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Abstract: In light of the challenges of integrating more renewable energy sources (RESs) into the
utility grid, the virtual synchronous generator (VSG) will become an indispensable configuration of
modern power systems. RESs are gradually replacing the conventional synchronous generators that
are responsible for supplying the utility grid with the inertia damping properties, thus renewable
power grids are more vulnerable to disruption than traditional power grids. Therefore, the VSG
is presented to mimic the behavior of a real synchronous generator in the power grid through the
virtual rotor concept (i.e., which emulates the properties of inertia and damping) and virtual primary
and secondary controls (i.e., which emulate the conventional frequency control loops). However,
inadequate imitation of the inertia power owing to the low and short-term power of the energy
storage systems (ESSs) may cause system instability and fail dramatically. To overcome this issue,
this paper proposes a VSG based on superconducting magnetic energy storage (SMES) technology to
emulate the needed inertia power in a short time and thus stabilizing the system frequency at different
disturbances. The proposed VSG based on SMES is applied to improve the frequency stability of
a real hybrid power grid, Egyptian Power System (EPS), with high renewables penetration levels,
nonlinearities, and uncertainties. The performance superiority of the proposed VSG-based SMES is
validated by comparing it with the traditional VSG approach based on battery ESSs. The simulation
results demonstrated that the proposed VSG based on the SMES system could significantly promote
ultra-low-inertia renewable power systems for several contingencies.

Keywords: virtual synchronous generator (VSG); superconducting magnetic energy storage (SMES);
high-penetration renewable energy; hybrid power system

1. Introduction

Modern power systems have been facing the tremendous expansion of renewable energy sources
(RESs) in line with environmental protection and resource utilization. As the share of renewables in
the power system increases, the uncertainty of RESs cannot be overlooked since it seriously affects
the operation methods of conventional power systems. Owing to the randomness and intermittency
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of RESs, any inconsistency between the generated and required active power leads to deviation
in the system frequency, and even to power system collapse [1]. Thus, to guarantee the reliable
operation of renewable power grids, a compromise between the load demand and electrical power
generation is exigent. Load frequency control (LFC) plays a very important role to preserve the
stability of system frequency [2]. Hence, significant efforts have been made to apply several control
techniques in the power systems to support frequency stability, adjust the deviation of tie-line power,
and ensure reliable performance against system uncertainty. These control techniques could include
conventional proportional-integral-derivative PID controller [3], fuzzy logic controller (FLC) [4], neural
network controller [5], adaptive neuro-fuzzy controller [6], model predictive control (MPC) [7], robust
controller [8]. Although the previously mentioned control techniques lead to a better dynamic response
in the studied power systems, they cannot endure the severe disruptions anticipated by integrating the
high penetration levels of RESs. Consequently, to achieve a realistic study on the frequency stability
issue for modern power grids, this study is concerned with presenting a real hybrid power system that
contains several traditional power plants, in addition to a high penetration level of RESs to keep pace
with the renewable power grids of today.

The control and operation studies of modern power grids considering a high share of RES
penetration are becoming complicated and most remarkable for providing uninterrupted power to
the consumers. Generally, the use of high-penetration RESs would have critical implications on the
safe operation of power systems [9]. As the RES penetration rate increases, renewables generators are
progressively replacing traditional synchronous generators that supply the utility grid with inertia
and damping properties; whereas, in traditional power grids, the synchronous generator provides
inertia via the kinetic energy stored in its rotating mass in addition to the damping property resulting
from electrical and mechanical losses [10]. As a result, inertia in modern power grids is very low,
so inverter-based RESs can cause excessive frequency deviations compared to traditional generators.
Furthermore, the discontinuous nature of RESs causes undesirable effects such as frequency/voltage
instability, which can restrict their high penetration [11]. To overcome these problems, one of the
recent promising strategies is to mimic further inertia power to renewable power systems through
an effective inertia control technique that can be applied in inverter-based RESs in association with
the ESSs. This structure is usually commonly referred to as a virtual synchronous generator (VSG) or
virtual inertia control that mimics the characteristics of a real synchronous generator without using a
rotating mass to expand the system inertia and tackle the frequency stability issues [12].

