
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generator swing equation in order to estimate a power deficit [23–25]. In adaptive UFLS scheme,
the amount of imbalance power is taken into consideration in order to determine the amount of
curtailed loads. In addition, the load selection of load shedding process depends on a specific
priority ranking of loads. The adaptive UFLS has been improved by utilizing the spinning reserve in
the generators to minimize the total load shedding in [24]. In references [26,27], the adaptive UFLS
technique proposed for islanding distribution network curtailed lower loads relative to its conventional
counterpart. However, this technique reported a flaw taking place in the amount of load shed when
the unoptimal amount of load that was curtailed resulted in an overshooting frequency. Recently,
researchers started using artificial intelligence methods for load shedding techniques. The authors
in [28] proposed a new fuzzy UFLS scheme for an islanded microgrid. This scheme demonstrated
dynamics and robustness in regulating frequencies in multiple cases. However, the system’s frequency
still overshoots. Other intelligent UFLS schemes presented in [29–31] also showed that the amounts
of loads being shed remain not optimal in certain cases. Over-shedding is caused by fixed priorities
in the load shedding process. For this reason, Laghari et al. [24] proposed a new UFLS technique,
which assumes some flexibility in load priority, making it possible to shed the optimal combination of
loads with minimum error. The UFLS technique proposed in [24] is capable of restoring the system’s
frequency to its nominal value without overshooting/undershooting during the islanded distribution
network. However, this technique suffers from long computational time, since all possible load
combinations needs to be considered. For this reason, the authors chose only six random priority loads.
For that purpose, the adaptive UFLS also needs another technique to select the loads that will be shed
to realize an optimal load curtailment. For that, the FAPSO optimization is proposed to select the loads
that should be shed which realized the optimum load shedding with a minimum number of iterations.

This paper focuses on planning and operation of load shedding in the islanded distribution
network, which is based on the proposed FAPSO optimization. FAPSO optimization is used as an
optimization tool for evaluating the planning optimal load shedding, meanwhile, the Stability Index
(SI) is used in order to detect the buses that are most sensitive to voltage collapse in any operating
point in the distribution system. It is suggested that SI is applied on combines weighted objectives
into a single objective function with the amount of Megawatt (MW) for remaining load in the system.
Moreover, the proposed FAPSO optimization method has been compared under islanded distribution
network with PSO, FA, Evolutionary Programming (EP) and Gravitational Search Algorithm (GSA).
The main goal of comparison is to determine the best algorithm for applying load shedding scheme.
This determination performs by measuring the accuracy of the final solution and convergence speed
for maximizing load remaining and improving the lowest Stability Index (SI) value. On the other hand,
the FAPSO optimization is also used in UFLS scheme in order to select appropriate buses for load
shedding. This selection is performed based on achieving the minimum error between the sum of
the best combination loads to be shed and the total amount of required load shedding. To assess the
capabilities of the proposed method, simulations were carried out using Matlab software on an IEEE
33-bus radial distribution system and PSCAD software on part of the Malaysian distribution network
with different types of DGs by considering various scenarios.

This paper is organized in the following manner: Section 2 details the proposed optimal load
shedding planning. Section 3 details the proposed UFLS scheme using FAPSO algorithm. Section 4
will discuss modelling of IEEE 33-bus radial distribution network and determine the types, locations,
and amount of DGs in the test system and load profile used in the test system. Section 5 presents the
simulation results and discusses the proposed FAPSO based on planning load shedding scheme and
its comparison with FA, PSO, EP and GSA algorithms. Section 6 presents real test system to verify the
proposed UFLS scheme. Section 7 presents and discusses the simulation results of proposed UFLS
scheme and compare it with other schemes. The conclusions of the work will be detailed in Section 8.
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2. Optimal Load Shedding Planning

This section presents the tools that used in optimal load shedding planning in order to maximize
remaining loads and improve voltage profile within acceptable limits.

2.1. Voltage Stability Index

This section describes voltage stability index formulation, referred to as the SI, which is suitable for
a distribution network and used in the load shedding scheme. SI was proposed in [32] to determine the
weakest bus in a network that could lead to voltage instability when the load increases. To understand
the SI, Figure 1 shows two buses in a power system model and its parameters. The line VSIs indicates
the status of stability at the end of the line (received bus). Meanwhile, the bus VSIs indicates the status
of bus stability. Due to the fact that SI can be utilized to evaluate the critical loads in an islanded system,
SI can be included in the optimization problem of load shedding schemes. Therefore, this research
integrates the SI in the planning load shedding scheme in order to affect a more reliable solution.
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Figure 1. Two bus power system model.

The symbols seen in Figure 1 are: Vi, Vj: voltage magnitude at the sending (i) and receiving (j)
buses, respectively. Pi, Qi: active and reactive power at the sending bus. Pj, Qj: active and reactive
power at the receiving bus. δi, δj: voltage angle at the bus i and bus j, respectively. Y: line shunt
admittance. R, X, θ: line resistance, line reactance and line impedance angle. The line impedance
amplitude is Z. The shunt admittances Y are neglected for simplicity.

The value of the index is given by:

SI = |Vi|4 − [4(PjXij −QiRij)
2 − 4(PjRij −QiXij)

2]|Vi|2 ≥ 0 (1)

where SI is the voltage stability index; Vi is the sending bus voltage in pu; Pj and Qj are the active and
reactive load at the receiving end in pu, respectively; Rij and Xij are the resistance and reactance of the
line i-j in pu.

