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Chapter

Salp Swarm Optimization with
Self-Adaptive Mechanism for
Optimal Droop Control Design
Mohamed A. Ebrahim, Reham M. Abdel Fattah,

Ebtisam M. Saied, Samir M. Abdel Maksoud

and Hisham El Khashab

Abstract

The collaboration of the various distributed generation (DG) units is required to
meet the increasing electricity demand. To run parallel-connected inverters for
microgrid load sharing, several control strategies have been developed. Among
these methods, the droop control method was widely accepted in the research
community due to the lack of important communication links between parallel-
connected inverters to control the DG units within a microgrid. To help to solve the
power-sharing process, keep to frequency and voltage constrained limits in islanded
mode microgrid system. The parameter values must therefore be chosen accurately
by using the optimization technique. Optimization techniques are a hot topic of
researchers; hence This paper discusses the microgrid droop controller during
islanding using the salp swarm inspired algorithm (SSIA). To obtain a better fine
microgrid output reaction during islanding, SSIA-based droop control is used to
optimally determine the PI gain and the coefficients of the prolapse control. The
results of the simulation show that the SSIA-based droop control can control the
power quality of the microgrid by ensuring that the keep to frequency and voltage
constrained limits and deviation and proper power-sharing occurs during the
microgrid island mode during a load change.

Keywords: Droop control, microgrid, salp swarm inspired algorithm, distributed
generation, power-sharing

1. Introduction

In the last decade, the electricity demand was increase and shortly, the electric-
ity demand will be expected to rise significantly [1]. To meet this projected demand,
there is a trend towards renewable energy sources to be used because they are
environmentally sound and are considered economically better [1]. This transition
in electricity generation from conventional to renewable energy sources (RES) [2].
This has culminated in the development of small-scale power generation systems
named microgrids [2]. A microgrid that involves local loads and Distributed gener-
ation sources (DGs) [3]. DG systems are ideal for highly reliable electrical power
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supply [3]. Various types of energy resources are currently available, such as wind
turbines (WTs), photovoltaic systems (PVS), fuel cells (FC) [4]. It is difficult to
connect these renewable resources directly to a utility grid [5]. To solve this prob-
lem, the microgrid is used to make the interface between the utility grid and
distributed renewable resources [3]. Microgrids must be worked in the grid-
connected mode as well as island mode contingency [3]. The power produced from
most renewable resources is direct current (DC) but the utility grid is alternating
current (AC). The inverter must be used to convert DC to AC. Therefore, an
inverter is the main microgrid element [3]. In a microgrid, there are working
Inverter parallel. The Inverters parallels are guaranteed to high reliability. Because if
an inverter fails, the remaining modules can still supply the necessary power to the
load [3]. The inverters control is intended to deliver the active and reactive energy
while preserving the variability in frequency and voltage within the allowable limits
[6]. To control inverters used the droop control technique. The droop control
technique provides power-sharing, voltage and frequency constrained limits [7].
Such droop controllers are tuned with identical parameters in the d-axis and q-axis
by trial and error method [8]. Nonetheless, in obtaining optimum parameters or
even the right outcomes, this method has a major limitation.

Before human existence on this planet, nature used evolution to constantly solve
challenging problems. The researchers inspired a solution based on nature to solve the
difficult problems and challenges facing them. In 1977, Holland introduced a revolu-
tionary idea in the field of optimization when evolutionary ideas in nature were
modeled in computers to solve optimization problems [9]. The emergence of a new
form of heuristic algorithm is Genetic Algorithms (GA), which is the most common
and famous [10]. Opening the door for researchers to research and study to find new
ways to solve the problems and challenges facing them in different fields.

Heuristic algorithms treat the problem as a black square with a combination of
inputs and outputs. Their inputs are the problem variables and the outputs are the
goals or objectives. A heuristic search begins with the formation of a collection of
randomized inputs as the solution to the problem. The search is followed by
analyzing each solution, monitoring objective values, and modifying /mixing/
developing output-based solutions. These steps will be repeated until solve the
problem [9].