Virtual inertia control is not new to the research community, and various control approaches
based on it are used to increase the frequency stability of the modern power grid with high-share
RES penetration such as the proportional-integral (PI) controller [13], model predictive control [14],
robust controllers [15,16], and the adaptive fuzzy controller [17]. Moreover, the feasibility of the
virtual synchronous generator to enhance the power system dynamic has been reported in [12,18,19].
Most of the published research has reported on studying the performance of virtual inertia control
in a small-scale power grid (i.e., microgrid), there is no report focused on virtual inertia control for a
large-scale power grid. Although the aforementioned techniques based on the virtual inertia control can
effectively handle the deviation of the system frequency resulting from the high RES penetration level,
they cannot provide a sufficient inertia power for a short time owing to the low and short-term power
of the battery ESS. As a result, system instability could occur. These drawbacks can be handled by using
the superconducting magnetic energy storage (SMES) system among other counterparts owing to its
attractive properties such as fast response, repetitive charging/discharging cycles, and high efficiency
(i.e., more than 95%) [20]. Therefore, applying SMES-based virtual inertia control can charge/discharge
significant quantities of power in a short time to compensate the unbalanced sharing of power and
frequency deviation. Consequently, more stability and a balanced status of modern power systems can
be achieved. The effect of SMES technology on the frequency/voltage control in various power systems
has been discussed in [21-25]. Meanwhile,, Khosraviani et al. [21] have proposed a SMES-based hybrid
adaptive fuzzy sliding mode control to increase the dynamic response of an interconnected two-area
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hybrid power system. In addition, a combination of SMES and thyristor-controlled phase shifters has
been discussed to enhance the frequency stability of a deregulated two-area interconnected power
system in [22]. A new configuration of SMES with fault current limiting function has been presented
to improve the performance of low-voltage ride-through of a doubly fed induction generator wind
turbine in a DC microgrid [23]. An application of SMES-based fuzzy logic control is proposed to
enhance the reliability of microgrids considering high RES penetration in [24]. An optimal fuzzy
PID controller-based differential evolution algorithm has been proposed for the LFC of a multi-area
interconnected power system considering a thyristor-controlled series compensator in the tie-line,
as well as a SMES unit in each area in [25].

According to the above investigation, the following points summarize the contribution of this
study:

i.  Propose a new VSG scheme relying on the SMES system to increase the frequency stability of
ultra-low-inertia power grids, taking into account high levels of RES penetration, nonlinearities,
and uncertainties.

ii. Based on the best knowledge of the authors, it is the first attempt to apply VSG using the SMES
system to increase the frequency stability of modern power grids. In the literature work, the design
of the VSG depended on the battery ESSs, which can only provide sufficient inertia power for a
short time and thus leads to system instability in some cases.

iii. The proposed virtual controller (i.e., PI controller), which is a merging of a virtual primary
controller and virtual secondary controller, is optimally constructed using the particle swarm
optimization (PSO) algorithm.

iv. To achieve a realistic study on the frequency stability issue for modern power grids, this study is
taking into account the effects of several conventional power generation units (e.g., non-reheat,
reheat, hydropower plants), in addition to multiple RESs in the analysis of the LFC problem.
In other words, the proposed system constitutes a real hybrid power system that keeps pace with
the renewable power systems of today.

v.  The uncertainties of RESs/loads, system nonlinearities (e.g., generation rate constraint (GRC),
and governor deadband (GDB)) are taken into account in the proposed virtual controller design
procedure. Thus, the proposed control strategy (i.e., VSG-based SMES) will guarantee avoidance
of system instability.

vi. Compare the proposed control strategy (i.e., VSG-based SMES) with literature works (i.e.,
the traditional VSG approach based on battery ESSs) in references [10,12-17] to show the feasibility
of the proposed system.

This paper is structured as follows. The studied power grid dynamics and modeling is presented
in Section 2. Section 3 presents the proposed VSG scheme-based SMES system to increase the frequency
stability of modern power grids. The simulation results at different scenarios are presented in Section 4.
Finally, Section 5 provides for the conclusion of this work.

