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Abstract

With rapidly growing of Renewable Energy Sources (RESs) in renewable power systems, several disturbances
influence on the power systems such as; lack of system inertia that results from replacing the synchronous
generators with RESs and frequency/voltage fluctuations that resulting from the intermittent nature of the RESs.
Hence, the modern power systems become more susceptible to the system instability than conventional power
systems. Therefore, in this study, a new application of Superconducting Magnetic Energy Storage (SMES) (i.e,,
auxiliary Load Frequency Control (LFQ)) has been integrated with the secondary frequency control (ie, LFC) for
frequency stability enhancement of the Egyptian Power System (EPS) due to high RESs penetration. Where, the
coordinated control strategy is based on the PI controller that is optimally designed by the Particle Swarm
Optimization (PSO) algorithm to minimize the frequency deviations of the EPS. The EPS includes both
conventional generation units (i.e., non-reheat, reheat and hydraulic power plants) with inherent nonlinearities,
and RESs (e, wind and solar energy). System modelling and simulation results are carried out using Matlab/
Simulink® software. The simulation results reveal the robustness of the proposed coordinated control strategy

Superconducting magnetic energy storage (SMES)

to preserve the system stability of the EPS with high penetration of RESs for different contingencies.

Keywords: Renewable energy sources (RESs), Load frequency control (LFC), Egyptian power system (EPS),

1 Introduction

Due to the growing demand on utilizing Renewable
Energy Sources (RESs) as a future solution for en-
ergy shortages, many conventional generation units
are being replaced by the RESs that have several im-
pacts on the performance of the renewable power
systems such as lack of system inertia. The RESs ex-
change electrical power with the power systems
through power electronic devices (i.e., inverters and
converters), which reduce the overall system inertia.
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Consequently, the inverter-based RESs will cause
high frequency/voltage fluctuations compared to the
conventional generation units [1]. Moreover, the ir-
regular nature of the RESs and random load devia-
tions can cause severe power generation fluctuations.
Therefore, the frequency control becomes more diffi-
cult in case of any mismatch between the power
generation and the load demand, particularly, with
high-level RESs (e.g., wind and solar energy) pene-
tration into the power systems. Hence, the Load
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Frequency Control (LFC) is considered one of the
most important issues in power systems to maintain
the system frequency and the power variations at
their standard values. Whereas system frequency de-
pends on active power and the system voltage
greatly depends on the reactive power. Therefore,
the control of power systems can be classified into
two fundamental issues. a) control of the active
power along with the frequency, b) control of the re-
active power along with the voltage regulation [2].

To overcome the frequency instability problem, nu-
merous control techniques for power system fre-
quency control have been implemented such as fuzzy
logic controller [3], artificial neural network (ANN)
[4], linear quadratic regulator (LQR) controller [5]
and robust controller-based H_infinte [6]. Although
the control strategies [3—-6] gave a good dynamic re-
sponse, they are a dependency on the designer’s ex-
perience and need long computational time. On the
other hand, real-world LFC is performed based on
Proportional-Integral-Derivative (PID) or PI control-
lers because of it has many merits such as; lower
cost, simple structure, robustness performance and a
successful practical controller that can provide
excellent control performance regardless of the
perturbations and variations in the system parameters
[7]. However, these controllers suffer from a compli
cated process of parameters tuning based on trial and
error method. In such a case, the robustness of the
system is not guaranteed against further perturbations
in the system parameters. Therefore, several optimi
zation algorithms were used to find the optimal pa-
rameters of the PI or PID controllers in the LFC loop
such as particle swarm optimization (PSO) [8],
cuckoo optimization algorithm [9], ant colony algo-
rithm [10], quasi-oppositional harmony search algo-
rithm (QOHSA) [11] etc.

According to the previous studies, most research has
focused on the frequency stability analysis in power
systems that are modelled as thermal power plants (i.e.,
non-reheat and reheat power plants) or/and hydraulic
power plants depending on the number of areas.
However, most of the existing realistic power systems
comprise multi-source dynamic generators (e.g., thermal,
hydraulic and gas power plants). Therefore, several types
of power plants should be added to the LFC problem to
achieve a realistic study as reported in this research. Fur-
thermore, most of the studied power systems are linear
and have a simple structure, where it mainly depends on
the conventional generation units. However, several
RESs should be integrated into the power systems to
achieve more realistic study for the power systems of
today. Therefore, recently, a few research and studies on
the integration of several RESs into power systems have
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been conducted in [12-15]. However, based on the pre-
vious researches, the effects of a high penetration level
of the RESs have not been considered for frequency sta-
bility analysis. Hence, several types of RESs with high
penetration levels should be added in the analysis of the
LEC issue for achievement more accurate studies for
today’s power systems.

