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ABSTRACT Substituting conventional energy sources with new renewable sources is crucial issue nowadays
in energy generation systems to face climate changes and increased load demands. Due to the increased
penetration levels of renewable sources in power systems, the benefits of the high-inertia of conventional
sources are being insufficient. The resulting low-inertia power systems introduce several stability, reliability,
and coordination problems for power system operation and control. Therefore, this paper tackles the
coordination assessment and enhancement between digital frequency relays using a new fractional order
load frequency controller equipped with superconducting magnetic energy storage (SMES) virtual inertia
system. The improved coordination method is established using optimized fractional order controller based
on slime mould optimization algorithm (SMA). The proposed SMA-based design method benefits the
adaptive weights of SMA algorithm. The proposed design is generalized to be applied on single area and
multi-area interconnected power systems as well. Compared to existing literature, this paper presents an
advanced fractional order controller with coordinated operation with existing protection relays. The obtained
results show the coordination shortcomings of renewable energy based microgrids with traditional control
systems. However, improved design and coordination are obtained using the proposed SMA-optimized
fractional order controllers. The superiority and feasibility of the proposed analysis and methods are verified
on different case studies using single and multiple interconnected areas.

INDEX TERMS Coordination, digital frequency relay, fraction order control, load frequency controllers,
slime mould algorithm (SMA), renewable energy microgrids.

I. INTRODUCTION increased penetrations are the economical benefits of RESs,
Recently, modern power systems and microgrid (MG) sys- environmental benefits, their availability, etc. The traditional
tems have become more complex due to the higher exist- fossil fuel-based power systems have suffered for decades

ing loads and the higher contribution of renewable energy

R . from continuous price increase of fossil fuels, and wider
sources (RESs) [1]. The main driving reasons behind RESs

concerns of global warming issues. The wind and photo-
voltaic (PV) generation systems are the widely installed RESs
nowadays [2].
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The literature has proven that RESs replacements of tra-
ditional generation sources can lower the costs of operation
and reduce environmental pollution [3]. However, RESs are
based on using power electronics converters, which lack
the systems’ inertia compared to synchronous generations
utilized in fossil fuel-based generations. Thence, reduced
inertia results in modern power systems and MGs due to
their reliance on RESs with high levels of penetration.
The reduced inertia is reflected as reduced system’s stabil-
ity, higher frequency deviations, and higher tie-line power
fluctuations [4].

Another issue of reduced power system inertia is their coor-
dination and effects on existing digital frequency relays [5].
Modern MGs and power systems have higher peak values of
overshoot (OS)/undershoot (US) in addition to longer settling
time (ST). Thence, there are additional challenges related
to (DFR) coordination with frequency regulation systems at
increased penetrations of RESs and higher expected load
variations. The availability, reliability, stability, and security
of modern MG and power systems are accordingly-affected
and further improvements in control design and coordination
are needed.

A. LITERATURE REVIEW

The load frequency control (LFC) has been introduced as an
effective solution for balancing the load demands and genera-
tions during transients. The LFC is a key factor in preserving
frequency fluctuations of each connected area and tie-line
power deviations at minimized values [6]. several structures
of power systems are considered with LFC, such as single
area, multiple interconnected areas, nonlinear power system
considerations, deregulated power grids, etc. [7]. In which,
several control schemes from traditional to advanced ones
have been proposed for LFC in the literature [8]. The
widely-presented LFC schemes are integer order (I0) con-
trols [7], fractional order (FO) controls [2], model predictive
controls (MPCs) [9], artificial intelligence (AI) controls [10],
fuzzy logic (FL) controls [11], deep learning controls [3],
etc. Several papers have been introduced for reviewing, com-
paring, and investigating the performance of various LFC
schemes [12], [13].

The simple, and suitability to be implemented using cheep
microcontrollers properties have lead to wide concentration
on traditional 10 based PI, and PID controllers [14], [15],
[16]. However, tuning processes based on trial-and-error
methods require long time for the parameters adjustments.
Therefore, great efforts are made by researchers for properly
adjusting the control parameters of 10 based PI and PID
control methods [7]. Among various widely-employed design
methodologies for LFC applications, optimization algorithms
based tuning schemes have shown improved performance and
easier tuning processes [17].

From another side, the FO based LFC schemes have
proven better performance compared to 10 based LFC. Sev-
eral FO control structures have been proposed in the lit-
erature [8], [18]. Their wide expansion is due that they
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are flexible and have wider freedom in their tuning. The
FOPI, and FOPID have been presented for single and mul-
tiple area in several articles [19]. The tilt FO version (TID)
has been widely presented for LFC to get over LFC dif-
ficulties [1], [20]. The TID provides easier tuning pro-
cess of parameters, higher ratio for disturbance rejecting,
and less plant effect. The TID LFC scheme has been
proposed as alternative LFC scheme in several research
work. Moreover, hybrid FOPID and TID LFC schemes
have been presented in the literature for combining their
characterstics [8], [17].

Furthermore, cascaded structures of FLC schemes have
been presented in the literature [21], [22]. They can pro-
vide more efficient performance, and better enhancement of
frequency stability. The I-PD FLC has been proposed for
two-area power system in [23]. It has provided minimized
frequency fluctuations in interconnected areas compared to
PID LFC scheme. The I-TD has been proposed in [18] for
improving the performance of I-PD LFC scheme. Another
PIDD-PD LFC scheme has been presented in [24], which
provided better performance than PID, TID, and ID-T LFC
schemes.

A major player in the LFC selection and design is the
evolutionary optimizations methods through employing them
for optimizing various controllers’ parameters [25]. Thence,
selecting proper optimizer algorithms represents a crucial
challenging factor through the LFC design and selection
processes [16]. Several meta-heuristic optimizers have been
proposed in the literature, including the manta ray forag-
ing algorithm (MRFO) [17], marine predator algorithm [8],
grey wolf optimization (GWO) [26], particle swarm opti-
mizer (PSO) [27], hybrid MPSO-GA optimizer [2], ant-lion
optimizer (ALO) [22], the equilibrium optimizer (EO) [28],
artificial ecosystem algorithm (AEO) [29], the atomic search
optimizer (ASO) [30], imperialist competitive optimizer
(ICA) [31], etc.

In [32], an optimized PI controller using GWO algorithm
has been proposed for managing hydrogen production in
RESs-based hybrid power grids. The adaptive coordination
of hydrogen production has proven better performance com-
pared to traditional methods. An improved hybrid fractional
order-based combination with fractional filter controller and
the artificial hummingbird optimization algorithm (AHA)
has been presented in [33]. A robust FOPID controller has
been presented in [34] for SMES hybrid energy storage
systems in EV applications. The FOPID has proven better
performance compared with PID, sliding mode, and feed-
back linearization controllers. However, frequency regula-
tion and coordination with protective relays in the system
have not been considered in this method. From another side,
virtual inertia support for low inertia microgrids has been
presented in [35] using SMES systems. The PSO algorithm
has been proposed for optimizing the FOPI SMES controller
to enhance the system stability. However, this work lacks
for advanced fractional order controllers with proven better
performance than the simple FOPID controller. Moreover,
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the protection devices’ coordination is not achieved in
this work.