Researchers have a propensity to use optimization algorithms to overcome many
engineering problems and challenges, but there is a question for researchers “Is
there an only technique of optimization that can solve all problems? “. Lately,
several types of algorithms have emerged such as Harris hawks optimization
(HHO) [11], Salp Swarm Inspired Algorithm (SSIA) [12–14], grasshopper optimi-
zation algorithm (GOA) [1, 15], Sine Cosine Algorithm (SCA), Whale Optimization
Algorithm (WOA) [16–18], Moth-Flame Optimization Techniques [19], Gray Wolf
Algorithm (GWO) [20–22], Ant Lion Optimizer (ALO) [23], Moth-Flame Optimi-
zation algorithm (MFO) [24, 25], particle swarm optimization (PSO) [26, 27] and
Dragonfly Algorithm (DA) [28] were the outcome of GA’s success. Any heuristic
algorithm is flawed and the output is influenced by its limitations.

But there’s a fundamental question of “why do researchers keep discovering or
developing new algorithms?”. There is a theory that explains the answer to this
question, which is called the rule of no free lunch (NFL) [23]. Logically, this
principle shows that no one can suggest an algorithm to solve all optimization
issues. This does not mean that the effectiveness of a type of algorithm in solving a
particular set of problems is that it can solve all the optimization problems. The NFL
principle enables researchers to suggest new optimization algorithms or to enhance
existing algorithms to solve problem subtypes in various fields [23].
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The study proposes an SSIA-based controller to optimize the parameters of the
PI controller and drop control coefficients under load change conditions to control
the voltage, frequency and power-sharing of an islanded MG.

2. Salp swarm inspired algorithm (SSIA)

There are several swarm algorithms, many of them inspired by food search
behavior, that have emerged so far. A new swarm intelligence technique known as
SSIA inspired by the action of salp was proposed by Mirjalili et al. [29]. Salps are
from the Salpidae family. Salp is described as a body shaped like a barrel with a
transparent body. Salps are strongly jellyfish-like. The salp environment in which
he lives is difficult to reach and also difficult to provide this environment in the
laboratory, so it is difficult to preserve. Biological studies of salp are therefore in its
early stages. The salp forms the salp chain, a swarm that lives in the deep ocean
[30]. The chains of salp are made up of two groups: leaders and followers. The
leader is at the front of the chain, but the follower is named the remainder of salp. In
an n-dimensional search space where n is the number of variables of a given
problem, the location of salps is. It can be observed from the nature of the salp’s
actions that the leader salp goes around the source of food and the followers follow
the leader. The leader changes his position in every iteration and the followers adopt
it when finding food. In Figure 1 The form and nature of the salp swarm.

Figure 2 illustrates the leader and follower’s movement around the food. In a
two-dimensional matrix named x, the location of all salps is stored. It is also
believed that in the search space there is a food source called F as the target of the
swarm. To alter the location of the Leader, the following equation is proposed [29]:

x1j ¼
F j þ c1 ub j � lb j

� �

c2 þ lb j

� �

c3 ≥0

F j � c1 ub j � lb j

� �

c2 þ lb j

� �

c3 <0

(

(1)

where
x1j: first Salp (leader) position in the jth dimension,

Fj: food source position of the jth dimension,
ubj: upper bound of jth dimension,
lbj: lower bound of jth dimension,
l: current iteration,
L: maximum number of iterations,
c1, c2, and c3: random numbers uniformly generated in the interval of [0,1].

Figure 1.
Shape and structure of salp swarm in the deep ocean. (a) Single salp, and (b) single salp chain.
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xij: position of nth follower salp in ith dimension.

c1 is a significant coefficient that balances exploration and exploitation. The
following equation is used to estimate c1 [12, 32]:

c1 ¼ 2e�
4l
Lð Þ

2

(2)

Newton’s law of motion will be used to update the position of the followers as
follows:

xij ¼
1

2
ct2 þ λ0t (3)

Where I ≥ 2 and xij shows the position of ith follower salp in jth dimension, t is

time, λ0 is the initial speed, and c =
λfinal

λ0
where λ = x�x0

t .

For restructuring, in an optimization problem, it can be inferred that t is the
iteration; this equation can be represented as follows:

xij ¼
1

2
xij þ xi�1

j

� �

(4)

The advantages of SSIA:

1.A strong convergence acceleration.

2.Expedited method for providing excellent solutions.

3.Compatible with many types of optimization problems

4.A globally effective scheme to look for

5.Suitable for a broad search field.

6.In concept and implementation for related applications, SSA is simple.

7.A few parameters for tuning.