With increasing the utilizing of RESs into the
modern power systems, it becomes much important
to look at methods and techniques to store this en-
ergy. Where, there are several Energy Storage Sys-
tems (ESSs) such as Superconducting Magnetic
Energy Storage (SMES), electric batteries, fuel cells,
and others, which have been considered within the
design of the modern power systems [16]. There-
fore, the ESSs can be used for storing the excess
energy from the RESs, as well as, discharging the
stored energy to the grid as needed, depending on
demand. Among many ESSs, SMES is most suited
for improved frequency stability in power systems,
due to its outstanding advantages such as fast re-
sponse, high efficiency, and long lifetime [17].
Therefore, a few research and studies on SMES ap-
plications for power systems have been conducted
in [18-21]. According to the aforementioned refer-
ences, there is no report for SMES system to
analyze the frequency stability for a multi-source
power system during high-level RESs penetration
and contingencies. With increasing of penetration
level of the RESs into the power systems, it will be
caused higher frequency deviations and the LFC
may be failing to maintain the system frequency.
Therefore, from the perspective of the LFC, the
SMES can be used as a feedback controller in the
aim of supporting the frequency control loops (i.e.,
primary and secondary frequency controls) for fre-
quency stability enhancement of the modern power
system as reported in this research.

Based on the above analysis, this research proposes a
coordinated control strategy between the secondary fre-
quency control (i.e., LFC) and SMES unit (i.e., auxiliary
LEC) for frequency stability enhancement of the EPS
with high-level RESs penetration. Therefore, the main
contribution of this work includes the following aspects.
(i) this paper presents a real hybrid power system in
Egypt that includes both conventional generation
sources (i.e., steam, gas and hydraulic power plants) with
inherent nonlinearities, and RESs (i.e., wind and solar
energy) for studying the frequency stability analysis of
such systems. Where, the conventional generation units
in the EPS is decomposed into three dynamic subsys-
tems; non-reheat, reheat and hydraulic power plants.
Moreover, the physical constraints of the governors and
turbines such as Generation Rate Constraints (GRCs) of
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power plants and speed governor deadband (GDB) are
taken into consideration. (ii) this paper proposes a new
application of SMES unit as a feedback controller in the
aim of supporting the frequency control loops (i.e., pri-
mary and secondary frequency controls) for frequency
stability enhancement of the studied power system.
Where the dynamic structure of the studied SMES
model in the previous researches [2, 18, 20] is too simple
and it is preferable to use a more realistic model. More-
over, the inductor current of the studied SMES model
slowly returns to its nominal value after a system strike.
However, the induction current of the SMES model
must be quickly restored to its nominal value after a dis-
turbance in the system so that it can respond to the next
load disorder immediately. Therefore, restoring the
inductor current to its nominal value can be enhanced
by using the inductor current deviation as a negative
feedback signal in the model of SMES control loop as
reported in this study. (iii) the proposed coordinated
control strategy of LFC and SMES unit is based on the
PI controller that is optimally designed by the PSO algo-
rithm to minimize the frequency deviations of the EPS.
Moreover, the proposed coordinated can improve and
maintain the frequency stability of the EPS and mainly
when the RESs are highly penetrated at partial load.
According to [22], the renewable power systems with
the proposed coordinated control strategy will provide
better stability and performance for the power systems
of today, and for those of the future that is expected to
integrate more and more RESs; thus, the proposed strat-
egy will ensure an avoidance of system instability and
system collapse.

The rest of this paper is structured as follows: Section 2
presents the system configuration including the EPS mod-
elling and SMES technology modelling. The state-space
dynamic modelling of the EPS considering RESs and
SMES is described in section 3. Section 4 presents the
control strategy and problem formulation. Section 5 de-
scribes the PSO algorithm. The simulation results and dis-
cussion are provided in section 6. Finally, the conclusion
is presented in Section 7.