In order to realize a more stable radial distribution networks, the value of SI should be closer to
one for all buses. When the SI value reaches zero, it indicates the voltage collapses in the bus carring
this value [32–34]. Therefore, to avoid the possibility of voltage collapse; the SI of all nodes should be
maximized. In the proposed algorithm, SI values will be calculated for each bus in the network and
sorted from the lowest to the highest values. The bus with the lowest value of SI will be considered in
the fitness function.

2.2. Proposed Load Shedding Scheme

2.2.1. Formulation of Objective Function

In this study, the optimization aims to maximize both the sum of load remaining after the load
shedding process and the voltage profile of distribution network. For achieving a good fitness value of
the objective function for this paper, a combining weighted objectives into a single objective method
of has been chosen. This means, the two objectives can be virtually separated, by giving each of
them its specific weight in the optimization process. In order to realize that, the objective function (f )
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needs to be formulated to minimize objective function one (f 1) and objective function two (f 2) in the
following manner:

Minimize f = w1 f1 + w2 f2 (2)

where:
w2 = 1− w1 (3)

f1 = A×

 1
L
∑

T=1
Premain,T

 (4)

f2 =
1

SIsystem
(5)

where w1 and w2 are fixed positive weight values, w1 is chosen is in the range of [0, 1], and it used
in the optimization algorithm to minimize the objective function of and determine the priority of
two terms f 1 and f 2. T represents the load bus number. L represents the number of the load buses
in the distribution network. A is a reference value to make f 1 unit-less value to be able to add to the
f2 term, and this value is equal to 1 MW in this study. Premain represents the remaining loads after
load shedding process for each bus. SIsystem represents the lowest value of SI from all values of SI for
load buses. The lowest value of SI refers to the weakest bus in the distribution network. This value is
selected to improve all the voltage buses in distribution network within allowable limits during a load
shedding process.

In order to select the appropriate weightage values in Equation (2), a searching process is
performed by changing the value w1 from 0 to 1 with a step size of 0.1. This is done to determine the
importance of each weightage set (wset) towards the objective function. To assess the performance of
each weightage set, the Least Average Value (LAV) is formulated to be a performance index. The LAV
is calculated by:

LAV =

f1,wset,α−minimum ( f1,overall)

minimum ( f1,overall)
+

f2,wset,α−minimum ( f2,overall)

minimum ( f2,overall)

2
(6)

where wset,α represent f 1 and f 2 values at weightage set α (where α = 1, 2, . . . , 11). f 1,overall and f 2,overall
represent the overall f 1 and f 2 values. The performance index based on LAV (ηLAV) is expressed as:

ηLAV =
1

LAV
(7)

It should be pointed out, the aim of the ηLAV is estimating the least point which represents the
minimum value of both objective functions (f 1 and f 2) simultaneously. Therefore, by determination the
largest value of ηLAV, proper weightage values can be determined, leading to the maximum remaining
load in the distribution network with high value of SI, simultaneously.

2.2.2. Constraints

Equality/inequality constraints that should be fulfilled for the load shedding are:

(A) The equality in power flow

The total power generated by DGs should be equal to the total load and total loss in the network
after load shedding:

D

∑
Ω=1

PDG,Ω =
L

∑
T=1

PLoad,T + PLoss (8)

D

∑
Ω=1

QDG,Ω =
L

∑
T=1

QLoad,T + QLoss (9)
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where PDG and QDG are the active and reactive powers generated from the DG, respectively.
Ω represents the DG number. D represents the total numbers of the DG units in the distribution
network. PLoad and QLoad are active and reactive loads in the distribution network after load shedding
optimization for each bus, respectively. T represents the load bus number. L represents the total
numbers of load buses in the distribution network. PLoss and QLoss are the total active and total reactive
losses in the distribution network after load shedding optimization, respectively.

(B) Limitations of bus voltage

The voltage magnitudes at all buses after load shedding should be within permissible limits, as
shown below:

Vi,min ≤ Vi ≤ Vi,max (10)

where Vi is a voltage for i bus, and Vi,min, and Vi,max range between ±10% of its nominal
value, respectively.

(C) Limitations on the amount of load shed at each bus

The allowable amount of load shedding for any selected load bus should be in limited priority
value. In other words, the minimum value of load remaining after load shedding at each bus is not
less than the set value, as follows:

Si,priority ≤ Si,a f ter_shedding ≤ Si,be f ore_shedding (11)

where Si,priority is the minimum amount of load power that must be maintained for load bus number i.
Si,after_shedding and Si,before_shedding represent the load power after and before applying load shedding
process, respectively.

(D) The boundary of the output power of DG

After islanding is formed, the DGs should work at the maximum output power (PDG,max) to
compensate a part of the shortage power in the distribution network. The limit of generator power
(PDG) is given as:

PDG = PDG,max (12)

2.2.3. Load Shedding Optimization Algorithm

The proposed strategy uses the power flow analysis to achieve the optimal load shedding with
improving the voltage profile. This work solves the optimal load-shedding problem using the hybrid
FA and PSO (FAPSO) technique and compares its’ results with each of FA, PSO, EP and GSA algorithms.
A detailed description of the FA, PSO and proposed algorithms are presented in the following section,
while EP algorithm was described in detail in [35,36] and GSA algorithm was detailed in [37].