2. Modeling and Configuration of the Studied System

The feasibility of the proposed VSG-based SMES system is validated through a real multi-source
power system in Egypt, which is considered the test system for the operation plan. The Egypt Power
System (EPS) contains both traditional power generation units (i.e., reheat, non-reheat, and hydropower
plants) and RESs. The considered RESs contain both the wind power that is generated from Zafarana
and Gabel El-Zeit wind farms, and the solar power that is generated from Benban solar park, which is
considered one of the world’s largest photovoltaic (PV) plants. As per the Egyptian Electricity Holding
Company’s latest 2019 report [26], the total installed capacity and the peak load of the EPS are 58.35 GW
and 31.40 GW, respectively. The installed capacity of the generation systems is 53,274 MW for thermal
power stations, 2832 MW for hydropower plants, 1127 MW for wind power stations, and 1120 MW
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for solar farms. Figure 1 shows a simple model of the configuration of the considered EPS with the
proposed VSG-based SMES system.
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Figure 1. A simplified model of the studied system with the proposed virtual synchronous generator
(VSG)-based superconducting magnetic energy storage (SMES) system.

The National Energy Control Center (NECC) in Egypt presented a dynamic model for the LFC of
the EPS, as reported in [27]. Therefore, this study simulates this model using MATLAB/Simulink®
software with some manipulation to keep pace with future renewable power systems. Figure 2 depicts
the dynamic model of the considered EPS with the proposed VSG-based SMES system. In the studied
EPS, the conventional power plants are considered manipulation units to control the system frequency.
Moreover, the variation of the wind power (APwrt), the variation of the solar power (APpy), and the
variation of the load power (AP ) are regarded as disturbance sources because they are assumed to
be time-varying and non-measurable in the simulated system. In this study, the dynamic models
of the different components of the power grid are presented with a simplified model (i.e., based on
transfer functions) since they are sufficient to analyze the frequency stability in the power systems [28].
The system parameters values are given in Table 1.
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Figure 2. A dynamic model of the studied power system with the proposed VSG-based SMES system.
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Table 1. Parameters of the targeted power grid based on the Egypt Power System (EPS).

Term Description Value
H Equivalent inertia constant (pu) 5.710
D System damping coefficient of the area (pu) 0.028
T Valve time constant of the non-reheat plant (s) 0.400
T, Steam valve time constant of reheat plant (s) 0.400
T3 Water valve time constant hydro plant (s) 90.000
Ty Dashpot time constant of hydro plant speed governor (s) 5.000
Th The time constant of reheat thermal plant (s) 6.000
Tw Water starting time in hydro intake (s) 1.000
m The fraction of turbine power (intermediate pressure section) 0.500
Ry Governor speed regulation non-reheat plant (pu) 2.500
Ry Governor speed regulation reheat plant (pu) 2.500
Rs Governor speed regulation hydro plant (pu) 1.000
P Nominal rated Power output for the non-reheat plant (pu) 0.253
P Nominal rated Power output for reheat plant (pu) 0.611
Pns Nominal rated Power output for the hydro plant (pu) 0.136

f Base of the system frequency (Hz) 50.000
Tpy Time constant of the PV system (s) 1.850
Kpy Gain constant of the PV system 1.000
Twr Time constant of wind turbines (s) 1.500

Kwr Gain constant of wind turbines 1.000
Kp Proporational gain of the PID cotroller 71.253
Ky Integral gain of the PID cotroller 5.905
Kp Derivative gain of the PID cotroller 6.107

To get a precise conception of the system frequency and non-linearity, the physical limitations such
as generation rate constraint (GRC) of the turbine unit and the deadband of the governor (GDB) unit
are considered [2,29]. In this study, the GRC of the non-reheat turbine is specified at 20% pu/min and
the reheat turbine is specified at 10% pu/min. Meanwhile, the GRC of the hydropower turbines can be
neglected as its actual value is about 50% pu/min, which is higher than the equivalent generation rate
for any real disturbance. For the studied system, the GDB is determined as 0.05% for thermal power
generation units (reheat and non-reheat plants) and 0.01% for the hydropower plants. The frequency
deviation of the targeted power grid with the frequency control instructions of the primary, secondary,
and inertia control units can be obtained as

1

Af = m(APml + APyp + APy3 + APwr + APpy + APsyis.vsg — APL) 1)
where

Py (-1
AP, = —= —*Af—AP 2
ml T15+1*(R1* f cl) ()

m
APyp = erm * AP g 3)

Pnz (_1 )

AP,y = ———— x| — =+ Af — AP, 4
82 T25+1*R2* f 2 @
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APy = % (;—i Af - Apcg) ©)
APwr = (%) * APwind 7)
APpy = (%) * APgoar. 8

In which, s is the Laplace operator, Af is the system frequency fluctuation, H is the system
inertia, and D refers to the damping factor. AP;1, APy, and AP;,3 are the thermal power variation
of non-reheat, reheat, and hydropower generation units, respectively. APwr, APpy, and AP are the
power change of the wind turbine, PV system, and load power, respectively. APgygs.ysg is the SMES
power change based on VSG, which will be discussed in the next section.