2 System configuration

2.1 Modelling of the EPS

The presented power system in this study is a real
multi-source power system in Egypt, which has 180 power
plants. Where, the power plants can be classified into 3
categories; a) Non-reheat power plants are represented by
gas-turbine power plants and a few numbers of steam
power plants. b) Reheat power plants are mainly repre-
sented by thermal power plants or combined cycle power
plants. ¢) Hydraulic power plants such as High Dam in
Aswan city. Recently, the EPS included several RESs such
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as wind and solar energy (e.g., photovoltaics (PV) solar
power, and Concentrated Solar Power (CSP)). These RESs
contribute almost 3% of the installed capacity. However,
the Egyptian Electricity Holding Company (EEHC) aims
to increase the electric energy from RESs to cover 20% of
the electric energy demand by the year 2020 [23]. Accord-
ing to the last report of the EEHC in 2016, The total gen-
eration capacity and peak loads are 38,000 MW and
29,000 MW respectively [23]. Motivated by the aforemen-
tioned observation, this paper focuses on modernization
the EPS via integrating high-level RESs penetration, and
SMES technology for facing the future challenges, which
are expected to integrate more and more RESs. There-
fore, the RESs includes wind power with a peak
power of 5000 MW and solar irradiation power with
a peak power of 2300 MW. The base of the system
frequency is 50 Hz, while the power base is 38,000
MW. The EPS has been simulated and tested in this
research to illustrate the proposed coordinated con-
trol strategy. The Egyptian grid studied power
system case 9-machines and 32-bus system [24].
The single line diagram of the studied power system
(i.e., The EPS) is shown in Fig. 1. Moreover, the
simplified model of the EPS incorporation with
RESs and SMES system is shown in Fig. 2. The
National Energy Control Center (NECC) in Egypt
has been advanced a dynamic model of Egyptian
LFC in [25]. Therefore, this model will be modified
using MATLAB/Simulink by adding high-level RESs
integration and the dynamic contribution of the
controllable SMES, which represents an auxiliary
LFC alongside with the frequency control loops (i.e.,
primary and secondary frequency controls) for fre-
quency stability analysis. Figure 3 shows the dy-
namic model of the EPS considering RESs with the
proposed coordinated control strategy. The NECC
in Egypt estimates the system parameters values,
which used in the dynamic model of the EPS as in-
dicated in Table 1.

The important inherent nonlinearities requirements
and the physical constraints enjoined by the system dy-
namics of the generation units are taken into consider-
ation to obtain an accurate perception for the EPS. One
of the most important constraints of power plants is the
rate of generation power change because of the limita-
tion of mechanical movements. The physical system dy-
namics of power plants is represented by GRC and the
maximum/minimum limit of the valve gate (i.e., gov-
ernor deadband (GDB)). The GRC limits the generation
rate of output power, which is given as 20% pu. MW/mi-
nute, and 10% pu MW/minute for non-reheat and re-
heat turbines, respectively. However, the actual GRC of
the hydraulic power plant is about 50% pu MW /minute,
which is higher than the generation rate corresponding
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Fig. 1 A typical single-line diagram of the Egyptian Power System [24]

to any practical disturbance and hence it will be
neglected [22]. On the other side, the GDB restricts the
valve opening/closing. Where the GDB of the
non-reheat and reheat power plants equal +0.05, while
the GDB of the hydraulic power plant is +0.01. In this
paper, the RESs have low-order dynamic models, which
are considered sufficient for frequency stability analysis
as reported in [22, 26]. Therefore, the power variations

of RESs; the wind power variation (APyw) and the PV
solar power variation (APpy), and the load power vari-

ation (APp) are considered as disturbance signals to the
EPS.

2.2 Frequency control based on SMES system
RESs such as wind, solar, waves, and tides are rapidly
growing into today's power system. Where, the RESs

Conventional Power Plants
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=
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Fig. 2 A simplified model of the EPS with the proposed coordinated control strategy
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Fig. 3 A dynamic model of the EPS considering RESs with the proposed coordinated control strategy

exchange power to the power systems through power
electronic devices that cause to reduce the system inertia
and increase frequency/voltage fluctuations compared to
the conventional generation units. Moreover, the inter-
mittent nature of the RESs due to their outputs are
dependent on weather will lead to more negative effects
on system stability and the LFC may fail to readjust sys-
tem frequency. These negative effects can limit high
penetration of the RESs. Therefore, to overcome this
problem, this paper proposes a new application of SMES
system that uses as an auxiliary LFC incorporated with
the primary and secondary frequency controls to en-
hance the frequency stability of the EPS with high RESs
penetration.

The SMES technology is one of the most important
energy storage devices, which is considered the most ap-
propriate for frequency stability enhancement due to it

Table 1 System parameters of the studied power system

Parameter Value Parameter Value
D 0.028 R, 25

T 04 Rs 10

T, 04 H 5.7096
T3 90 P 02529
Ty 5 Pos 06107
T 6 Pos 0.1364
Tw 1.0 Ry 2.5

m 0.5 f 50

has many merits such as fast response, high efficiency,
and long lifetime compared to other energy storage de-
vices [17]. The SMES system storages the power in the
magnetic coil, which made from a superconducting ma-
terial with nearly zero loss of energy [19]. Where, the
SMES unit comprises a dc superconducting magnetic
coil, which is included in helium container, power elec-
tronic devices (i.e., inverter/converter) that are used to
connect the dc magnetic coil to the ac power system,
and Y-A/Y-Y transformer as shown in Fig. 4. The con-
trol of the firing angle («) of the converter provides DC
voltage that appears through an inductor (Ed) to con-
tinuously change within a given range of positive and
negative values. The inductor is at first charged to its
rated current Iy, by applying a little positive voltage.
Once the current reaches the rated value, it is kept up
steady by diminishing the voltage over the inductor to
zero since the coil is superconducting [27]. Neglecting
the losses of the transformer and the converter, the DC
voltage is given by