The SSIA pseudo-code algorithm is shown in Figure 3. Figure 4 Performs
flowchart for the SSIA.

Figure 2.
The swarm of Salps (Salps chain) [31].
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Figure 3.
Pseudo code of the SSIA algorithm [12].

Figure 4.
The flowchart of Salp swarm inspired algorithm.
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3. Concept droop control

The ability of the inverter device is one of the fundamental objectives on which
the wireless structure relies to regulate the output voltage and frequency while
sharing the power and reactive demands. A key to wireless techniques is the use of
droop control [33]. This is widely used in conventional power generation systems. A
feature of this is that an external communication mechanism between inverters is not
needed. In addition, its simple structure, based solely on the local voltage and current
data, makes it possible for plug-and-play operations. The importance of droop control
power in the island mode becomes obvious when it is possible to provide energy
sharing across all units without the need to communicate with other units [3]. This
method is built on the droop control of synchronous generators. The active and
reactive power of each DG is determined with its nominal capacity and the droop
coefficient. This is achieved by changing the droop coefficient, which increases the
output resistance of the DG inverters, to regulate the amount of energy injected per
DG on the grid. The output voltage and frequency of the inverter is controlled based
on the reference active and reactive power of DGs, so the Q-V and P-f droop con-
trollers are usually good candidates [34]. Therefore, the active power will be con-
trolled according to the phase angle, whereas the voltage difference will regulate the
reactive power. Figure 5 demonstrates the relationship between P-ω and Q-V.

In the case of islands, the essential feature of droop control is to control the
output power to achieve good power-sharing between transformers. This topology
of the three-layer microgrid control strategy with its components will be addressed
in detail in the following subsections.

3.1 Power circuit

In the power circuit, four components are used the three-phase VSI, the filter for
resistive-inductive-capacitive (RLC), the inductor coupling (L2), and the three-
phase load.

3.2 Droop control

Droop control is a control technique that is usually applied to generators to allow
parallel generators to be controlled by the microgrid. The relationship is

Figure 5.
P-ω and Q-V droop control curves [34].
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concentrated between the active power and the frequency and the reactive power
and the voltage. Using the output voltage (ν0) and output current (I0) to calculate
the active power (p) and the reactive power (q) before the filter, V0 and I0 are
transformed to the dq reference frame for the calculation of (p and q) using below
Equation [8, 35]:

p ¼ ν0dI0d þ ν0qI0q (5)

q ¼ ν0dI0q þ ν0qI0d (6)

where
νod: the output voltage on the d reference frame.
νoq: the output voltage on the q reference frame.
I0d: the output current on the d reference frame.
I0q: the output current on the q reference frame.
P: the active power before the filter.
Q: the reactive power before the filter.
For enhancement, the p and q pass into a low pass filter and are renamed as P

and Q. P and Q are determined in accordance with the following equation:

P ¼
ωc

Sþ ωc
ν0dI0d þ ν0qI0q
� �

(7)

Q ¼
ωc

Sþ ωc
ν0dI0q þ ν0qI0d
� �

(8)

where
ωc: the cut-off frequency of low-pass filters.
S: the Laplace transform parameter.
P: the measured active power.
Q: the measured reactive power.
After calculating P and Q, the reference angular frequency ω and reference

voltage V will be calculated using the equation below:

ω ¼ ωn �mp ∗P (9)

V ¼ Vn � nq ∗Q (10)

where
ω: the reference angular frequency.
V : the reference voltage.
ωn: the constant coefficients of frequency characteristics.
Vn: the constant coefficients of voltage characteristics.
mp and nq: the droop coefficients.

3.3 Voltage: current controller

An input to the voltage controller to find the reference current (Ii
*) will be the

reference voltage and frequency. The voltage controller output Ii
* will feed the

current controller. The current controller output (V*) feeds the Pulse Width Mod-
ulation (PWM). The output of PWM is used to regulate VSI. Ii

* and V* are deter-
mined by the equations below [8]:

I ∗i ¼ �ωC fV
∗

o þ kpv V ∗

o � Vo

� �

þ
Kiv

s
V ∗

o � Vo

� �

(11)
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V ∗ ¼ �ωL f Ii þ kpc I ∗i � Ii
� �

þ
kic
S

I ∗i � Ii
� �

(12)

where
L f is the coupling inductor.