3. Design of Virtual Synchronous Generator Based on the SMES System

3.1. Mathematical Model of the SMES Unit

The profile of the generated power from RESs mainly relies on the surrounding environmental
conditions, as an example is a PV power that depends on the incident irradiation level and the
temperature of the module. Consequently, the power generated from the conventional power plants in
the tie-line becomes fluctuated to reserve the load demands at the standard limits while integrating the
RESs at a high level. The use of the ESSs can overcome the power fluctuations in the power system to
store the extra energy when the RESs provide more power or deliver energy into the system again
when the shortage of the RESs power has arisen. In recent years, a lot of the ESSs have been studied
with the power system for this purpose such as the battery, supercapacitor, and flywheel. One of the
promising types in the ESSs is the SMES, which has received a lot of attention despite the high cost.
SMES can provide an unlimited number of the charging/discharging cycles with faster response and
has the highest lifetime compared to the other ESSs [30]. These outstanding advantages are considered
suited to stabilize the frequency of power grids, especially at the transient instance either of the load or
the RESs.

The key element in the SMES system is the magnetic coil, which is fabricated from a special
superconducting material that has approximately zero resistance [25]. As long as the SMES coil is
reserved in the superconducting state, the zero-energy loss in the SMES coil could be guaranteed,
which gives high efficiency. The SMES coil should be cooled at the superconducting temperature by
immersing it in the helium vessel. The energy stored in the SMES coil (Espips) depends on the coil size
(L) and the coil current (Ispgs) as

Esmes = %L%MES' 9)

The SMES coil is interfaced into the power grid at the point of common connection (PCC) through
the 12-pulse bridge-based thyristors (i.e., silicon controlled rectifiers (SRCs)) and the transformer as
shown in Figure 3. The function of the (Y-A)/(Y-Y) transformers is to regulate the voltage into the SMES
conversion system based on the SRCs [25]. During the charging and discharging mode of the SMES
coil, the bypass thyristors are turned off. On the other hand, when the two bypass thyristors are fired
at the same time, the SMES coil operates in the freewheeling state (i.e., the SMES coil does not charge
or discharge). The SMES coil should have a closed loop to ensure the coil current is always circulating
and to avoid destroying the power devices.
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Figure 3. Configuration of the SMES conversion system with the power system.

The current of the SMES coil (I;) has a unidirectional profile and its value is increased or decreased
from the initial current (I;) according to the coil status of either charge or discharge. When the voltage
around the SMES coil is positive, the SMES coil begins to charge and store the extra energy in the utility
grid. On the other hand, the SMES coil discharges when the negative voltage is applied to the coil
terminal. The firing angle () of the 12-pulse bridge based on the SRCs manages the charge/discharge
process of the SMES coil (i.e., generate positive/negative voltage across the coil). The relation between
the voltage applied to the SMES coil (E;) and the firing angle (o) can be expressed as

Ed = 2Vd0COS a — ZIdRD (10)

where V) is the maximum circuit bridge voltage (in kV), I; is the SMES coil current (in kA), and Rp is
the damping resistance (in k(2).

Based on (10), when the firing angle (o) is larger than 90°, the average voltage of the SMES is
positive and thus the SMES coil starts to charge. Otherwise, at the firing angle (o) less than 90°,
the average voltage of the SMES coil is negative and the SMES coil is discharging.

The SMES system is used as an auxiliary LFC to stabilize the system frequency despite the different
disturbances. The complete block diagram to represent the SMES system in the studied LFC model
is displayed in Figure 4. The frequency fluctuation generates the perturbation of the coil current
(Ksmes-1-Af). Also, the current deviation of the SMES coil (Aly) is utilized as a negative feedback
signal (Ky) to be added with perturbation current [21]. The deviation of voltage across the SMES coil
(AE;) and the deviation current (Al;) can be expressed as in Equations (11) and (12), respectively.