E; =2V 0 cosa-21,Rc (1)

The charging and discharging processes of the SMES
unit can be controlled through variation of the commu-
tation angle (x). The power conversion system acts in
the converter mode (i.e., charging mode) When a < 90°
but the power conversion system acts in the inverter
mode (i.e., discharging mode) when o>90°. In this
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Fig. 4 The schematic diagram of the SMES unit

study, the SMES system is used as frequency stabilizer
(i.e., auxiliary LFC), which can charge and discharge elec-
trical power from/to the grid with very short time consid-
ering the SMES power limits. Therefore, the DC voltage
of the superconducting inductor (Ed) is continuously con-
trolled through the input signal of the SMES unit (Upy).
Moreover, the current of the superconducting inductor
must be quickly restored to its nominal value after a dis-
turbance in the system so that it can respond to the next
load disorder immediately. Consequently, the current de-
viation of the inductor can be detected and utilized as a
negative feedback signal in the SMES control loop so that
the current recovery can be enhanced to its nominal value
[19]. Thus, the gradual change in the voltage applied to
the inductor (AEd) and the inductor current deviation
(AId) can be defined as follows:

1
AE; = AU p—K Al 2
d 1+sTC( p-KAlL) (2)
AE,
Al = —— 3
a=— (3)

The block diagram of the SMES control loop with the
negative feedback of the inductor current deviation is in-
cluded in the model of the EPS as shown in Fig. 3.
Moreover, the SMES control loop parameters are given
in Appendix [19]. Therefore, in this study, the designed
SMES unit gives a good dynamic stability during the
transients even when the system parameters are changed
by +50% of their nominal values. Where the active
power deviation of the SMES unit can be defined as:

APspps = AEg(Aly + Lao) (4)

The stored energy E (Joule) in the superconducting
coil and its rated power P (Watt) are described by the
following equations:

Af =—— (AP, AP, AP, AP AP
f 2Hs+D( 1+ 2+ 3 + APwr + APpy
+ APgpips—APy)
(7)
Where
P, -1
AP, = —x Af-AP, 8
= (e Q
P, -1
AP,y = —x Af-AP,
2= gy (7 +47-0.) ©)
AP +— 2 AP (10)
o = | m *
2 T,S+1 e
P,sTyS+ P,3 -1
AP, = ———— —*x Af-AP 11
=P (ar-ar) )
-T,S+1
AP,z = | ———— AP, 12
3 <0.5*TWS+1)* e (12)
APyr = —— 4 (APwin) (13)
wTr — TWTS 1 Wind
APpy = ———— % (APgpiar 14
PV TPVS+1*( Sola) ( )
APspies = AE4(Al + 1) (15)

Using Egs. (7)-(15) and the dynamic model of the
studied power system with the proposed coordinated
control strategy as shown in Fig. 3, the dynamic equa-
tions of the studied hybrid power system can be derived
and written in the state variable form as follows:

X =AX +BU+EW (16)

Y =CX+DU+FW
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Hence, the complete state-space equations for the EPS
considering RESs with the coordinated control strategy
can be obtained as in (18).

4 Control strategy and problem formulation

The PID Controller has three terms functionality (i.e., P,
I and D controllers) covering treatment to both transient
and steady-state responses. However, the PID and P con-
trollers cannot yield sufficient control performance with
the consideration of nonlinearities and boiler dynamics
[28]. To overcome this problem, the PI controller has

been employed for system control. Therefore, the pro-
posed coordinated control strategy is based on the PI
controller in the EPS considering high-level RESs pene-
tration and inherent nonlinearities. The PI controller has
been validated to be remarkably effective in the regulat-
ing of a wide range of processes [7, 28]. However, the PI
controller suffers from a complicated process of parame-
ters tuning-based trial and error method. Therefore, this
research uses the PSO algorithm to find the optimum
parameters of the PI controller for minimizing the sys-
tem frequency deviation. Where, the PSO algorithm has