However, RESs-based power grids and microgrids (MGs)
are suffering from increased OS/US and longer STs due
to the reduced inertia [36], [37]. This, in turn, affects the
operation of existing protection devices, in particular the DFR
devices [5]. Load changes, and/or RESs fluctuations may
lead to higher number of disconnection times. Thence, the
appropriate selection and design processes of LFC scheme
play important role in preserving system connection during
transients. Few work has been presented in the literature for
the coordination between the DFR and LFC in power grids.
In [5], the design of the FLC for superconducting magnetic
energy storage (SMES) based virtual inertia controller (VIC)
for the Egyptian power grid has been presented. The virtual
synchronous generator (VSG) for single area power grid has
been presented in [38] with studying their effects on digital
protection devices. The coordination between DFR and LFC
has been studied with presenting optimized PID controller
using the moth swarm optimizer algorithm (MSA) in [39] and
using PSO algorithm in [40]. However, recent advanced FO
based LFC has not been designed and coordinated with DFR
devices based on the authors’ knowledge.

The slime mould optimization algorithm (SMA) has been
recently proposed with achieving improved performance in
several applications [41], [42], [43], [44]. It represents an
effective, new, and bio-inspired optimizer algorithm [42].
It employs adaptive weights for simulating processes of
positive and negative feedbacks production of propagation
waves of slime moulds using the bio-oscillator [43], [44].
The optimum path of food conduction is formed by the
bio-oscillator and using excellent exploratory abilities and
exploitation propensities. The main characteristics behind
SMA superiority can be summarized as following [41]:

1) The biological characteristics of SMA optimizer
are unique. This, in turn, enables slime moulds of
utilizing varieties of food sources simultaneously.
Consequently, slime moulds continue dividing biomass
components even if they have previously found better
food source to simultaneously exploit both sources at
higher food qualities.

2) The slime moulds are able to adjust dynamically the
search patterns based on the foodstuff provenience
qualities. In which, slime moulds use limited food
searching region at high quality of food sources.
Thence, the search focus is based on the found food
sources. Whereas, slime moulds leave low-quality food
sources for exploring better alternatives in the search-
ing region.

3) The SMA optimizer benefits the adaptive searching
strategy, which is advantageous when there are dif-
ferent food qualities blocks dispersed in the searching
region.

4) The SMA represents new optimizer with sim-
ple principle, fast speed for convergence, and low
complexity.
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Based on characterstics and advantages of SMA optimizer,
it is selected for optimizing the various studied controllers in
the paper.

B. PAPER CONTRIBUTIONS

It has become clear that the reliability, stability, and avail-
ability of RESs-based power grids are highly dependant on
the type, design, and coordination of LFC with DFR devices.
Thence, the main contribution of this paper is summarized as
follows:

1) An improved FO-based LFC method cooperated with
PI control method for SMES VIC is proposed in this
paper. The proposed controller can improve the grid
performance during transients with reducing the over-
shoot/undershoot peaks and settling time. Compared to
existing FO-based LFC, the proposed controller merges
the advantages of tilt with FOPID control methods.
This, in turn, leads to better system transients and dis-
turbance rejection capability of the proposed modified
controller.

2) A coordinated operation and design methodology of
LFC and DFR is proposed in as well. The proposed
method reduces the disconnection times of the low
inertia modern power grids. The proposed method
enables avoiding the low-inertia related problems of
high penetration levels of renewable energy systems.

3) A simultaneous optimization method is proposed for
determining the parameters of the proposed controller.

4) Slime mould optimizer algorithm (SMA) is adopted
to optimize the proposed controllers for RESs-based
power grids. The main benefits of the SMA optimizer
are the use of adaptive weights during global optimum
parameters searching processes.

The remaining of the paper is organized as following: The
operation of DFR and its coordination with LFC is explained
in Section II. Section III presents the mathematical represen-
tation of the single and multi-area MG systems. Section IV
details the proposed FO controller and its coordination strat-
egy with DFR. Moreover, the design optimization process and
SMA optimizer are also presented in this section. and with its
optimization process. Section V shows the obtained results
and discussions using single and two-area MG systems. Paper
conclusions are provided in Section VI.

Il. COORDINATION BETWEEN LFC AND DFR IN

MICROGRIDS

A. DIGITAL FREQUENCY RELAYS (DRFs) IN MICROGRIDS

The DFR is responsible for digitally detecting the operating

frequency of MG systems and detect the over/underfrequency

conditions to isolate the MG system. The main three stages

in DFR system are shown in Fig. 1, which can be described

as following:

1) Sampling: In this stage, the operating frequency is

sampled and discretized using the ADC stage. Thence,
measured frequency signal as a continuous time signal
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FIGURE 1. Operation and stages of DFR system in MGs.

is outputted from this stage as a sampled digital signal
to be used with the DFR.

Detection: The digital frequency signal is fed into this
stage to classify the normal, transient, and abnormal
over/underfrequency cases. The inputted frequency
signal is compared with an upper limit (f;;4c, Which
denotes to the maximum operating frequency limit of
MG system) and lower limit (f;,;,, which denotes to
the minimum operating frequency limit of MG system).
The setting of the upper limit f,,, is adjusted to 51 Hz
in the studied MGs, whereas the lower limit f,,;, is
adjusted to 49 Hz [5]. The normal condition is detected
when the inputted frequency signal lies between the
upper and lower limits ( fiuin < fg < fimax). To clas-
sify between the transient state and the faulty state,
a counter of frequency cycles is employed before the
disconnection action of the MG system. The counter
starts the counting operation in the case of higher mea-
sured frequency than f;,,, at the overfrequency faulty
scenario. Also, the counter starts the counting operation
in the case of lower measured frequency than f,;, at the
underfrequency faulty scenario.

Reconfiguration: The threshold value is adjusted to
classify between the transient and faulty scenarios.
In the case that counted cycles outside the limits reach
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the value of predefined count threshold, the trip signal
will be generated to take the reconfiguration and dis-
connection actions. The MG’s relays are energized and
tripping signals are sent to circuit breakers when the
two conditions happen simultaneously. The selected
threshold value of the counter is dependant on the
operation of MGs and their transients. In this work,
the threshold is set to 20 cycles (1 second) for dis-
tinguishing the MG transients with the faulty condi-
tions. The stage of reconfiguration is responsible for
taking the appropriate protection and control actions
in the MG system. This, in turn, includes disconnec-
tion/connection of various connected elements, load
shedding/management, etc. The employed DFR is suit-
able for digital microprocessor implementations with
communication systems with various power system
components.

B. LFC IN THE LITERATURE

Several control schemes have been proposed in the literature
for LFC in single and multi-area MGs. The main objectives
for these controllers are mitigating frequency deviations in
various areas, and eliminating tie-line power fluctuations
between the areas. The TFs between LFC output Y (s) and
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FIGURE 2. Schematics for existing LFC in literature.

controller input E(s) are expressed as following:

Cri(s) =

Cropi(s) =

Cpip(s) =

Croprip(s) =

Crip(s) =
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where, Cp;(s), Cropi(s), Cpip(s), Cropip(s), and TID(s) are
the TFs of the PI, FOPI, PID, FOPID, and the TID LFC
schemes, respectively. In (1), K, K4, and K; are the pro-
portional, differential, and the integral gains, respectively.
Whereas, A is the integration FO operator, and p is the
differentiation FO operator, and r is the tilt FO operator. Fig. 2
shows the widely-presented LFC schemes in the literature as
presented in (1).

C. COORDINATION PROBLEMS
It has become clear from the above-mentioned discussion
that the operation of protection and control systems interact
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FIGURE 3. General structure of two-area MG with control and protection coordination.

together. The classifications between control operation
during transients with the faulty scenarios are essential. The
discrimination between transients and faults can lead to fewer
times of system disconnection and thence proper utilization
of connected renewable energy sources and energy storage
devices. The coordination problems can be summarized as
following:

o The various control methods have different system
responses of frequency deviations, regarding the peak
overshoot/undershoot values and their time durations.
Thence, proper selection and design of LFC to cope with
DFR systems are important task.