(A) Firefly algorithm (FA)

FA is a recent nature-inspired meta-heuristic optimization method. This algorithm was designed
by Yang in 2007 as mentioned in [38]. Fireflies are small insects, which are capable of producing light
to attract other fireflies. They release light flashes as a signal system. There is an inverse relationship
between light intensity attraction ‘I’ of fireflies and the distance ‘r’. Hence, most fireflies are visible only
up to several hundred meters. To execute this algorithm, the fitness function is articulated based on the
fluorescence light behaviour of fireflies. For simplicity, it is imagined that light intensity attractiveness
of firefly is determined by its brightness ‘I’, which is in turn connected to the fitness function. The main
feature of FA is based on the flashing characteristics of the firefly [39]. The brightness ‘I’ of a firefly can
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be selected as Ir proportional to the fitness for a maximization problem. So, the Ir varies according to
the well-known inverse square law as shown in Equation (13):

Ir =
Is

r2 (13)

where Is is the intensity at the source r
When the brightness ‘I’ of a firefly increased, the fireflies’ attractiveness, β, will increase, and

vice versa. Thus, the attractiveness of the fireflies is strongly proportional to their brightness. Fireflies
attractiveness, β, can be defined as:

β(r) = β0e−(γ r2) (14)

where β0 is the attractiveness at r = 0; γ is the coefficient of the light absorption; r is the distance
between any two fireflies y and z at firefly (fy) and firefly (fz), respectively.

The Cartesian distance can be expressed as follows:

ryz =

√√√√ d

∑
k=1

(
fy,k − fz,k

)2
(15)

where, fy,k. fz,k are the kth component of the spatial coordinate fy and fz of the kth firefly, respectively.
d is the dimensionality of the problem. The movement of fireflies, where new firefly y,k ( f t+1

y,k ) is

attracted to previous firefly z,k ( f t
z,k) is determined by:

f t+1
y,k = f t

y,k + β0e−γ r2
yz
(

f t
z,k − f t

y,k

)
+ α(rand− 0.5) (16)

where the second term is caused by the attraction, while the third term, governed by the randomization
parameter α, is responsible for the insertion of certain randomness in the path followed by the firefly,
and rand is a random number between 0 and 1.

(B) Particle Swarm Optimization (PSO)

PSO is another meta-heuristic method used by most researchers for the optimization problem.
It was originally proposed by Eberhart and Kennedy in 1995 [40]. The major principle of PSO is created
according to the behaviour of birds or fish searching for food. The advantage of using PSO over other
optimization techniques is its simplicity and the fact that it requires very little adjustment to a few set
parameters. Due to this fact, PSO has been widely used in a variety of applications.

Let a number of k particles in a swarm be initialized with positions xt
k = (xt

1, xt
2, xt

3, ..., xt
k) and

velocities vt
k = (xt

1, xt
2, xt

3, ..., xt
k), and the fitness is calculated based on particle positional coordinates

as the input values. Then, the particles are moved into new positions using the equations below:

xt+1
k = xt

k + vt+1
k (17)

vt+1
k = wvt

k + c1r1
(

Pbest − xt
k
)
+ c2r2

(
Gbest − xt

k
)

(18)

w = wmax −
wmax − wmin

itermax
× iter (19)

where, xt
k and xt+1

k are the current position of the particle k at iteration t and t + 1, respectively; vt
k and

vt+1
k are the current velocity of the particle k at iteration t and t + 1, respectively; c1 and c2 are the

weighting factors; r1 and r2 are a random number between 0 and 1; wmax and wmin are the maximum
and the minimum weight of the initial, respectively; iter and itermax are the current iteration number
and the maximum iteration number, respectively. Each particle updates its position and velocity based
on its own searching experience called Pbest, and on the experience from the other particle called Gbest.
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(C) Proposed Method: Hybrid of FA and PSO (FAPSO) Optimization

In this method, the capability of the FA is integrated with the PSO to increase its chance for not
being trapped in a local solution and increase speed convergence. The FAPSO share similar procedures
to that of the FA. However, the movement of fireflies in FAPSO is modified, where new firefly ( f t+1

y,k ) is
randomly mutated by:

f t+1
y,k = f t

y,k + β0e−γ r2
yz + c1r1

(
f t
Gbest,k − f t

y,k

)
+ α(rand− 0.5) (20)

Figure 2 illustrates the flowchart for the implementation of FAPSO method.
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Figure 2. Flowchart of proposed algorithm (FAPSO).

In the proposed method, the light intensity attraction step of each particle is mutated by a modified
mutation function in the FAPSO operator. For that, each particle is randomly attracted towards the Gbest
position in the same population. Local search in different regions is implemented by the attractiveness
step of the FA algorithm. The FAPSO algorithm outperforms the FA and PSO algorithms in solving the
optimization problems by using the flashing behaviour of fireflies.

2.2.4. Procedure

The implementation of FAPSO algorithm to optimal load shedding problem can be shown in
Figure 3.
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3. Proposed UFLS Scheme Using FAPSO Algorithm

The UFLS scheme will only activate its process when it receives a tripping signal from an incoming
grid substation breaker, indicating the formation of islanding. The amount of power deficit as a result
of the formation of islanding is equal to power incoming grid to the distribution network. On the
other hand, the amount of power deficit during islanding is calculated based on the rate of change
of frequency (ROCOF). It is worth mentioning that the frequency of the centre of inertia (COI) is
considered in UFLS scheme whenever there is more than one generator in the islanded distribution
network. The center of inertia frequency, in Hertz, can be determined using Equation (21):

fCOI =
N

∑
i=1

Hi fi/
N

∑
i=1

Hi (21)

where N is the number of connected generators; Hi is the inertia constant of each generator in seconds;
fi is the frequency of each generator in Hertz. In this study, the value of 47.5 Hz and 52.5 Hz are
the limitations of system frequency. It should also be pointed out that the protection devices are
immediately activated to disconnect all DGs, when the value of system frequency declines under
47.5 Hz or exceeds over 52.5 Hz, which results in a blackout.