r D 1 1 0 1 0 1 1 1 7
2H 21{ 2H 2H 2H 2H 2H
-a, T 0 0 0 0 0 0 0
1
1 _ .
-ma, 0 T b, 0 0 0 0 0 Af
h 1 AP,
-ay 0 0 T 0 0 0 0 0 Ap,o
2
. 2 2 2 Apg
X = (—2b2D + 2613 + 2b3) 2b2 2b2 0 2b2— —_— — 4+ — 0 0 0 APm3
Tw Tw T3
1 APy3
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many merits such as the ease of use, high convergence
rates, minimum storage requirements, and less depend-
ing on the set of initial values, implying the robustness
compared to other methods (i.e., genetic algorithm, arti-
ficial neural networks, fuzzy logic, and ant colony) [29].
Considering these advantages, this paper uses the PSO
algorithm to tune the PI controller parameters, obtain-
ing the optimum PI controller parameters with the ro-
bustness of operations. In this study, the integral of
squared-error (ISE) is used as a fitness function that is

The constants of matrices are:
_ Pn _ Py _ Py _ T4 _2m_ m
al_TlRl’ 2_T2R27 3_T3R3’ (14—21_11 bl— T, T’
PyT
b2 =das3ay, b?, = —%3.01
the objective function of the proposed optimization

technique and can be formulated as follows:

ISE = o (Af)*dt (19)
Subject to bounds of the PI controller parameters as
follows:

[Kgf;'" <Kp;> 1(2?,.“’6]

where (4f) is the frequency deviation of the EPS and ¢;,,
is the simulation time to execute one run. The PSO al-
gorithm is applied in the EPS to obtain the minimum
value of the objective function (i.e., system frequency de-
viation) through getting on the optimal parameters of
the PI controller.

5 Optimal PI controller design based on PSO
algorithm

5.1 Overview of particle swarm optimization

The PSO is a global optimization algorithm based on
evolutionary computation technique. It was presented
by Kennedy and Eberhart in 1995 [30]. The basic op-
eration principle of this optimization technique is de-
veloped on a swarm of birds flocking. The birds are
either dispersed or go together from one place to an-
other for searching their food. Furthermore, one of
them can discover the place where the food can be
found due to the transmitting information to other
birds at any time while searching the food [31]. In
the PSO algorithm, instead of using evolutionary op-
erators, individuals called particle are used. Therefore,
a swarm consist of several particles, each particle rep-
resents a potential for the problem. Each particle in
the PSO algorithm flies in the search space according
to its own flying experience and its companion flying
experience. Each one of particles is treated as a par-
ticle in D-dimension search space. The position of
particle represented as X; the best previous position
of any particle is recorded and called Pbest. Another
best value that is tracked by a global version of the
PSO (i.e., the overall best value gbest) [32]. The
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Fig. 5 Flowchart of PSO-PI controller

velocity of particle i is represented by V; and all parti-
cles are updated according to the following equations:

Vit = w. VY + cp.rand().(PL-X7,

+ cy.rand().(Pgy=Xiy) (20)
Table 2 The control parameters of PSO
Parameter Value
Size of Swarm, S 50
Number of iterations, n 50
Inertia weight factor, w 08
Acceleration constant 1, C, 0.12
Acceleration constant 2, G, 2
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Table 3 The performance specification of the EPS for scenario 1

0.01 T T T T
Scenario 1 With SMES-Based With SMES Without SMES
optimal PI controller
< 0 - MUS (pu) 1911% 1072 8401x10°%  1523x 102
§ MOS (pu) 00 6440%107° 1420% 1073
q i
-0.01 — With SMES-based optimal Pl Ts ) 17.297 26.703 27421
—With SMES
i , . |—Without SMES
0 100 200 300 400 500 . . . .
Time (s) in Fig. 5. The performance of the PSO algorithm in
ime (s

Fig. 6 The frequency deviation of the EPS for scenario 1

Mgt = iy vy (21)
These equations are used to calculate the new
values of velocity and position of each particle ac-
cording to its previous values. Learning factors of the
optimization technique have significant implications
on the algorithm convergence rate. Further informa-
tion for the PSO can be found in [29-33].

5.2 Implementation of a PSO-PI controller

This study uses the PSO algorithm to tune the PI
controller gains (Kp and Ki) in the model of the EPS
considering high penetration of RESs. Where, each
particle in the search space introduces a probable so-
lution for the PI gains, which are a 2-dimensional
problem. The performance of the probable solution
point is determined by the fitness function as seen in
Eq. (19). Moreover, the size of the swarm determines
the requirements of global optimization and computa-
tion time. Therefore, the steps of the PSO algorithm
for optimum PI controller in the EPS are illustrated
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Fig. 7 Conventional generation and SMES power responses
of the EPS for scenario 1

searching the PI controller parameters of the coordi-
nated control strategy in the EPS has been validated
by using the characteristics of the PSO as given in
Table 2. Where these optimal characteristics are con-
sidered enough after many trials. Therefore, the opti-
mal parameters of the PI controller-based PSO
algorithm under the system operation condition with-
out RESs are {Kp =7.48710, and Ki = 1.171355}, which
produce the optimal control signal to the coordinated
control strategy for frequency stability enhancement
of the EPS when high RESs penetration. Where, the
parameters of the PI controller lie in the range [0,
10], which are considered the most common values
for LFC in the industry [34].