« Proper threshold values that represent the transient time
is important factor in taking decision of continuing the
connection or disconnecting the MG system. It is also
depending on the control type and design method.

« Coordination between the design and operation of LFC
with DFR settings can lead to improved reliability and
availability of MG systems. This, in turn, can achieve
better utilization of available renewable energy sources,
and improvement of supply reliability for users.

« Recent renewable energy based MGs also suffer from
reduced power system inertia, which affects directly
the transients of MGs with increasing peak over-
shoot/undershoot values with their durations. Thence,

VOLUME 10, 2022

the design and selection processes of LFC methods have
become difficult tasks and improvements are essential.

Ill. MATHEMATICAL MODELS FOR THE STUDIED
MICROGRIDS

A. MODELLING OF MG ELEMENTS

The single and multi-area case studies have been employed
for verifying the proposed method and analysis. The com-
plete structure of two area MG system with control and
protection coordination is shown in Fig. 3. Fig. 4 shows
the model of single area microgrid, whereas the model for
two-area power system is shown in Fig. 5. Each MG includes
conventional generation (thermal plants), renewable power
generation sources (PV and wind), energy storage (SMES),
and connected loads. The LFC is responsible for controlling
the frequency deviations in the studied MGs in addition to the
tie-line power deviations among MGs. Moreover, coordina-
tion of the DFR operation with the LFC operation is essential
to reduce the blackout scenarios and reduce the peaks during
the transients. Additionally, the SMES control and contri-
bution can be managed to support the MG systems during
transients and the existing disturbances in the loading and
renewable energy generations. Thence, the stability, security,
and reliability are highly-affected by the type and design of
LFC systems in addition to the DFR operation. In this section,
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TABLE 1. Definitions of symbols and their values in the proposed study (where, x € {a, b}), [38], [40].

Symbols Definition Value
areaa areab
Pry (MW) rated area’s capacity 20 20
R, (Hz/MW) droop loop constant 24 2.4
Bz (MW/Hz) frequency biased value 0.4249  0.4249
Vyiz (puMW) minimum value of valve gate’s limit -0.3 -0.3
Vouz (p-u.MW) maximum value of valve gate’s limit 0.3 0.3
Ty (s) thermal governor’s time constants 0.1 0.1
Tt (s) thermal turbine’s time constants 0.4 0.4
Hy (pus) power system’s inertia constants 0.083 0.083
Dz (p.u./Hz) power system’s damping coefficients 0.015 0.015
Tpy (s) PV’s TF time constants 1.8 1.8
Kpy (s) PV TF’s gains 1 1
Twr (s) wind TF’s time constants 1.5 1.5
Kwr (s) wind TF’s gains 1 1
Tocoz (8) SMES power converter’s time constants 0.03 0.03
L, (H) SMES coil’s inductance 0.03 0.03
Ksamese (kV/unit MW)  SMES side gains 100 100
Kraz (kKV/KA) SMES controller gains 0.2 0.2
ILy0: (KA) SMES inductor’s rated currents 4.5 4.5
PsnrESmaz (Pu Mw) SMES Maximum capacity +0.3 +0.3
PsyESmin (PuMw) SMES Minimum capacity -0.3 -0.3
ab capacity ratios between areas -1
Tiie,ab (8) synchronizing coefficients of tie-line 0.0662
APpy
: A i
3 2 1
£ El = K APy
) £ M e — Loads
] &2 E3H AL ienet [T
i 5 Renewable energy AP
] £ — |[—
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: - 1+sTsmes sL A :
. - 1
E } o e . }
E Al Lot | Digital Protection system |
H — } { Digital ADC Frequency }
H P T Frequency Relay Conversion | |
| Trip Signal |
| ToCB |
FIGURE 4. Model of single MG system.
the mathematical representations of the studied systems are are expressed as following [38], [40]:
introduced. 1
The model transfer function (TF) of thermal power gener- Gpr(s) = ——— 4)
ation (including governor TF G (s) and turbine TF Gy, (s)) is 2Hys + Dy

expressed as following [45].

Ggx(s) = 2

Toxs + 1

Gui(s) = T+l 3)
x

The definitions of various employed symbols in this paper
are shown in Table. 1. The MG models of their TFs G (s)

111942

The TFs for renewable power generations (PV Gpy; (s) and
wind Gyry(s) ) are expressed as following [46]:

KPVx
G §) = ——— 5
Py (S) Tores 11 (5)
Ky
Gya(s) = — > 6
wx(8) Tues + 1 (6)
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FIGURE 5. Structure and interconnection of two MG systems Model.

B. SMES MODELLING

The practical representation model of SMES is employed in
this paper as in [47] and [48]. The utilization of SMES in
this study is due to its superiority over the other existing
energy storage systems. For frequency regulation, SMES
can perfectly mitigate fast frequency deviations due to its
faster response, longer lifetime, and higher efficiency [48],
[49]. The power conversion system of SMES includes DC-
DC converter, DC-link capacitors, voltage source inverter
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(VSI). The DC-DC converter is responsible for controlling
the charging/discharging currents of SMES. Whereas, the
VSl is responsible for integrating the SMES system with the
MG AC system.

The SMES is charged from the grid at normal operating
mode and it becomes ready for compensating the various
system fluctuations during abnormalities. When disturbances
occur in the MG system, the SMES starts the discharging
phase through its power conversion system to restore the
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FIGURE 6. Proposed coordination and design method.

equilibrium of MG and maintain system balance [50]. The
employed model in this work is based on the linearized
first-order MSES model, which is more appropriate for LFC
studies. The dynamical model of SMES for LFC is included
in the general structure for single area in Fig. 4 and for
two-area in Fig. 5

C. MGs COMPLETE STATE SPACE MODELS

The frequency fluctuations in each area (Af, and Af}) based
on Fig. 4 and Fig. 4 are expressed as following:

Afa [Apga+APWa+APPVa_APLa

~ 2Hu,s+ D,
- APSMESa - APtie,ab] (7)
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Afp [ APg, + APwp + APpyy, — APy

- 2Hps + Dy,
- APSMES;, +Aab APtie,ab] (8)

The study of dynamical performance of the system is
achieved through combining the above-mentioned models
in complete MG representation. The equations are derived
based on the dynamical models of MGs, conventional and
renewable generations, loads, and energy storage devices.
The state space representation is the widely-utilized model
for MGs. The general state-space modelling for single and
multi-area MGs is expressed as following:

X =Ax + Bjw + Byu
y==Cx &)
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IV. THE PROPOSED METHOD FOR ENHANCING
COORDINATION BETWEEN LFC AND

DFR SYSTEMS

Fig. 6 shows the proposed design and coordination strategy
in this paper between the DFR system and various control
systems. As explained previously, the DFR is activated in the
case that the measured frequency signal exceeds predefined
maximum/minimum limits of frequency. Then, a threshold
value is adjusted to coordinate between the MG transients and
the LFC method, especially at low inertia. Then, reconfigura-
tion strategies are applied and CBs are tripped to disconnect
the system at faulty scenarios.

From another side, coordinated control strategies with
proper parameters tuning are crucial for more reliable MG
systems. Normally, control schemes are operated in three
different control levels, including the virtual inertia, primary
controller, and secondary controller. Proper management and
coordination between the three control stages is required for
maintaining system’s frequency stability and for reducing
disconnection times of MG system.