S is the Laplace transform parameter.
The voltage and current are controlled through the use of the PI controller. The

gains of the PI controller and droop coefficients need to be exactly calculated. To
determine PI gains and droop coefficients, there are many methods used, such as
the trial and error method and the root locus method. However, these methods do
not deal with the complicated nonlinear framework, such as microgrids, or even
assess the controller’s exact gains. Several studies are attempting to solve this issue
because of the relevance of calculating PI gains and drop coefficients. So, the SSIA
will be applied to obtain PI gains and drop coefficients.

4. SSIA application in microgrids

The proposed SSIA technology will be used to determine the optimum control
parameters and drop control coefficients. SSIA determines the control parameters
and droop coefficients (Kp1, Ki1, Kp2, Ki2, Kp3, Ki3, Kp4, Ki4, nq, mp) for the realiza-
tion of minimized voltage and frequency fluctuations. Every optimization tech-
nique requires an objective function to perform its assigned task.

The objective function is designed to minimize the error between the calculated
and expected voltage. Integral of absolute error (IAE), integral of square error
(ISE), integral of time absolute error (ITAE), integral of time square error (ITSE)
are the four types of error benchmark objective functions [36]. ITAE is the most
widely used feature in literature for reducing control objectives. This is because
ITAE aims for easier implementation and provides improved efficiency compared
to its rivals. The ITSE and ISE are aggressive criteria and produce unrealistic assess-
ments due to squaring of the mistake made. In contrast to the ITAE, the IAE is also
an ineffective choice, reflecting reasonable a more practical error-index due to the
time-multiplying error feature. ITAE mathematically explains the equation below:

ITAE ¼

ð

∞

0

t:je tð Þj:dt (13)

where
ITAE: integral of time absolute error.
t: time.
e: error.
The multi-objective function is used in this case study to recognize both the

frequency and voltage errors via the property of the accumulative sum. Figure 6
illustration the test system diagram consists of two solar PV array systems (SPVAS),
a DC-DC boost converter, two battery stations (BSs), a supercapacitor (SC), a
three-phase VSI, a load, and a transmission line [31]. Owing to their fast charging
and discharging characteristics, supercapacitors are also used to boost the
microgrid’s dynamic response. The DC-DC boost converter is fitted with maximum
power point tracking (MPPT) based on incremental conductance (INC) to control
the DC voltage of the SPVAS output terminals. Table 1 reviews the parameters of
the test system (islanded microgrid model) [8]. The detailed comparative analysis is
given in Table 2 for three optimization techniques. The findings indicate that SSIA
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Figure 6.
Test system diagram [31].

Parameter Value Parameter Value

Vbase 380 V ωn 1 p.u.

Sbase 100 kVA Vn 1 p.u.

ωbase 314 red/sec Rline1 0.14 p.u.

Lf 0.95 x10�3 p.u. Lline1 2.1 x10�3 p.u.

Cf 35 x10�6 p.u. Rline2 0.2 p.u.

Rf 0.067 p.u. Lline2 3.5 x10�3 p.u.

Lc 0.23 x10�3 p.u. Pload 70 x103

Rc 0.02 p.u. ωc 0.1 p.u.

Ts

Power of PV

Power of battery

5.144 x10�6 sec

109.88 kW

56 kW

Frequency of PWM

Capacitance of supercapacitor

10 kHz

29 F

Table 1.
Test system parameters [8].

SSA PSO ABC

Objective function 10.25 x106 12.66 x106 18.460 x106

Kp1 0.691433 0.557908 0.641502

Ki1 311.4964 475.0824 530.0400

Kp2 0.548548 0.513765 0.470766

Ki2 543.6527 565.1678 349.2290

Kp3 11.27808 13.09909 12.22560

Ki3 13879.68 12410.52 6358.140

Kp4 10.25541 13.05646 9.003440

Ki4 14414.39 11132.63 13267.80
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succeeded with minimal voltage and frequency errors in achieving the assigned
control task. Three alternative optimization methods (SSIA, Particle Swarm
Optimization (PSO), and ABC) are used to validate the quality of SSIA for a fair
comparison.

5. Results of simulations

On a microgrid test device, well-tuned controllers via SSIA are equipped to
confirm the power-sharing between multiple sources as well as the voltage and
frequency regulation. The two types of load: constant and continuous change loads
are considered in this study with RERs variability such as (variable irradiance and
temperature).