6 Simulation results and discussions

In this study, the coordinated control strategy be-
tween the secondary frequency control loop (i.e.,
LFC) and the SMES system (i.e., auxiliary LFC) is
proposed for frequency stability enhancement of the
EPS mainly when the RESs are highly penetrated.
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Fig. 8 The frequency deviation of the EPS for scenario 2: (a)
+50% system parameters variations, (b) —50% system
parameters variations
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Table 4 The performance specification of the EPS for scenario 2
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Scenario With SMES-based optimal PI controller With SMES Without SMES

2 MUS (pu) MOS (pu) Ts (5) MUS (pu) MOS (pu) Ts () MUS (pu) MOS (pu) Ts ()
+50% 1857% 1073 00 15.848 7548x10°°  6150x107° 23424 1266x10°%  2209x10°° 26723
-50% 1982% 103 00 17935 0692x 1073  1249x10°% 38820  2237x10°°  2042x10°° 41019

Where, the proposed coordinated control strategy is
based on the PI controller, which is optimally
designed by the PSO algorithm to obtain the mini-
mum value of the EPS frequency deviations. More-
over, the performance of the proposed coordinated
control strategy is compared with both; the optimal
LEC with/without SMES system under high-level
RESs penetration and system parameters variations
(i.e., system uncertainties). The simulation results of
the studied power system are carried out using
MATLAB/Simulink® software to validate the effective
ness of the proposed coordinated control strategy.
The code of the PSO as an m-file is interfaced with
the model of the EPS to execute the optimization
process. The EPS frequency stability with the pro-
posed coordinated control strategy is investigated
under different operating conditions through the fol-
lowing scenarios:

6.1 System performance evaluation without the RESs

The model of the studied power system (i.e., the EPS)
without the RESs is considered as the test system to
validate the effectiveness of the proposed coordinated
control strategy for system frequency stability. The
proposed coordinated control strategy using the de-
signed PI controller-based PSO algorithm is tested by
a sudden load change, which is represented as a step
load perturbation (SLP) of 10% pu at time ¢=200s.
Therefore, the sudden change in the load demand im-
pacts on the EPS frequency stability can be obviously
seen from these test scenarios:

Scenario 1: in this scenario, the studied power
system (i.e., the EPS) is assumed to have the
default parameters with 100% of default system
inertia as indicated in Table 1. Figure 6 shows the
EPS frequency deviations with the studied three
control strategies. From Fig. 6, It is clear that the
SMES controller can improve the frequency
response and gives a better damped than the EPS
without SMES. Compared to the EPS with/without
the SMES controller, the proposed coordinated
control strategy-based the optimal PI controller can
provide a smooth and secure frequency perform-
ance. Therefore, the frequency response of the EPS
is improved by using the proposed coordinated
control strategy-based the optimal PI controller.
Fig. 7 shows that the proposed coordinated control
strategy success for decreasing the required power from
the conventional generation units (i.e., non-reheat, reheat
and hydraulic power plants) during the sudden load
change at time

t =200 s. Hence, the SMES power is greatly discharged
by the proposed control strategy. The performance
specifications; maximum overshoot (MOS), maximum
undershoot (MUS), and maximum settling time (Ts) of the
EPS for this scenario have been compared in Table 3.
Scenario 2: in this scenario, the dynamic
performance of the EPS with the proposed
coordinated control strategy is investigated under
system parameters variations (i.e., system
uncertainties). The variable parameters are Ty, T,
Ts, Ty, Ty, Ty m, Ry, Ry, R3, H, and D, which are
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Fig. 9 Conventional generation and SMES power responses of the EPS for scenario 2: (a) + 50% system parameters variations, (b)
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Fig. 10 Power variation of wind and solar power generations

changed by +50% of their nominal value. Figure 8
shows the frequency deviations of the studied
power system with the proposed three control
schemes under these conditions. It can be clear
from these results the proposed coordinated control
strategy can effectively regulate the system
frequency and guarantee robust performance against
system uncertainties. Furthermore, the settling time
has lower values using the proposed control
strategy than that by using other control strategies.
Hence, the designed PI controller for the proposed
coordinated control strategy is a robust controller
where it does not need to re-tuning its parameters
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Fig. 11 The frequency deviation of the EPS for scenario 3
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Table 5 The performance specification of the EPS for scenario 3