The control of SMES unit as virtual inertia system is
responsible for eliminating fast MG transients between 1 sec.
to 10 sec. ranges. The SMES unit represents the first acting
stage to achieve the generation and loading balance. Then,
primary controller is responsible for stabilizing the MG fre-
quency to the steady-state between 10 sec. to 30 sec. The last
control stage is secondary controller that is responsible for
recovering the MG frequency to its nominal value between
10 min. to 30 min. In the proposed coordination and control
method, the SMES participates in the stabilization of MGs
against its disturbances with the proposed LFC method. In the
following subsections, detailed description of the new pro-
posed controller and design method with the optimization
process will be given.

A. THE PROPOSED CONTROLLER

Fig. 7 shows the two-area MG with the proposed LFC and
SMES control. The main target of the proposed control is
mitigating frequency and tie-line power fluctuations. In addi-
tion, it coordinates the transient response with the DFR
system so as to reduce the number of MG’s disconnection.
The proposed control method is based on combining FO
control methods based on the FOPID with the TID, which
have proven enhanced performance in LFC. The resulting
combined controller contains the tilt branch with the FOID
branches from FOPID, namely the FOTID control. The pro-
posed FOTID LFC is coordinated with the classical PI control
for SMES system. The design optimization for the LFC
and SMES controllers in single/two-area are simultaneously
made.

The proposed FOTID control method employs the integral
and the derivative FO branches from the FOPID, which
improve the MG stability, and MG robustness. In addition, the
two utilized branches are advantageous for reducing settling
times during disturbance occurrence. Thence, adding the
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integral and the derivative FO branches enriches the TID
control through higher flexibility and freedom instead of
integer order based derivative and integral branches. There-
fore, the proposed FOTID LFC scheme can combine the best
features from the TID and the FOPID LFC schemes. The
resulting TF of the FOTID is mathematically expressed as
following:
Cls) = % =K s + g + Ky 5" 22)
Proper optimization of FOTID LFC scheme simultane-
ously with SMES PI control scheme can mitigate the fluctua-
tions during transients in addition to reducing the possibility
of the disconnection of MGs. Based on Fig. 7, the FOTID
LFC contains six tunable control parameters, whereas the
SMES PI controller includes two other tunable parameters.
The proper selection and tuning processes of these control
parameters are essential to optimize MG performance and
reliability. The recently-presented advanced metaheuristic
optimizers can be utilized for the simultaneous determination
process of optimized control parameters for LFC and SMES
in single/two-area systems.

B. THE PROCESS FOR OBTAINING OPTIMIZED CONTROL
PARAMETERS

As shown in Fig. 7, the objective function is used in the
process of determining optimized values for LFC and PI con-
trollers in single/two-area MGs. The single area MG has total
of 8 tunable parameters (6 for FOTID LFC and 2 for SMES
PI control. Whereas, the two-area MG has total of 16 tunable
ones (8 in each area with 6 for FOTID LFC and 2 for SMES PI
control). The widely-employed integral squared error (ISE)
objective function is used in this work. It is expressed as
following:

ISE = / > (ef) dr (23)
i=1

In single area MG, the controllers have to reduce the
frequency deviation of the area. Thence the error in (23) is
represented by Af,. Whereas, in two-area MG, the objective
is to mitigate frequency deviation in both areas in addi-
tion to the tie-line power variations between them. Thence,
the error in (23) is represented by Af,, Afp), and (APy;).
The ISE representations can be expressed for single area as
following:

Iy
ISE = / (AP dr 24)
0

And, for two-area MG, it is expressed as following:

Iy
ISE = / (A + (AR + (AP di (25)
0
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FIGURE 7. Proposed optimized controllers for LFC and SMES devices.

The minimum and maximum values for the tunable control
parameters are expressed for single area MG as following:
K;nin < Kp < K[;nax
K" < K, < K"
K" < Kit, Kp < K"
K;m'n Ky < Kérinax

min max
n

A

IA

n<n
)L<)Lmax

Mmin <u< Mmax (26)

)Lmin

IA

whereas, they are expressed for two-area MG as following:
min max

Kp = Kpl5 KpZ = Kp

K,mm <Ki,Kp =< Ktmax

K™ < Ki1, K, Ki3, Kis < K"

K™ < Kq1, Kap < K
min <ni,m < pinax

Al Ag < AT

P < g < " 27)
where, the limits with (f)"" represent the lower limiting
bounds, and the limits with (f)"** represent the upper lim-

iting bounds of the obtained optimized values for control
parameters. The lower limiting bounds for control gains

n
knzin

IA
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(KI’,"i", KMn, K™n and K"") equal zero, whereas the upper
limiting bounds (K;”“" , KM, KM, K'Y) equal 5 in the
proposed optimization processes. The lower limiting bound
for n (n™) is 2, whereas the upper limiting bound (n%) is
10. The lower limiting bounds for 1, and A (™", and A™",
respectively) are 0, and their upper limiting bounds (u™*,

and A"*) are 1 in the proposed optimization processes.

C. THE SLIME MOULD OPTIMIZER ALGORITHM (SMA)

This subsection introduces a short introduction for the SMA
optimizer. The concept and mathematical modelling of SMA
optimizer is presented in [41], and it has found wide appli-
cations with improved performance [42], [43], [44]. SMA
optimizer simulates the behavior change of slime moulds at
only their foraging without using their complete life-cycle
model. The adaptive weights are employed in SMA opti-
mizer for simulating negative and positive feedback, which
is generated by slime moulds at their foraging processes,
and three different morphotype are created. The approaching
behaviors of slime moulds are mathematically represented
through imitating concentration mode as following [41]:

— 5 > —> —
Xp(t+ 1)+ vb - (W -Xa(t) —Xp(t)) r<p

Xt+1)=
- VEX—(I)) r>0
(28)
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where v_l; represents parameter within the range [ —a, a],
z}é is linearly decreasing from 1 to 0, ¢ is current iteration,
Xp is individuallgcations with highest currently-found odor
concentrations, X is the slime moulds locations, X4 and Xp
are two randomly-selected swarm individuals, W is the slime
mould’s weight. The value of p is modelled as following:

p = tanh |S(i) — DF| (29)

—
where, i € {1,2,...,n}, S(G) is X fitness of, DF is the
b_e)st—obtained fitness value within the iterations. The value of
vb is represented as following:

Vb = [—a, d (30)
a=(— +1) 31
max_t

The formula of VV) is listed as follows:

bF — S(i)
_____ [1rlog (4 1. cond.
W (sindex(i)) = bE = S(i) (52
1—r~10g(m+ 1), others
sindex = sort(S) (33)

where, the condition shows that S(i) ranks the first half of
populations, r denotes to random value within [ 0, 1] interval,
bF denotes to the optimal-obtained fitness within current
iterative processes, wF denotes to the worst-obtained fitness
with current iterative processes, SIndex denotes to sorted
values fitness sequence (ascending in minimized value prob-
lem). Mathematical representation of slime moulds locations’
update is expressed as following:

rand - (UB — LB) + LB, rand < z

% —_— = — —

X" =3Xp®)+vb-(W-Xs(t) — Xp()), r<p (34)
S =
ve - X(t)y r z p

where, UB and LB are the upper and lower boundary search-
ing range, rand and r are random values within [0, 1] range.

Fig. 8 presents the parameter optimization flowchart using
SMA optimizer. The algorithm is initiated and the boundary
values are set as in (26) and (27). In addition, the objec-
tive function of SMA optimizer is set using (24) and (25)
for single and two area, respectively. The SMA optimizer
starts calculations until reaching maximum iteration value.
For each of the iterations, the ISE objective is calculated
for slime moulds and their best fitness X} is accordingely
updated. Then, the calculation of W value is made using (34).
For each search portion, p, vp, v, are updated, and also the
corresponding positions are updated. Finally, the obtained
optimized controller’s parameters are outputted from the
SMA optimizer when maximum iterations are reached, and
evaluation and comparisons of performance metrics are made
in accordance.