In order to minimize the amount of load to be shed, the spinning reserve of the system can be
used. It should be pointed out that the spinning reserve of the system relies on the generators’ capacity.
The value of the total spinning reserve (TSR) of the system can be determined using Equation (22):
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TSR =
N

∑
i=1

MGCi −
N

∑
i=1

AGPi (22)

where N is the number of connected generators; MGCi is the maximum generation capacity of ith
generator; AGPi is the actual generated power of ith generator.

When the load shedding controller senses any imbalance between the generated and demanded
active power in the system during islanding mode, it calculates the power deficit in the system in two
different strategies:

(i) Event-based strategy—when one or more of generator supply like Renewable Energy Source (RES)
are disconnected from distribution network and/or the decreasing in output power generated by
RESs (such as wind turbine and Photovoltaic).

(ii) Response based strategy—when suddenly load increased in the islanded distribution network.

In the first strategy, it is estimated the power deficit by detecting the status of generator breaker
and recording the last generated power output before the outage as illustrates in Equation (23):

Pde f icit =
M

∑
j=1

Pdisconnected Source (23)

where Pdeficit is the imbalance power during islanding mode (including power loss), per-unit,
M
∑

j=1
Pdisconnected Source is the sum of output power for tripped generators, per unit, and M is the number

of trip generators. It can be noted from the last equation, the estimated power deficit that resulted
from tripping generator equals to the total loss of generated power in the system. To calculate the
power deficit for RESs can be used Equation (24):

Pde f icit = PRES,0 − PRES (24)

where PRES,0 is the total output power generated by RESs at the source of RESs change event (like
wind speed or sun radiation); and PRES is the total output power generated by RESs at 0.01 ms after
the source of RESs change event.

The second strategy is based on the dfCOI/dt. When there is a change in the rate of frequency
caused by load increment event, the power deficit can be calculated based on a power swing equation:

Pde f icit =
2× d fCOI

dt ×
N
∑

i=1
Hi

fn
(25)

where Pdeficit is the imbalance power during islanding mode per-unit; dfCOI/dt is the rate of change
of center of inertia frequency at first disturbance in the system, Hz/s; Hi the inertia constant of ith
connected generator; N is the number of connected generators; fn is the rated value of frequency, Hz.

The primary frequency control of DGs is activated when the center of inertia frequency reached
49.8 Hz to enhance the reduction in the declination in the frequency of the system [41]. This value
can be adjusted according to the needs of the protection. To get better system frequency response and
restore the frequency to its referenced value, the proper amount of load that should be shed from the
system can be determined based on the following equation:

TLSA = Pdeficit − TSR (26)

where TLSA is the total load shed amount. After the controller determines the amount of loads that
can be shed from the system, the next step is finding the best combination of load buses that are to be
disconnected from the network. The problem of determining the optimal combination of load shedding
selections was solved using FAPSO technique. Steps pertaining to this method is detailed below:
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Step 1: determine the input data, such as the amount of load to be shed, FAPSO parameters such
as weighting factors, and the number of fireflies.

Step 2: Generate an array of random fireflies (combination of load to be removed). Each firefly
presents the combinations of random load buses to be shed that fulfil the preset limit.

Step 3: Evaluate the fitness value for each firefly using the fitness function:

F = Minimum (Eerror) =
∣∣load shed amount−∑ Pi−combination

∣∣ (27)

Step 4: Update the population based on FAPSO Equations (13)–(15) and (20).
Step 5: The same process is repeated until the maximum number of iteration is achieved or the

optimal, or near optimal solution that has the minimum error as per the following equation is found:

F = Minimum (Eerror) ≤ 0.009 (28)

Step 6: Select the optimal load combination that has a minimum absolute error. After that,
the breakers are activated to disconnect the loads that were decided by the load shedding controller.
The operation time of load shedding process includes the FAPSO calculation, communication,
and Circuit Breaker (CB) operation time is assumed to be 200 ms [42]. To achieve high speed in
transmitting the signals control and data for the load shedding scheme, the mediums used in the
communication links must have a reliable high-speed connection, such as fiber optics [12].

4. Test System for Planning Load Shedding

The test system is a modified IEEE 33 bus radial distribution network with the addition of three
DG units. The basic system data is taken from [43]. The main grid feeds 33 load buses and 32 branches
via bus number one in distribution network. The rating voltage is 12.66 KV at 50 Hz, and the total
load capacity is 3.715 MW and 2.29 MVAR real and reactive power, respectively. The three DGs consist
of two constant power generator (mini-hydro power generator) and one variable power generator
(Photovoltaic systems (PV)). Table 1 provides the location of DGs and the active power rating for each
DG at maximum power rating. The location of the DG is arbitrary, and it can be at any location in the
system. Figure 4 depicts the test system.
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Figure 4. Test system.

Table 1. Maximum active power produced by Distributed Generators (DGs).

DG Number Bus Number Type of DG Maximum Output Power (MW) Power Factor

1 7 Mini-Hydro 0.85 0.8
2 25 Mini-Hydro 0.5 0.8
3 30 PV 0.837 1
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Figures 5 and 6 show the hourly Photovoltaic systems (PV) power generated in kW and hourly
load profile levels in pu.
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Figure 5. Hourly PV power production by DG3.
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Figure 6. Hourly load profile for individual loads.

The load priority percentage is also shown in Table 2 by listing the percentages of minimum
power that should be connected to the distribution network at each bus.

Table 2. The minimum percentage of load priority limit for each bus.