Scenario 3 With SMES-Based With SMES Without SMES
optimal PI controller

MUS (pu) 1933%x 1073 8358x 1072 1508 % 1072

MOS (pu) 1908 % 107> 8005x 1073 1469% 1072

Ts () 19432 26.288 27,001

to deal with system uncertainties. The transient
specification of the EPS like MOS, MUS, and Tyg is
indicated in Table 4. Figure 9 shows that the
conventional generation units significantly generated
the needed power in cases of with/without SMES
controller, while the proposed coordinated control
strategy could significantly reduce the needed
power from the conventional generation units
during the sudden load change at time ¢=200s.
Moreover, the SMES power is greatly delivered by
the proposed control strategy-based the optimal PI
controller.

6.2 System performance evaluation with the RESs

The EPS considering high RESs penetration as
shown in Fig. 3 is considered as the test system to
confirm the robustness and effectiveness of the pro-
posed coordinated control strategy. The proposed
coordinated control strategy of LFC and SMES
system (i.e., auxiliary LFC) using the designed PI
controller-based PSO algorithm is tested by
implementation; high fluctuated wind power at time
t=1000s, low fluctuated solar irradiation power at
time £=0s and a sudden load change with 10% pu
at time t=200s. Figure 10 shows the power vari-
ation of wind and solar power generations. There-
fore, the EPS frequency stability with the proposed
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Fig. 12 Conventional generation and SMES power responses
of the EPS for scenario 3
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Fig. 13 The frequency deviation of the EPS for scenario 4,
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coordinated control strategy is faster, has a lower
steady-state error and better damped than others
control strategies. In addition, the numerical
results of the transient specification (i.e., MOS,
MUS, and Ts) for the three control strategies
under these conditions are within acceptable
ranges as indicated in Table 5. Hence, there is no
need to redesign the designed optimal PI
controller. On the other hand, in cases of the EPS
with/without SMES controller, the conventional
generation units significantly generated the needed
power during the sudden load change at time
t=200s, while the proposed coordinated control
strategy could significantly reduce the needed
power from the conventional generation units as
shown in Fig. 12. Moreover, the SMES power is
greatly charged/discharged by the proposed
coordinated control strategy from/to the EPS,
according to the EPS needing.

Scenario 4: the main target of this scenario is to
investigate the performance of the EPS with the

coordinated control strategy is investigated under
different operating conditions through the following
scenarios.

proposed coordinated control strategy under variation
in system parameters (i.e., system uncertainties). The

Scenario 3: in this scenario, the EPS considering
high-level RESs penetration as seen in Fig. 3 is
assumed to have the default parameters with 100%
of default system inertia as indicated in Table 1.
Figure 11 shows that the EPS frequency response
is affected by the sudden load change and the
RESs fluctuations. From Fig. 11, it can be noted
that the system response using the proposed
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Fig. 14 The frequency deviation of the EPS for scenario 4,
(—50% system parameters variations)

default system parameters as indicated in Table 1 are
changed by +50% of their nominal values. Figures 13
and 14 show the frequency deviations of the EPS with
the three control strategies under these conditions.
From these figures, it can be concluded that the
proposed coordinated control strategy could address
the system uncertainties and frequency deviation is
quickly driven to zero. Where the proposed control
strategy gives a little transient compared with the other
control strategies. Furthermore, the numerical results
of the transient specification (i.e., MOS, MUS, and TS)
for the three proposed control schemes under variation
in system parameters are very close to that of the
nominal value of system parameters and within the
acceptable ranges of the system frequency, according to
the European network of transmission system operators
for electricity codes [35], as indicated in Table 6.
Although, the PI controller is very sensitive to the
system uncertainty and non-linearity, which may be
represented by the main demerit of this controller in
some industrial applications [12]. It does not need re-
tuning its parameters when the EPS considering high
RESs penetration subjected to system uncertainties.
This demonstrates the robustness and superiority of
the proposed coordinated control strategy-based the
optimal PI controller in regulation the system fre-
quency in case of system parameters variations as well
as high penetration level of the RESs. Figures 15 and 16
show the responses of the conventional generation
sources and SMES power for the EPS under these
condition of system uncertainties (i.e., £50% of system
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Table 6 The performance specification of the EPS for scenario 4
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Scenario With SMES-based optimal PI controller With SMES Without SMES