V. RESULTS AND DISCUSSIONS
To validate the effectiveness of the proposed coordination and
design method, the simulation results have been implemented
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on different cases including single and two-areas MG systems
as shown in Fig. 4 and Fig. 5. The proposed method is based
on using hybrid FO controller coordinated with the frequency
protection scheme and using optimized controllers’ parame-
ters based on SMA optimizer in the presence of the SMES as
a VIC device which has a rate limiter of £ 0.3 p.u. without
RESs and + 0.6 with RESs. These studied systems are built
using MATLAB-Simulink tool, which is interfaced with the
m-file code of the SMA to optimize the control parameters
for MG system to achieve the desired objective function. The
SMA optimization technique is carried out a laptop computer
with processor Intel Core i7 CPU of 2.7 GHz, 64-bit version.
It is executed under 100 iteration with size of 30 populations
and its performance is compared with other optimization
algorithms in literature at 10% step load perturbation (SLP)
for single-area and multi-area as depicted in Fig. 9a and
Fig. 9b, respectively. It is seen in these figures that SMA
technique has achieved the minimum ISE error after around
35 iterations compared to GWO, GA, and PSO algorithms in
both single area and multi-area MGs.

Furthermore, the proposed FOTID controller is compared
with other conventional and advanced controllers, such as,
10-based I, PI, PID, and FO-based TID, and FOPID con-
trollers through the same coordination during the same con-
ditions of random variations of load and RESs to provide
fair validation of its robustness. To preserve the micro-
grid dynamic security with the proposed control/protection
scheme, each area in both single-area and two-area power
system case studies has a decentralized FO controller LFC
and a SMES PI controller in addition to the implementation of
the DFR. The results are investigated for single and two area
MG systems under different perturbations over the following
cases. Tha obtained optimum controllers’ parameters using
the SMA optimizer are shown in Table. 2 for single area
MG system. The assumed various operating states of step and
multi-load variant are implemented in Table. 3, wherein SLP
denotes to step load perturbation (SLP).

A. RESULTS OF SINGLE-AREA MG

1) 10% SLP IN SINGLE MG

This scenario aims to validate the effectiveness of the pro-
posed coordination of FOTID controller and DFR system
based on the SMA optimizer over the other conventional
and advanced control techniques, which are discussed in the
literature for comparison. In this case, the studied single-area
MG system is examined with a change of 10% demand
load at t = 0 s without installing RESs in the system to
guarantee a fair comparison with the other I, PI, PID, TID, and
FOPID controllers. Fig. 10a visualizes the studied single-area
MG system frequency response, where the system frequency
fluctuates within the maximum and minimum boundaries
of £1 Hz for the DFR with all the suggested controllers.
However, the frequency deviates to a high value at 49.51 Hz
with PI controller, while it is 49.66 and 49.68 Hz with PID
and I controllers, respectively. Whereas, the value of the
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FIGURE 8. Steps of parameters optimization process using SMA optimizer.

TABLE 2. Optimized controllers’ parameters in single-area MG.

Controller Coefficients
K Ky K; Ky A " n
1 — — 0.055 — — — —
PI — 1.526  0.383 — — — —
PID — 1.785 1.128  1.997 — — —
TID 0.288 — 1.124  0.456 — — 2.79
FOPID — 1.113 0.599 1.756  0.656 0.788 —
FOTID 0.455 — 0.822 1.231 0.891 0.782 3.56
SMES-PI — 1.658  1.397 — — —
frequency deviation of the studied single-area MG system the proposed FO controller provides better performance

with TID controller has been retained to 49.89 Hz. However, than the studied classical I, PI, PID, and TID controllers.
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TABLE 3. Studied scenarios in single-area MG.

Scenario  Disturbance source  Starting time (sec.) End time (sec.) Size (p.u)

(1) SLP in — 0.1

(2) SLP out 20 60 0.1

3) SLP out 10 — 0.2

) SLP outl 10 — 0.2

SLP out2 50 — 0.2

(5) case 1 SLP out 0 — 0.05

case wind power 50 — 0.15

PV power 20 — 0.15

(5) case 2 wind power 70 — 0.22

SLP out 0s — 0.1

(5) case 3 PV power 50 — 0.15

wind power 80 — 0.25
0.3 T damping the oscillations of the system frequency and preserv-
—GWO ing the MG dynamic security without affecting the operation
—GA of the DFR system. It can be seen from Fig. 10b and Fig. 10c,
0.25 —PSO that the case of FOTID controller can significantly reduce
—SMA the area control error which in turn enable the SMES to
= discharge more power and greatly enhances system frequency
<2 02+ and leads to small system transients in comparison with the

L other control systems.
0151 \_\R — | 2) MULTI-STEP LOAD
’ In this scenario, the single area MG is tested at two step
) ) ) ) change in load demand, where 10% of load is suddenly shed
20 40 60 80 100 from the MG system at t = 20 s and restored again after
Iteration 40 s under the default system parameters. Fig. 11a shows the
) frequency response of the studied single MG system. It can
0.08 (a) ISE for single area at 10% SLP. be noted from this figure that the proposed FOTID controller
: ' ' ' ' coordinated with the share of SMES has the best performance
—GWO response for the MG system as the frequency fluctuations
0.06 —GA are maintained within £0.008 Hz. However, the other FOPID
’ —PSO controller has +0.05 Hz deviations in the system frequency.
—SMA While the TID comes in the third order after the fractional
% 0.04 controllers as it can damp the frequency oscillations to
) 40.11 Hz, then the PID controller gives a frequency change
at £0.32 Hz. Whereas, the I and PI controllers have the worst
0.02+ \ performance in this case as the I controller takes long time
\&_ to restore the frequency to 50 Hz and PI has the highest
overshoot and undershoot of +0.49 Hz. Despite this case
0 : ; ' ! includes a sudden two-step load change, the proposed coor-
20 40 60 80 100

Iteration
(b) ISE for multi area at 10% SLP.

FIGURE 9. Convergence curves comparisons.

The FOPID controller succeeds to maintain the MG system
frequency at 49.96 Hz, while the proposed hybrid FOTID
has the best performance in lowering the maximum under-
shoot to only 49.99 Hz in this case of SLP. The proposed
controller is the fastest controller in repressing the frequency
fluctuations as it can restore it to its nominal value during
4 s compared with other techniques as noted in Table. 4.
Hence, the proposed coordination of FOTID LFC with the
fast charging/discharging of SMES effectively succeeds in
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dination of optimized FOTID LFC based on the SMA opti-
mizer are still preserving the MG system frequency within
the range of the control center without the intervention of
protection role. This performance of the proposed controller
allows the SMES device to cover nearly the whole power
shortage compare to other methods, which cover the short-
age of electrical power with slow performance as depicted
in Fig. 11b and Fig. 11c.

3) LOAD OUTAGE

In order to compare the proposed FOTID LFC with the DFR
and with participation of SMES charge/discharge process
in a severe case, the efficiency of the single MG system is
tested against a sudden change in demand load. Whereas,
this scenario considers that around 20% of load is out
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FIGURE 10. Results at 10% SLP.

att = 10s. The obtained frequency deviations of the proposed
single MG system for this case are depicted in Fig. 12 with
different control strategies, such as I, PI, PID, TID, and
FOPID controllers based on the SMA optimizer. From this
figure, it is obvious that the MG frequency response for both
Iand PI controllers is not maintained within the control limits
and exceed 51 Hz. Therefore, the DFR protection system is
activated in this case and sent a tripping signal as depicted
in Fig. 12. While using the PID and TID controllers can face
this severe load change and keep the system frequency within
the allowable limits of control and protection centers with
overshoots of 0.75 Hz and 0.48 Hz, respectively. Moreover,
the TID is faster than PID as it needs for 12 s to restore the
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FIGURE 11. Results at multi-step load.

frequency to its nominal value, while the PID controller needs
more than 34 s. On the other side, the FO controllers have
robust performance, where the system frequency is limited to
0.16 Hz using the FOPID controller and 0.04 Hz with FOTID
controller. Hence, the proposed hybrid FO with the SMES
share in the LFC loop has the minimum frequency overshoot
and the less settling time compared to all the other studied
controllers.