Bus No. Percentage (%) Bus No. Percentage (%)

2 33 19 61
3 24 20 54
4 62 21 21
5 17 22 49
6 44 23 5
7 36 24 17
8 22 25 11
9 7 26 60
10 20 27 21
11 0 28 25
12 53 29 16
13 10 30 54
14 48 31 23
15 59 32 32
16 62 33 4
17 38 - -
18 33 - -

5. Simulation Results and Discussion of the Planning Load Shedding Scheme

In order to analyze the performance of the proposed method (FAPSO) against the PSO, FA,
EP and GSA, all algorithms are implemented for load shedding. Table 3 shows the parameters for
each algorithm.
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Table 3. Particle Swarm Optimization (PSO), Firefly Algorithm (FA), Firefly Algorithm—Particle
Swarm Optimization (FAPSO), Evolutionary Programming (EP) and Gravitational Search Algorithm
(GSA) Parameters Setting.

Parameter PSO FA FAPSO EP GSA

Population size (N) 50 50 50 50 50

Maximum iteration (n) 300 300 300 300 300

Parameters values that used for algorithm

wmax = 0.9
wmin = 0.4

c1 = 2
c2 = 2

β0 = 0.2
γ = 1
α = 0.8

β0 = 0.2
γ = 1
α = 0.8
c1 = 2

- G0 = 100
α = 10

For the values of population size and maximum iteration, there is no absolute way to determine
them. However, from many simulations with different values, the current values for population size
and maximum iteration was selected by try and error approach. Meanwhile, the parametric values
used for the algorithms in the load shedding process was selected based on [44–46].

The simulation is used to demonstrate the performance of the FAPSO optimization. In this case,
the proposed load shedding scheme is tested by considering the location and load priority limit.
The limit, in this case, refers to the minimum percentage of load amount that should remain at a
particular value after the load shedding process. The values are shown in Table 2.

A proposed load shedding scheme based on FAPSO is applied on a test system to maximize
remaining load and improve voltage stability index. The fitness value is evaluated by using the
Equation (2). The weightage set is varied in the range of 0 to 0.1 with a step size of 0.1. Based on the
highest ηLAV value observed in Table 4, the weightage set of w1 = 0.8 and w2 = 0.2 is chosen as the
best combination.

Table 4. Weightage set and corresponding performance index based on Least Average Value (LAV) by
applying proposed load shedding with consideration priority limit at time 15:00.

No. w1 w2 Remaining Load (MW) Minimum Value of SI ηLAV

1 1 0 1.974802 0.951475 34.86
2 0.9 0.1 2.03936 0.950209 78.63
3 0.8 0.2 2.07637 0.956846 4178.4
4 0.7 0.3 2.034878 0.952472 79.10
5 0.6 0.4 1.890752 0.941886 17.49
6 0.5 0.5 2.068509 0.944912 119.49
7 0.4 0.6 2.031323 0.940203 49.77
8 0.3 0.7 2.03376 0.95338 80.36
9 0.2 0.8 1.987242 0.95048 38.57
10 0.1 0.9 1.784058 0.957304 12.22
11 0 1 1.114939 0.957304 2.32

The values of the objective function were used to determine the light intensities of fireflies.
The ranking of fireflies was utilized to determine and record the best firefly in the current generation.
After many iterations, it can be noticed that the fireflies begin to report better fitness value. The fitness
values can be computed by Equations (2)–(4). Meanwhile, the fireflies can be updated using Equation
(20). The process is repeated until the stopping criteria are meet (number of iteration reaches to
maximum number of iterations). FAPSO is controlled by four parameters: the randomization parameter
(α), the attractiveness (β0), weighting factor c1 and the absorption coefficient (γ). These parameters
need to be set within 0–1. Moreover, in order to realize the satisfactory implementation of the algorithm
with less computational time, a suitable number of fireflies and maximum generation need to be
determined. In this study, a set of experiments was carried out on the algorithm to do so. The tuned
control parameters are tabulated in Table 3. The proposed algorithm was evaluated using the MATLAB
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(R2015a) environment on a 3.07 GHz CPU equipped with 8 GB RAM. The optimization was repeated
100 times, and the best final solution was selected as the final load remaining for each bus in the
distribution networks.

In this case, the islanded system is formed when the main switch is opened as shown in Figure 4.
Figure 7 shows the hourly power of the total load demand, total power generation from DGs, and grid
for 24 h in grid connection mode. The figure demonstrates that the power imbalance between the load
demand and power supply from DGs is huge, that is around 48–61% of the power generation curve to
maximum daily load curve. When islanding is formed, load shedding needs to balance the generation
and load demand to cater for the huge imbalance of power.
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Figure 7. Daily load curve and power supply by grid and DGs.

Since islanded could occur at any time, the proposed FAPSO for load shedding is tested every
hour to analyze its overall performance in determining optimal load shedding. Figure 8 illustrates the
amount of load and power from DGs as a result of load shedding if it occurs at any hour (within 24 h).
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Figure 8. Load demand before/after applying the proposed load-shedding technique by hybrid FAPSO.

It can be seen that the amount of the remaining load after the load shedding process nearly
matches the amount of power being supplied. This shows that that the proposed load-shedding
technique based on the FAPSO optimization has the ability to identify the minimum amount of load to
be curtailed without removing extra load from the network. It can also be observed that the proposed
load-shedding technique based on FAPSO optimization realized the load priority limit requirement.

The load shedding result at time 15:00 is taken as an example to detail the performance of the
proposed load shedding. At this time, the maximum load demand is 3.715 MW, as shown in Figure 7.
However, the total power production at this hour is only 2.0764 MW, and the power deficit is around
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44%. Thus, 44% of the load must be shed from the distribution network to prevent the system from
collapse. After applying the proposed load shedding scheme, 1.6387 MW is removed, thus, the total
remaining load is only 2.0763 MW, which closely matches the DGs power output.