1

AE; =1~ T (Ksms-1 -Af = KfAly) (11)
AE,

Al = =2 12

4= (12)

where Kspgs-1 is the control gain of the SMES loop, and T is the converter time constant.
The total SMES coil current is (Al; + 1), and thus the perturbation in the power of the SMES
systems can be given as
APsmes = AE4 (Al + L) (13)

In this study, the utilized parameters of the SMES unit are listed in Table 2. Even when system
inertia is reduced by 80% of its nominal value, these parameters give better dynamic stability
during transients.
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Figure 4. Dynamic model of the SMES system for the load frequency control (LFC) study.

Table 2. Parameters of the studied SMES system [21].

Term Description Value
Lo Inductor rated current (kA) 20.000
T: Converter time constant (s) 0.030
K¢ Feedback gain of (Aly) 0.001

Ksmes1  Control gain of the SMES loop 1.000
L Coil inductance (H) 3.000

3.2. Modeling of VSG-Based SMES System

The VSG is proposed to mimic the characteristics of a real synchronous generator in the power
grid through the virtual rotor concept (i.e., which emulates the properties of inertia and damping)
and virtual control loops (i.e., which emulate the conventional frequency control loops) as shown in
Figure 5. The behavior of the rotating dynamics of real synchronous machines can be described by the
swing equation given in (14) and the power reference (Pyf) for the virtual rotor can be obtained as in
(15) [10].

APp(s) — APr(s) = (2Hs + D) Af(s) (14)

Pyop = (His + Di)Af (15)

where APy, is the change of the mechanical power, H; is the virtual rotor inertia, and D; is the virtual
rotor damping.

Virtual primary and secondary

Virtual rotor SMES System
control

Virtual
primary control

Derivative yirtyal
technique  inertia

Saturation
limit

7] Psns e
7

APpy APrnertia

Af

D;

- Virtual
Virtual damping

secondary control

&

Figure 5. Dynamic model of the proposed VSG-based SMES system.

The ESS is needed to emulate the inertia power and damping properties required by the power
system. Due to the attractive properties of SMES, such as unlimited numbers of charging/discharging
cycles, fast response, and high efficiency [20], this paper proposes a new VSG scheme based on the
SMES system to increase the frequency stability of a low-inertia power grid as displayed in Figure 5.
Technically speaking, the frequency control loops in the traditional power grids can be classified into
primary and secondary, and the synchronous generator uses the turbine governor as the primary
control to adjust the system frequency [10]. The droop control is typically utilized in the power system
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to sustain the system frequency at the permitted range by controlling the turbine power. Moreover,
in large power systems, the LFC is utilized to sustain the system frequency at its standard value for a
period ranging from a few seconds to a few minutes after the system disturbance [12]. Consequently,
similar primary and secondary frequency controllers can be constructed for the VSG as a droop
controller and integral controller, respectively. Thus, the virtual primary and secondary controls
(shown in Figure 5) are combined representing the proportional-integral (PI) controller and the output
power from the virtual control loops (APpy) can be expressed as

1 K
APpp=—[= +—=|A 16
PI ( R; T3 ) f (16)
where R; is a virtual droop characteristic and K; is a virtual secondary integrator gain.

To replicate the realistic power response of the SMES system, the limiter block is set to limit the
maximum/minimum power capacity of SMES. The power capacity limit of the SMES system has been
selected at +0.2 pu.

3.3. Design of Virtual Controller for VSG-Based SMES System

From Figure 5, the proposed control strategy relies on the virtual controller (i.e., PI controller),
which is a combination of the virtual primary controller (i.e., P controller) and virtual secondary
controller (i.e., I controller). The virtual controller transfer function can be obtained as

1 K
=— 4+ — 17
Gels) = 7+ 17)

Considering the key advantages of the particle swarm optimization (PSO) method are high
convergence rates, ease of application, and minimum storage requirements [10,31], the PSO method
is applied to find the optimal parameters of the virtual controller of the proposed VSG-based SMES
system. The integral of squared error (ISE) is utilized as the fitness function for the considered
optimization method (i.e., PSO algorithm) and can be expressed as [10]

tsim
ISE = f (Af)%at (18)
0

where tg;,,, denotes the simulation time.
The gains constraints of the proposed virtual controller are

mi < R; < RMax
K < K, < K 19)
1 - - 1
where le"i”, K;”i”, leax , and K;nax are the minimum and the maximum values of the virtual primary
and secondary controller parameters, respectively. The range of the virtual secondary controller gain is
selected as (0-2) and the virtual droop characteristic is bounded in the range (1-10).