4) SEVERE LOAD OUTAGE CASE

The capability of the suggested coordination based-LFC and
SMES using the SMA optimizer beside the action from the
DFR frequency protection system is evaluated and tested
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FIGURE 13. Response of MG frequency at severe load outage case.

under the impact of an extreme case of load outage. In which,
the studied single MG system is examined under the outage
of 20% of demand load at 10 s and other of 20% outage at
50 s. Fig. 13 shows the frequency performance of this severe
disturbance case. The I and PI controllers, as LFC beside the
virtual inertia share from SMES, cannot damp the system
frequency under 51 Hz as seen from this figure. Therefore,
an interfered action occurs from the DFR side for tripping
signal at the first instant of load outage at t = 10 s. Moreover,
the PID controller cannot withstand the second load outage at
t =50 s and it does not maintain the MG frequency beyond the
control limits under 1 Hz and further tripping action from
the DFR is occured.

However, the coordination of TID controller in LFC loop
with SMES support can keep the frequency fluctuations at
50.59 Hz and 50.77 Hz at times of 10 s. and 50 s with long
settling time, respectively. On the other hand, the FOPID
controller succeeded to damp the frequency deviations to
50.19 Hz at 10 s and to 50.25 Hz at 50 s without using
the tripping action from the DFR. Furthermore, the proposed
FOTID controller can restore the MG frequency to 50.06 Hz
and 50.08 Hz at 10 s and 50 s, respectively. This means that
the impact of the proposed FOTID for LFC in addition to the
fast charge/discharge process of SMES is fastest in damping
down the MG frequency deviations within an acceptable limit
for the control ad protection centers.
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5) IMPACT OF RESs

The main objective of this scenario is to demonstrate the
performance of the studied single-area MG system at high
emergency cases under the impact of RESs variations, which
acts as the main component of the actual MG. Including
RESs leads to low power system inertia due to existing
inverter-based structures in a power microgrid systems and
the absence of rotational masses as well, which in turn
introduces several stability, reliability, and coordination prob-
lems for MG operation. Therefore, the studied single MG
area is examined by installing high fluctuated PV and wind
generation units as shown in Fig. 14 and their operating con-
ditions during different cases are listed in Table. 3. This sce-
nario includes three different sub-scenarios for RESs beside
demand load changes as following:

o Case 1: In addition to the load disturbance at initial
time of simulation with 5% SLP outage, the wind gen-
eration unit is connected at t = 50 s. In this case,
the performance of all studied controllers is evalu-
ated in Fig. 15a. Whereas, the I controller can sup-
press the high frequency overshoot deviations at initial
time of simulation but cannot restore it to an accept-
able value at instant of wind insertion (t = 50 s).
Hence, the proposed frequency relay protects the MG
system with this controller by sending a trip signal
for disconnection as depicted in Fig. 15a. While, the
PI controller succeeded to maintain the frequency devi-
ations within the allowable range of control action with-
out need for DRF interfacing. Furthermore, the PID
and TID controllers gave nearly similar performance
in this case by damping the frequency deviation to
50.05 Hz at t = 0 s, and to 50.19 Hz and 50.17 Hz at
t = 50 s, respectively. However, the most efficient
and the fastest in restoring the system frequency near
its nominal value is being the FO controllers, where
the FOPID can suppress the frequency fluctuations to
50.025 Hz and 50.11 Hz at 0 s and 50 s, respectively.
Moreover, using FOTID makes the system with the
proposed coordination scheme offers more effectiveness
and well performance with the lowest oscillation and
minimum settling time.

o Case 2: To perform more severe scenario for testing
the effectiveness of the proposed LFC coordination with
SMES and monitoring system frequency via the DFR
device, the studied single MG area is subjected to mul-
tiple RESs. Therefore, both wind and PV power plants
are employed in the MG system in this case, where the
PV generation is connected to the system at t = 20 s
and the connection of wind unit is at t = 70 s. Fig. 15b
shows the frequency response of the studied MG power
system for this case. It is obvious that the I controller
tried to retain the frequency beyond the control center
limits. However, after nearly 7 s, the I controller failed
and the frequency exceeded the control limits despite
the SMES high sharing power in this case as depcited
in Fig. 16 and the frequency value entered the range of
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FIGURE 14. Power generation of RES.

the DFR protective relaying, which is being energized
and sent a trip signal to the breaker in this situation.
Furthermore, the PI controller can damp the frequency
deviations at the PV connection instant (t = 20 s),
however it cannot withstand the high penetration lev-
els of RESs by inserting wind generation unit at t =
70 s, and also the system frequency changes to be more
than 51 Hz, which is the reason for a tripping signal from
the DFR as shown in Fig. 15b at 70 s. While the PID
controller succeeded to keep the frequency fluctuations
within the allowable limits of control action. However,
it suffers from protracted damped vacillations especially
at the instant of wind generation connection at 70 s.
However, the TID and FOPID controllers give better
performance than the PID, PI, and I by decreasing the
system frequency aberration of the studied single-area
MG system to 50.22 Hz and 50.11 Hz at 20 s and
50.32 Hz and 50.18 Hz, respectively. Otherwise, the pro-
posed FOTID exhibits the best performance in lowering
the frequency overshoot to 50.045 Hz and 50.06 Hz
at PV and wind connections instants, respectively as
it allowed the SMES device in the LFC loop to store
the excessive power form PV and wind instantaneously
compared to other some controllers which supported the
LFC but with delay in charging as shown in Fig. 16b.
Therefore, it has the most robust performance compared
to other controllers in terms of overshoot, undershoot,
settling time as summarized in Table. 5.
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o Case 3: To make a drastic scenario for the capability
of the single MG system, it is tested under the impact
of high penetration level of RESs. Therefore, this case
includes a step load out at initial instant beside PV
generation connection at t = 50s and increasing the
penetration of wind generation at t = 80s. Fig. 15¢ shows
the obtained performance comparisons of the proposed
and suggested controllers. The proposed coordination
of FOTID LFC with SMES based on the new modified
MPA possesses the minimum overshoot/undershoot in
the MG frequency deviations and maintain the frequency
value within the permissible limits of control and pro-
tection along the simulation time without any necessity
for the DFR action. While the worst performance is
achieved by the I controller as the frequency reached
to 51 Hz from the first share of RESs at t = 50s when
the PV generation is connected and hence a tripping
action from the DFR is occurred. Furthermore, the PI
and PID controllers cannot withstand the high pene-
tration level of wind generation at t = 80s as the Mg
system frequency deviates and exceeds the allowable
limits of control and enters the DFR range over 1 Hz.
Therefore, the frequency protective relay sent a trip
indicative to the generator circuit breaker at this instant
of connecting high fluctuated wind generation. While,
the TID and FOPID succeeded to keep the frequency
deviations within the acceptable range of control and
protection systems during the three disturbance steps in
this scenario. However, they came in the second and
third orders after the proposed FOTID, which has a
remarkable decrease in the settling time measurement
and has the minimum undershoot and overshoot related
to the other comparable controllers.