The convergence characteristic for the proposed load shedding technique using the FAPSO
optimization is shown in Figure 9 at time 15:00. It shows that the FAPSO converges and finds the
solution after 157 iterations. Comparing the FAPSO results between the original load demands (black
bar), remaining load after shedding (green bar), and load priority limit (red bar) for each bus are shown
in Figure 10. From this comparison, it can be seen that load shedding fulfils the minimum load priority
set in Table 2. There are also cases where the load at particular buses are not selected for shedding,
examples being at buses 4, 24, 29 and 30.
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Figure 10. Loads demand at each bus after performing the proposed load-shedding technique at time
15:00 hour for island with their load priority limits.

Similarly, the load-shedding technique is performed and tested based on FA, PSO, EP and GSA
algorithms. The EP is an optimization technique based on four main processes, which are initialization,
mutation, competition and selection [47]. On the other hand, GSA algorithm has been developed for
solving the real-value numerical optimization problems. The GSA algorithm has been inspired by the
universal gravitational laws [34].

The purpose of this test is to validate the FAPSO algorithm in the proposed load-shedding
technique and comparing its performance with all of FA, PSO, EP and GSA optimizations. For this
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study, the same time i.e., at time 15:00, is further analyzed for FA, PSO, EP and GSA optimizations.
The voltage profile of the system before and when islanding occurs at time 15:00 is shown in Figure 11a.
It can be clearly seen that islanding caused the overall voltage profile to decrease. However, when
load shedding is applied using FAPSO, FA, PSO, EP and GSA optimizations at time 15:00, it can be
seen that the voltage profiles after load shedding are all within the allowable limit, as per Figure 11b.
It was also noted that minimum values of voltage profiles obtained using FA, PSO, EP and GSA
optimizations are higher than the minimum value obtained using FAPSO. This took place due to the
amount of loads that remaining in the distribution system using FAPSO optimization is larger than the
others optimization techniques and the different amounts of load shed at particular buses. However,
differences are regarded to be small.

Energies 2017, 10, x FOR PEER REVIEW  17 of 25 

 

The purpose of this test is to validate the FAPSO algorithm in the proposed load-shedding 

technique and comparing its performance with all of FA, PSO, EP and GSA optimizations. For this 

study, the same time i.e., at time 15:00, is further analyzed for FA, PSO, EP and GSA optimizations. The 

voltage profile of the system before and when islanding occurs at time 15:00 is shown in Figure 11a. It can 

be clearly seen that islanding caused the overall voltage profile to decrease. However, when load 

shedding is applied using FAPSO, FA, PSO, EP and GSA optimizations at time 15:00, it can be seen 

that the voltage profiles after load shedding are all within the allowable limit, as per Figure 11b. It 

was also noted that minimum values of voltage profiles obtained using FA, PSO, EP and GSA 

optimizations are higher than the minimum value obtained using FAPSO. This took place due to the 

amount of loads that remaining in the distribution system using FAPSO optimization is larger than 

the others optimization techniques and the different amounts of load shed at particular buses. 

However, differences are regarded to be small. 

 
(a) 

 
(b) 

Figure 11. Voltage profile for the simulation: (a) Voltage profile before and after islanding at time 

15:00 without load shedding; (b) Voltage profile after applying techniques FAPSO, FA, PSO, EP and 

GSA optimizations at time 15:00. 

After applying the load shedding technique based on both of FA, PSO, EP and GSA 

optimizations, the total remaining load suggested by FA, PSO, EP and GSA optimizations are 2.0643 

MW 2.0649 MW, 1.61 MW and 2.0594 MW, respectively. These values are less than the amount 

determined by the FAPSO technique (2.0763 MW), which proves that the FAPSO is better than FA, 

PSO, EP and GSA algorithms in finding the optimal amount of remaining load, considering that the 

main objective of this study is to maximize the amount of load remaining without removing 

important loads from the system. The overall result of load shedding for all of the optimization 

methods is shown in Figure 12 for all buses. It can be seen that FA, PSO, EP and GSA shed more loads 

0.75

0.8

0.85

0.9

0.95

1

1.05

1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930313233

V
o
lt

ag
e 

(p
u
)

Load bus Number

Before islanding After islanding

0.984

0.986

0.988

0.99

0.992

0.994

0.996

0.998

1

1.002

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

V
o

lt
ag

e 
(p

u
)

Load bus number

FAPSO GSA FA EP PSO

Figure 11. Voltage profile for the simulation: (a) Voltage profile before and after islanding at time 15:00
without load shedding; (b) Voltage profile after applying techniques FAPSO, FA, PSO, EP and GSA
optimizations at time 15:00.

After applying the load shedding technique based on both of FA, PSO, EP and GSA optimizations,
the total remaining load suggested by FA, PSO, EP and GSA optimizations are 2.0643 MW 2.0649 MW,
1.61 MW and 2.0594 MW, respectively. These values are less than the amount determined by the
FAPSO technique (2.0763 MW), which proves that the FAPSO is better than FA, PSO, EP and GSA
algorithms in finding the optimal amount of remaining load, considering that the main objective of
this study is to maximize the amount of load remaining without removing important loads from the
system. The overall result of load shedding for all of the optimization methods is shown in Figure 12
for all buses. It can be seen that FA, PSO, EP and GSA shed more loads than FAPSO in the islanded
system, where the percentage of total shed related to maximum acceptable shed value in the system
are 63.16%, 63.14%, 80.55%, 63.35% and 62.70%, respectively. The results in Figure 12 prove that the
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FAPSO technique has the ability to remain loads without curtailment more than other techniques and
this concurs with the objective of planning load shedding scheme.
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Figure 12. Load buses demand after implementing the load shedding process based on FAPSO, FA,
PSO, EP and GSA optimizations at time 15:00 for island case 1.