5.1 Case I: islanding mode with fixed cyclic load variations scenario
(IMFCLVS)

In this case, for islanded MG with a 70 kW (0.7p.u.) constant load, RERs
variability (variable solar irradiance and temperature) is regarded. The ramp-up/

Figure 7.
Solar irradiance variation pattern for all applied scenarios.

Figure 8.
Solar temperature variation for all applied scenarios.

SSA PSO ABC

nq 0.272247 0.225909 0.266158

mp 0.014868 0.009724 0.015636

Time Taken (min) 207.2686 219.1358 224.4803

Table 2.
Results of the applied three optimization techniques.
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down solar irradiance from 1000 W/m2 to 250 W/m2 is expressed in Figure 7.
Figure 8 establishes the temperature variation between 25°C and 50°C. For each
source, the dynamic active power response is represented in Figure 9. It should be
noted that for both sources, the active power is almost equal (0.35 p.u.), which
confirms successful power-sharing. Remarkably, it is observed that solar radiation

Figure 9.
Active powers generated by two DGs IMFCLVS scenario.

Figure 11.
Voltage magnitude of IMFCLVS scenario.

Figure 10.
Inverter frequency of IMFCLVS scenario.
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and temperature fluctuations do not impact power-sharing because the total power
fed to the DC bus is constant due to the mechanism of energy management.
Figures 10 and 11 indicate the frequency and voltage responses during the applied
case. Figure 12 shows the process of energy management among the multi-sources
of MG (SPVAS, BS, and SC). It is clear from the findings that the droop control
strategy based on SSIA dealt successfully with the variability of RERs.

5.2 Case II: islanding mode with continuous cyclic load variations scenario
(IMCCLVS)

The microgrid is operated in islanding mode with continuous cyclic load varia-
tions under the variability of RERs as kW (0.7 p.u.) from 0 to 0.3 sec, then the load
value increased to 110 kW (1.1 p.u.) at 0.3–0.7 sec, then the load value returned to
70 kW (0.7 p.u.) at 0.7–1.2 sec at the end of the load cycle. Figure 13 shows that an
equivalent amount of active power is injected into MG by each DG. The rate of
power change is notably almost the same as the rate of load change, remarkably.
Figures 14 and 15 denote the transient response of frequency and voltage during
the IMCCLVS scenario, respectively. Strikingly, Figures 14 and 15. show that the
frequency response indicates that the rate of power change is highly influenced by
the frequency response, while the voltage is slightly affected. Additionally,

Figure 12.
Powers of SPVASs, BSs, and SC in IMFCLVS scenario.

Figure 13.
Active powers generated by DGs in IMCCLVS scenario.
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Figure 15.
Voltage magnitude IMCCLVS scenario.

Figure 14.
Inverter frequency of IMCCLVS scenario.

Figure 16.
Powers of SPVASs, BSs, and SC in IMCCLVS scenario.
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Figure 16 demonstrates how SPVASs, BSs, and SC interact in dynamism with each
other to preserve the continuity of supply.

6. Conclusions

In this chapter, an optimal SSIA-based voltage and frequency control and the
power-sharing scheme was presented for inverter-dependent DG units in an island
microgrid. Two sources and each source of a microgrid test system are available.
The solar PV array, supercapacitor and battery station are included. To determine
the gains of the PI controllers and coefficients of the droop control system, the SSIA
is used. The cost function includes four forms: IAE, ISE, ITAE, and ITSE. The best
solution is found when implementing ITAE as an objective function. By comparing
three different types of optimization techniques (SSIA, PSO and ABC) applied to
the microgrid scheme, the quality of SSIA as an optimization method was verified.
In two cases, the achieved gains of PI controllers and droop control coefficients
(Kp1, Ki1, Kp2, Ki2, Kp3, Ki3, Kp4, Ki4, nq, mp) are implemented in the system. Fixed
load and slow and fast changes are considered in the proposed cases, as well as
abrupt variations in both renewable energy supplies and loads. The results of the
simulation indicated that the power-sharing depends on SSIA between the parallel
DGs and the droop control strategy. The frequency deviation is within the accept-
able range and the DGs are easily followed by changes in load with a good dynamic
response.
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