B. RESULTS OF MULTI-AREA MG SYSTEM

In this subsection, the suggested coordination of the hybrid
FO controller with the SMES charge/discharge process in
the presence of monitoring DFR protective device has been
applied to the interconnected MG system as shown in the
dynamic model in Fig. 5. Moreover, the proposed LFC
coordination is compared with the same conventional and
advanced control techniques as in the previous sections such
as, I, PI, PID, TID, FOPID controllers. All control parame-
ters are tuned based on the SMA optimizer as summarized
in Table. 6. To investigate the suggested control/protection
coordination on the multi-area MG system, five different
scenarios are applied as in the following subsections.

1) 10% SLP IN MULTI-MGs (SCENARIO 1)

The effectiveness of the proposed coordination of LFC using
the FOTID controller, energy storage device, and DFR system
is evaluated in a multi-area MG system by applying 10% SLP
in this scenario at area a. The variation of system frequency
is depicted in Fig. 17. It can be noted from this figure that
the frequencies in area a and b are significantly deviating at
high values of 49.63 Hz and 49.7 Hz, respectively in case
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FIGURE 15. Response of MG frequency for RES scenarios.

of using I controller. Furthermore, the PI controller gives
frequency deviations at 49.65 Hz for area a and 49.76 Hz
for area b. While the PID has a value of 49.69 Hz in area
a and 49.72 Hz in area b. However, it is better than I and
PI controllers in settling time to nominal frequency value.
TID controller shows a better performance than the previous
controllers as it has less undershot values of 49.8 Hz in area a
and 49.93 Hz in area b. On the other hand, the FO controllers
have the best performance in this case compared to other
controllers as the FOPID can damp the frequency deviations
to 49.89 Hz and 49.95 Hz for area a and area b, respectively.
However, the FOTID controller is the best one as it has the
minimum undershoot values 49.97 Hz in area a and 49.99 Hz
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TABLE 4. Performance measurements for the Load disturbance scenarios
in single-area.

Scenario Controller MO MI{ ST (sec)

1 — 49.68 >35
PI 50.01 49.51 35
(€)] PID 50.01 49.66 27

(at 0 sec.) TID — 49.89 20
FOPID — 49.96 13
FOTID — 49.99 4

1 50.33 50.16 >40
PI 50.49 50.23 28

2) PID 50.33 50.15 24
(at 20 sec.) TID 50.11 — 23
FOPID 50.05 — 15
FOTID 50.008 — 6

1 51.04 — trip

PI 51.02 — trip

3) PID 50.76 50.32 35

(at 10 sec.) TID 50.48 50.15 15
FOPID 50.17 — 11
FOTID 50.04 — 7

1 51.04 — trip

PI 51.02 — trip

4) PID 50.76 50.32  tripat50s

(at 10 sec.) TID 50.59 50.22 18
FOPID 50.19 — 10
FOTID 50.06 — 7

in area b and the less settling time as noted in Table 8. It can
be concluded in this case that the frequency deviations in
both areas do not exceed the set protection value. Therefore,
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TABLE 5. Performance measurements of the RESs impact scenarios in
single-area.

. f
Scenario (5) | Controller MO MU ST (sec)
1 51.01 — trip
PI 50.61 50.24 oS
case (1) PID 50.19  50.03 0S
(at 50 sec.) TID 50.16  50.02 22
FOPID 50.12 — 12
FOTID 50.05 — 9
I 51.01 — trip
PI 50.17 — trip at 70 s
case (2) PID 5047  50.23 35
(at 20 sec.) TID 50.22  50.08 4
FOPID 50.11 — 12
FOTID 50.04 — 7
I — — trip at 50 s
PI 51.03 — trip
case (3) PID 51.01 — trip
(at 80 sec.) TID 50.24  50.04 9
FOPID 50.17 — 11
FOTID 50.06 — 8
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FIGURE 17. Response of Multi-MGs frequency at 10% SLP case.

the LFC coordination succeeded to readjust the frequency
to 50 Hz without the need for protection action from the DFR.

2) LOAD OUTAGE IN MULTI-MGs (SCENARIO 2)

In this case, the islanded multi-area MG system behavior
is tested by applying the same load change as the previous
scenario except that the all 40% load demand change is at
area a only at time 10 s. Thence, there are two tripping cases
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FIGURE 18. Response of Multi-MGs frequency at severe load outage case.

from the DFR in this extreme case when using the I and
PI controllers. It can be seen from Fig. 18 the effect of this
huge load change on the performance of these controllers.
The PI controller does not have a trip action in case of area
b due to the change of load in area a. Furthermore, the PID
controller gave worse performance as the frequency error is
0.99 Hz in area a and 0.77 Hz in area b with long settling
time. In contrast, by employing the TID and fractional FOPID
controllers based-SMA coordinated with the SMES contri-
bution; the amplitude of the system fluctuations is within the
permissible limits of MG system frequency. As well, utilizing
FOTID controller maintains the frequency deviation around
0.1 Hz in area a and 0.03 Hz in area b with faster performance
than the above-mentioned controllers. It can be concluded
from these results that the coordination of hybrid FOTID
LFC and SMES based on SMA optimizer with considering
the DFR represents the best combination compared to same
coordination of other controllers in the LFC loop.

3) RESs IMPACTS IN MULTI-MGs (SCENARIO 3)

This scenario is implemented to reveal the performance of
the two-area MG system when utilizing the suggested coor-
dination of optimized LFC and SMES based on the SMA
optimizer and further the effect of DFR in protecting the
power system during high emergency cases. Therefore, this
scenario is divided into different sub-scenarios of different
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TABLE 6. Optimized parameters in Multi-area MG.

Coefficients
Controller Area K; X, K K, Y m m
1 Area a — — 0.058 — — — —
Area b — — 0.123 — — — —
Pl Area a — 0.851  0.657 — — — —
Area b — 0.811 0.594 — — — —
PID Area a — 2.678 0.569 1.745 — — —
Area b — 1.957 0.855 1.225 — — —
TID Areaa 0.188 — 0.124  0.409 — — 3.08
Areab  0.224 — 0.713  0.587 — — 2.77
FOPID Area a — 1.212  0.547 1.564 0593 0.842 —
Area b — 1.00I 0492 1211 0472 0.512 —
FOTID Areaa 0.525 — 1.1 1.524 0.854 0921 321
Areab  0.124 — 0925 0.745 0752 0.624 2091
Area a — 2548 1.754 — — — —
SMES-PL yreah —— 1054 188 — —  — —
0.5 T T T T
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FIGURE 19. Response of Multi-MGs frequency for RES case 1.

penetration levels from the PV and wind generation units
to validate the effectiveness of the proposed technique. The
operation conditions of PV and wind penetration during
different cases are listed in Table. 7.

Case 1: The PV power generation shared with the wind
generation in this case with p.u. percentage as noted
in Table. 7. Whereas the PV is connected at t = 20 s
and wind is connected at t = 70 s. It is obvious from
Fig. 19 that the frequencies of the MG system in both
areas have more deviations and slower settling time in
case of I, PI, and PID controllers with slightly high

111956

FIGURE 20. Output power at RES case 1.

overshoots compared to other controllers. However, the
TID controller provides satisfactory results with rea-
sonable capability in damping out the frequency oscil-
lations in area a and area b. On the other hand, the
FOPID and FOTID controllers succeed at treating this
contingency regardless of the double share from PV and
wind power generation units. Furthermore, the proposed
FOTID based-SMA with the aid of fast charge/discharge
of SMES device, which can handle the increase of
electrical power coming from PV and wind generation
in this case as seen in Fig. 20a and Fig. 20b. Therefore,
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TABLE 7. Multiple operating conditions of Multi-area MG.