Finally, Table 5 tabulates the summary of the comparison between the proposed load shedding
based on the FAPSO optimization with each of FA, PSO, GSA, EP optimization. It can be seen from
Table 5 that the load curtailment value done on the FAPSO optimization is the lowest value that keeps
the voltage profile within the allowed limits.

Table 5. Summary for comparison in performance of FAPSO, FA, PSO, GSA and EP in load shedding
technique.

Algorithms
Applying Optimal Load Shedding with Consideration Priority Limit at Time 15:00

Fitness Minimum Voltage of Load Bus Load Curtailment %

PSO 0.59719 0.98654 44.43
FA 0.59759 0.98696 44.46

FAPSO 0.59424 0.98590 44.11
GSA 0.59929 0.987271 44.56
EP 0.70726 0.988271 56.66

The experimental results have been analyzed in 100 runs and the average fitness value, the best
solution, and standard deviation of each of FA, PSO, GSA, EP and proposed algorithms are listed
in Table 6. It can be seen that FAPSO outperforms the rest in terms of average fitness, the best
solution, and standard deviation values. Therefore, these observations confirm that FAPSO shows
better-searching performance with high precision. Table 6 also reveals the averaged running time
(in seconds) of each of FA, PSO, GSA, EP and proposed algorithm on load shedding scheme in 100 runs.
It can be noticed, the GSA is the faster algorithm to finish 300 iterations to find the final solution.
However, it is of interest to note from Figure 9 that the proposed algorithm converges very fast as
compared to FA, PSO, GSA and EP algorithms for load shedding scheme in the studied case. This is
mean that the proposed algorithm can reach to the best solution in less time when compared with the
other algorithms. Therefore, it confirms that FAPSO has efficient computational time at reaching the
sub-optimal value. It is worth to mention, despite the computational time of GSA is faster than FAPSO,
the important point in planning load shedding is achieving the best solution to apply the results to the
system when needed. For that, the best solution is realized by FAPSO as shown in Table 6.
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Table 6. Comparison of mean fitness value, best solution, standard deviation and average
computational time for 100 runs on load shedding scheme.

Population Size/
Max Iteration Indices

Algorithms

EP GSA FA PSO FAPSO

50/300

Average fitness 0.77924 0.59988 0.59939 0.59904 0.59468
Best solution 0.70726 0.59929 0.59760 0.59719 0.59419

Standard deviation 0.031476 0.00039588 0.00050378 0.0008866 0.00032375
Average computational

time (seconds) 661.21 330.01 760.58 655.7 708.11

6. Test System for Proposed UFLS Scheme

The test system considered in this research is a part of the Malaysian distribution network
shown in Figure 13. The test system consists of two mini-hydro DGs operated at a voltage level
of 3.3 kV, each DG rated 2 MVA capacity (maximum power dispatch is 1.8 MW). The distribution
network also consists of four PV generation units. As shown in Figure 13, four units of solar PV were
connected with the network to work each rated 0.55 MWP. Two parallel units of solar PV plants were
connected to 2 MVA step-up transformer (0.4 KV/11 kV); the total load demand of the distribution
network is 6 MW, 2 Var. The mini-hydro units were connected to the distribution network using
two step-up transformers (3.3 kV–11 kV). The distribution network with its DGs are modelled using
the PSCAD/EMTDC software. The islanding operation is performed by opening the circuit breaker
(BRKG) of Bus 2000. The modelling of the various components of the test system was explained in [47].
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Figure 13. The distribution network for validation of proposed Under Frequency Load Shedding
(UFLS) technique.

Generally, commercial and industrial loads are considered more important than its residential
counterpart. For that, the residential loads from (Load 1–Load 10) can be randomly selected, as shown
Table 7. The loads, with their priority rankings, are tabulated in Table 7.
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Table 7. Load data and their priority.

Load Ranked Bus No. P (MW) Load Priority

Load 1 1050 0.044 Random
Load 2 1013 0.069 Random
Load 3 1047,1026 0.15 Random
Load 4 1012 0.314 Random
Load 5 1151 0.5 Random
Load 6 1029 0.55 Random
Load 7 1010,1039 0.583 Random
Load 8 1075 0.645 Random
Load 9 1018–1020, 1046 0.7 Random

Load 10 1144 0.119 Random

7. Simulation Study of UFLS Scheme Using BFAPSO, BEP, BGSA, BPSO Techniques,
and UFLS-FRPL

The simulation results included in this section are divided into three case studies:

• The first case represents a comparative simulation study between, FA, PSO, GSA, EP, UFLS
method proposed in [24], and FAPSO in terms of execution time.

• The second and third case study represent the simulation study of UFLS scheme for islanding
case and adding extra load using FAPSO, FA, PSO, EP and GSA techniques, and UFLS method
proposed in [24].

7.1. Comparison Between Different Metaheuristic Techniques in Term of Execution Time

The determination of optimal amount of load that should be shed is not a critical factor towards
the success of load shedding technique, but also, the execution time that needed to implement the load
shedding process is an important issue, too. The islanded distribution network with high penetration
of DGs-based on power electronics suffers from rapid frequency changes due to reducing inertia
response in power system. Accordingly, the load shedding controller will have a short time to make
a decision. This study aims to compare the execution time of different metaheuristic methods and
determine the best approach. The PC used in this work has a core i7 3.07 GHz processor and 8 GB
RAM. Table 8 shows the execution times of six load shedding methods for six trials. In this comparison,
the number of population is 20 and the maximum iteration number is 400. It is worth to mention,
the iteration stops when the Equation (28) is reached, or if it reached its max iteration. It can be seen in
Table 8 that the average of six execution times of FAPSO method is 17% of PSO, 14% of FA, 68% of
GSA, 63% of EP and 20% of FRPLS technique proposed in [24]. Therefore, the FAPSO method is the
best for the proposed UFLS technique.