4 MUS (pu) MOS (pu) Ts (s) MUS (pu) MOS (pu) Ts () MUS (pu) MOS (pu) Ts ()
+50% 1850% 102 257%10°° 17.869 756%x 1072 7361072 24512 1269x10°%  1225x10°° 27018
-50% 2015% 103 2024% 103 18.559 96811073  9417x10°° 26142  2188x10°°  2104x10°2 27119

parameters) and high-level RESs penetration. From
these figures, it is obvious that the conventional gener-
ation units largely generated the required power when
applied a sudden load change at t =200 s in cases of the
EPS with/without SMES, while the proposed coordi-
nated control strategy could largely reduce the required
power from the conventional generation units. Thus,
the SMES power is fastly discharged by the proposed
coordinated control strategy when the connection of
load change, while the SMES power is greatly charged
by the proposed coordinated control strategy when the
connection of solar irradiation and wind power at time
t=0s, and t = 1000 s, respectively.

7 Conclusion

Utilizing Renewable Energy Sources (RESs) is
attracting great attention in today's power system
to face the challenges of future energy shortages.
However, the irregular nature of RESs and random
load deviations cause large frequency/voltage fluctu-
ations as well as reducing the system inertia that
results from replacing the synchronous generators
with RESs. Where these effects resulting from
utilizing the RESs can limit their penetration. In
order to benefit from a maximum capacity of the
RESs, this paper proposes a new application of
Superconducting Magnetic Energy Storage (SMES)
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system based on an optimal PI controller that is
optimally designed by the Particle Swarm
Optimization (PSO) algorithm to enhance the fre-
quency stability of the Egyptian Power System
(EPS) considering high RESs penetration. Further-
more, the proposed SMES-based the optimal PI
controller is coordinated with the secondary fre-
quency control loop (i.e., Load Frequency Control
(LFC)) for improvement and preservation the fre-
quency stability of the EPS considering high RESs
penetration. The conventional generation units in
the EPS is decomposed into three dynamic subsys-
tems; non-reheat, reheat and hydraulic power plants
considering inherent nonlinearities (i.e., governor
deadband and generation rate constraints of the
power plants). To prove the effectiveness of the
proposed coordinated control strategy, the EPS con-
sidering high-level RESs penetration has been tested
using Matlab/SIMULINK® software. The simulations
results proved that the proposed coordinated con-
trol strategy has achieved an effective performance
for maintaining the EPS frequency stability. Hence,
the proposed coordinated control strategy between
the LFC and SMES system (i.e., auxiliary LFC)
using the optimal PI controller-based the PSO algo-
rithm will ensure an avoidance of power system in-
stability and system collapse owing to high-level
RESs integration.
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Table 8 SMES data [19] SMES control loop parameters are; L = 3H, T, = 0.03, 4o = 20KA, Kf=0.001

Nomenclature

Of The frequency deviation of the EPS (Hz) Xy The current position of particle i at iteration n

D System damping coefficient of the EPS (pu MW/Hz) iy The velocity of particle i at iteration n
Equivalent inertia constant (pu sec) Cy, G Acceleration constant

T Valve time constant of the non-reheat plant (sec) n Number of iterations

T, Steam valve time constant of reheat plant (sec) P pbest of particle i at iteration n

Ts Water valve time constant hydro plant (sec) Pgd gbest of particle i at iteration n

Ty Dashpot time constant of hydro plant speed governor (sec) 0 Air density (Kg/m?)

Th The time constant of reheat thermal plant (sec) Ar The rotor swept area (m?)

Tw Water starting time in hydro intake (sec) Viy The rated wind speed (m/s)

AP, Load variation (MW pu) Cp The power coefficient of the rotor blades

m The fraction of turbine power (intermediate pressure section) Py The output power of the wind turbine (W)

Ry Governor speed regulation non-reheat plant (Hz/pu MW) B The pitch angle

Ry Governor speed regulation reheat plant (Hz/pu MW) rr The rotor radius

Rs Governor speed regulation hydro plant (Hz/pu MW) A The tip-speed ratio (TSR)

Pai Nominal rated Power output for the non-reheat plant (MW pu) Eqy The dc voltage applied to the inductor (KV)

Pro Nominal rated Power output for reheat plant (MW pu) Vo The maximum bridge circuit voltage (KV)

Pn3 Nominal rated Power output for the hydro plant (MW pu) a The firing angle (degree)

AP Regulating the system frequency of non-reheat plant (Hz) lg The current through the inductor (KA)

AP Regulating the system frequency of reheat plant (Hz) Re The equivalent commutation resistance (KQ)

AP Regulating the system frequency of hydro plant (Hz) Ke The feedback gain of the inductor current deviation

Twr Wind turbine time constant (sec) Te The converter time delay

Ty Solar system time constant (sec) L The coil inductance (H)

w Inertia weight factor APspies The active power deviation of SMES unit

rand () A random number between 0 and 1
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