FIGURE 21. Response of Multi-MGs frequency for RES case 2.

it can improves the whole dynamic system stability by
damping the frequency deviations to only 0.03 Hz and
0.05 Hz at PV and wind connections, respectively in
both areas.

Case 2: This case has the same steps of the previous
scenario with increasing the penetration level of RESs
as listed in Table. 7. It can be noted from the obtained
result in Fig. 21 that there is an early trip action from
the DFR device at t = 20 s during the connection of
high share from PV generation in both areas while using
the I controller in addition to another trip signal at t =
70 s during the connection of wind power generation
in case of using the PI controller. Moreover, the PID
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Scenario  Disturbance source Area Starting time (sec.) End time (sec.)  Size (p.u)
[€)) SLP in Area a — 0.2
2) SLP out Area a 10 — 0.4
(3) case 1 PV power Area a 20 — 0.15
wind power Area a 70 — 0.25
PV power Area a 20 — 0.2
(3) case 2 PV power Area b 20 — 0.2
) wind power Area a 70 — 0.25
wind power Area b 70 — 0.25
SLP out Area a 40 — 0.15
wind power Area a 70 — 0.25
(3) case 3 PV power Area a 40 — 0.2
SLP in Area b 0s 60 0.2
wind power Area b 70s — 0.25
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FIGURE 22. Response of Multi-MGs frequency for RES case 3.

controller has lower performance in damping the high
frequency fluctuations with suffering from long settling
time value for frequency oscillations. While the TID
and the FOPID controllers provide suitable performance
and faster settling time than the I, PI, and PID con-
trollers with reasonable aptitude at damping out the
MG frequency vacillations. The proposed hybrid FOTID
controller exhibits better dynamic performance to damp
out the frequency and power oscillations in comparison
to other previous controllers. The proposed coordination
between the FOTID-LFC controller and SMES based
on the SMA optimizer represents the best combination
compared to the other schemes.
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TABLE 8. Performance measurements for the Load disturbance scenarios in Multi-area MG.
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) \Load in / Wind connection
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. a b
Seenario | Controller | vy —gy Gec) | MO MU b o (sec)
I 49.82  49.63 >40 49.89  49.71 29
PI — 49.65 >35 50.08  49.77 24
Scenario (1) PID 50.02  49.69 21 — 49.72 21
(at 0 sec.) TID 50.03  49.81 13 4998 49.94 16
FOPID — 49.89 10 — 49.95 7
FOTID — 49.97 8 — 49.99 5
1 51.02 — trip 51.01 — trip
PI 51.03 — trip 50.97  50.31 36
Scenario (2) PID 5098  49.77 34 50.76  49.62 26
(at 10 sec.) TID 50.55 49.88 19 50.21 — 11
FOPID 50.28 — 16 50.13 — 8
FOTID 50.11 — 11 50.03 — 5
I 5045  50.12 oS 50.35  50.02 oS
PI 50.45  50.04 oS 5031  49.96 OS
Scenario (3) PID 50.40  50.05 oS 50.36  50.02 oS
case (1) TID 50.25  49.98 OS 50.07  50.01 14
(at 70 sec.) FOPID 50.13 — 16 50.04  50.01 15
FOTID 50.05 — 14 50.02 — 10
1 51.01 — trip 51.01 — trip
PI 5098 4998 tripat70sec. | 50.97 49.98 trip at 70 sec.
Scenario (3) PID 50.85 49.82 37 50.84  49.82 27
case (2) TID 50.28  50.05 13 50.27  50.05 12
(at 20 sec.) FOPID 50.19 — 9 50.19 — 10
FOTID 50.07 — 10 50.07 — 10
1 — — trip at 40 sec. | 51.02 — trip
PI 51.01 — trip 51.02 — trip
Scenario (3) PID 50.80  49.70 oS 51.01 — trip
case (3) TID 50.21 49.93 OS 50.55  49.71 OS
(at 60 sec.) FOPID 50.18  50.03 8 50.33 — 5
FOTID 50.09 — 7 50.11 — 9

100

FIGURE 23. Output power at RES case 3.

(b) SMES 2 power

100

o Case 3: This scenario considers further validation of the
new proposed coordination strategy of FOTID controller
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performance and its cooperation with SMES sharing
level. Therefore, the multi-area MG system is evaluated
and revealed under the impact of drastic multi-SLP at
t = 0 s and t = 60 s. In addition, the impact of RESs
with their variability and intermittency in the generation
are addressed in this case. Where the PV generation
unit with high penetration level as listed in Table 7 is
connected at t = 40 s and connection of wind power
generation at t = 70 s. Fig. 22 shows more frequency
fluctuating and larger transient deviation of the studied
MG system during low system inertia condition due to
high penetration level of PV and wind generation units.
It can be distinguished from this figure that the I and
PI controllers have lower performance as the DFR takes
atrip action twice in area a at 40 s with I controller and at
60 s with PI controller. Furthermore, there is a trip signal
for three controllers in area b at instant of load outage
at t = 60 s for I, PI, and PID controllers, respectively.
Moreover, the TID controller with SMES support tries to
maintain the frequency beyond the safety control limits,
however it cannot restore the system frequency to its
nominal value in this scenario due to slow performance
of TID and SMES in the LFC loop as shown in Fig. 23.
On the other hand, the FOPID and FOTID controllers
have better dynamic response in restoring the frequency
deviations in both areas but with smaller deviations
for FOPID then FOTID as the SMES coordination can
compensate the power in this severe case of load in and
out beside the high penetration of RESs. Fig. 23a and
Fig. 23b show the difference in SMES process in both
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areas with the proposed technique in comparison with
different LFC types. Therefore, the proposed coordi-
nation in this work proved that it can achieve suitable
efficacy in regulating the power system frequency and
enhancing the dynamical behavior of multi-area MG
electrical power network with high penetration levels
of RESs without the intervention of the DFR protection
system in all previous scenarios.

VI. CONCLUSION

A novel coordination between LFC based-FOTID controller,
energy storage system based-SMES, and frequency protec-
tion system based-DFR is proposed in this paper to enhance
the transient stability of single and multi-area electrical MG
networks. The recently-introduced SMA technique is applied
for tuning the parameters of the new proposed coordination
such as the FOTID controller and the other comparable con-
trollers. Moreover, the PI controller is tuned simultaneously
using the SMA for controlling SMES in each area. To prove
the robustness of the proposed coordination, mixed renewable
sources such as PV and wind generators with their fluctua-
tions and uncertainties are considered in this work in addition
to the existing nonlinearities and uncertainties of demand load
variations in single-area and multi-area MG power systems.
The obtained results verify that the proposed coordination of
FOTID LFC with SMES participation has higher efficiency
in maintaining system frequency at its nominal value than the
other coordination types such as the conventional I, PI, PID,
TID and advanced FOPID controllers. Whereas, the proposed
technique succeeded to readjust the MG frequency deviations
to its allowable limits under all different transient conditions
such as load variations and different RESs penetration levels.
Meanwhile, in some cases of large disturbances, the other
literature methods cannot maintain the frequency stability
within the acceptable range of control and protection system,
which in turn causes the DFR to trip the generation units.
Therefore, the proposed SMA-based optimized FOTID con-
troller coordinated with SMES and DFR system can achieve
better dynamic performance of MG system frequency with
high penetration levels of RESs. Future research includes
the study of voltage stability with frequency stability under
the proposed controller, studying the optimum sizing and
allocation of SMES devices, and comparing the performance
of SMES with other existing energy storage devices.
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