Table 8. The execution time for different load shedding scenarios.

Trial Number
Execution Time (Second)

FA PSO FAPSO GSA EP FRPLS Technique Proposed in [24]

1 0.723 0.609 0.122 0.13 0.155 0.5
2 0.712 0.607 0.06 0.143 0.153 0.5
3 0.703 0.605 0.11 0.109 0.153 0.5
4 0.787 0.646 0.145 0.25 0.152 0.5
5 0.657 0.657 0.05 0.15 0.162 0.5
6 0.741 0.626 0.101 0.09 0.15 0.5

Average 0.7205 0.625 0.098 0.145 0.154 0.5
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7.2. Intentional Islanding at 0.6 MW Imbalance Power

In this case, the intentional islanding happened at t = 10 s when the solar radiation value is
800 W/m2. After disconnecting the main grid which fed the distribution network by (0.6 MW),
the frequency system immediately starts to decline. Due to this, the spinning reserve power of the
mini-hydro generators is released by (0.18 MW). Because the spinning reserve power is inadequate to
compensate for power deficit, a load shedding technique needs to be activated to rebalance the power
between generation and demand and keep the system frequency within allowable limits. Table 9
shows that all optimization techniques will shed the same amount of power (0.427 MW). However,
Figure 14 shows that the FAPSO technique successes to restore the system frequency to its’ nominal
value with higher nadir frequency value. In fact, the large execution time of UFLS technique proposed
in [24] is the main reason for less much of nadir frequency value.
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Table 9. The UFLS parameters of intentional islanding at 0.6 MW imbalance power.

Parameter FA PSO FAPSO GSA EP UFLS Technique
Proposed in [24]

∆P (MW) 0.6 0.6 0.6 0.6 0.6 0.6
Reserve (MW) 0.18 0.18 0.18 0.18 0.18 0.18

Total Load Shed Power (MW) 0.427 0.427 0.427 0.427 0.427 0.427

Shedding loads Loads
1,2,4

Loads
1,2,4

Loads
1,2,4

Loads
1,2,4

Loads
1,2,4

Loads
1,2,4

Nadir Frequency (Hz) 48.2 48.42 48.88 48.65 48.54 48.01

7.3. Load Increment of 0.9 MW

Immediately after islanding, the system frequency begins to decline in the response to an excess
load of (0.113 MW). Accordingly, the mini-hydro generators use their spinning reserve (0.1 MW)
to recover the unbalance of power. The UFLS controller will only be activated when the system
frequency goes under 49.5 Hz. At 45 s, the total power demand will be 6.9 MW. Table 10 shows that all
load shedding techniques will shed the same amount of power (0.897 MW). However, the frequency
deviation for each technique is unequal due to the difference in execution time. The frequency
responses of all UFLS controller are shown in Figure 15.
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Table 10. The UFLS parameters for load increment of 0.9 MW after islanding.

Parameter FA PSO FAPSO GSA EP FRPLS Technique
Proposed in [24]

∆P (MW) 0.9 0.9 0.9 0.9 0.9 0.9
Reserve (MW) 0 0 0 0 0 0

Total Load Shed Power (MW) 0.897 0.897 0.897 0.897 0.897 0.897

Shedding loads Loads
4,7

Loads
4,7

Loads
4,7

Loads
4,7

Loads
4,7 Loads 4,7

Nadir Frequency (Hz) 48.2 48.42 48.88 48.65 48.54 48.01Energies 2017, 10, x FOR PEER REVIEW  22 of 25 
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8. Conclusions

This work presents a hybrid FA-PSO based approach that aims to achieve an optimum load
shedding scheme in an islanded distribution network. The proposed algorithm is suitable for planning
load shedding schemes and UFLS schemes, because it utilizes the advantages of both the FA and PSO
algorithms. The planning load shedding scheme based on FAPSO has been evaluated by solving a
constrained optimization problem that aimed to simultaneously maximize the remaining loads of
the islanded distribution network and keep the voltage profile within allowed limits in the islanding
distribution network. The results of the proposed method in planning load shedding were compared
with the FA, PSO, EP and GSA optimization techniques. This comparison showed that the proposed
method performed well due to realizing the best maximum load remaining and improve voltage profile.

In practice, due to the growing penetration level of inverter-based DGs in distribution network,
there is no total significant inertia and if a load-generation imbalance occurs, a fast frequency
declination immediately takes place. To solve this problem, a quick UFLS scheme is needed to
stop a system frequency declination and restore to its nominal value. Therefore, this paper also
presented a new UFLS scheme that is suitable for islanding distribution networks. This UFLS scheme
employs the application of hybrid FA-PSO algorithms to determine the optimal combination of loads
that must to be removed from the distribution network with less execution time. The proposed UFLS
scheme based on FAPSO was tested on the real distribution network. The results showed the proposed
UFLS scheme is able to restore the systems’ frequency to its nominal value without overshooting.
The proposed UFLS scheme based on FAPSO algorithm was also compared with UFLS scheme based
on FA, PSO, EP and GSA techniques, and UFLS method proposed in [24] in the context of execution
time. It can be concluded from the result that proposed UFLS scheme based on FAPSO algorithm can
induce a high-speed response with the ability to disconnect optimal loads from islanded distribution
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network in a real application. In the future work, it can be developed a cooperative operation between
the proposed UFLS scheme with inertia and frequency control schemes of RES-DGs and energy storage
systems (ESSs) in the islanded distribution network. This development intends to realize a stable
islanded distribution network and increase the local reliability from the viewpoint of loads/customers.
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