The key target of the PSO method is to reach the minimum value of the fitness function given
in (18) and use the corresponding optimized parameters with the proposed virtual inertia control.
Kennedy and Eberhart have been presenting the PSO algorithm since 1995 [32]. It is considered
one of the strategies for evolutionary computation. PSO’s fundamental concept relies on a group of
flocking birds that have either been dispersed or are in groups looking for food from one location
to another. One can find where food has been located as the information is transferred by other
birds during the food search [33]. Individuals called particles are used in this optimization process,
instead of using evolutionary operators. In this manner, a flock comprises many particles, each particle
indicating the problem’s potential. In this optimization algorithm, every particle flies through the
search space according to its own unique flying experience and the flying history of its mates. In the
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D-dimension search space, each particle is transacted as a single particle. The particle location defined
as x;, the previous best mode of any particle is reported and referred to as Pp,.s;. While the overall best
value is gy.s+ and a global version of the considered optimization algorithm follows [31]. The particle i
velocity is denoted by v;, and the speed and position of all particles are updated every iteration as

U?-H = wol! + clrand()(P;1 - xf) + cyand()(Pg - xf) (20)

At = o 4o (21)

In which, n describes the iteration number, rand() is a random function, P; is the Py, of the
particle 7 at iteration 7, w denotes to the inertia weight factor, Pg is the gy.s; of particle i at iteration 7,
and cq, ¢y are the acceleration constants.

These formulas are utilized to reflect the recent position and velocity values for each particle,
taking the past values into account. The optimization algorithm’s learning factors have important
consequences for the convergence rate. For more information on the PSO algorithm, refer to [31-33].
In this study, the key purpose of the PSO method is to mitigate the system frequency fluctuation
by determining the optimal values of the virtual controller gains. The PSO code is executed using
the MATLAB software. The procedures of the PSO method to fine-tune the virtual controller gains
(i.e., R;, and Kj) is outlined in Algorithm 1, and the initial settings of the PSO algorithm are listed in
Table 3. Consequently, the proposed VSG model parameters under the system operation are obtained in
Table 4. These parameters will generate the optimal control signal to the SMES system to supply/absorb
electrical power to/from the power grid with a fast response and low steady-state error.

Algorithm 1. Particle swarm optimization (PSO) algorithm.

1  Setdimensiond = 2 (i.e., R; and K;)
2 fori=1:s

3 forj=1:4d

4 Setx;; = Rand(d,yin,Amax)

5  Setv;y = Rand(vyin,Vmax)

6 end for

7 Set Ppest = x;

8 if f(Ppest) < f(gbest) then

9 Set Gpest = Prest

10 endif

11 end for

12 fort=1:n

13 fori=1:s

14 if f(x;) < f(Ppes) then

15 Set Ppes; = x;

16 endif

17 if f(Ppest) < f(gpest) then

18 Set gpest = Prest

19 endif

20 end for

21 Update the particle’s velocity using (20)
22 Update the particle’s position using (21)
23 if flgpest) < 0.001

24  break

25 else

26 continue

27 end if

28 end for
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Table 3. Parameters of the particle swarm optimization (PSO) algorithm.

Term Description Value
S Size of the swarm (i.e., no of birds)  50.000
n Number of iterations 50.000
A4 Inertia weight factor 0.950
C Acceleration constant 1 0.120
(<) Acceleration constant 2 2.000

Table 4. VSG parameters values.

Term Description Value

H; Virtual inertia (pu s) 0.900
D; Virtual damping (pu MW/Hz) 10.400
R; Virtual droop characteristic (Hz/pu MW) 5.000
K

; Virtual secondary integrator gain 0.002

4. Simulation Results and Discussion

The simulation results of the considered renewable power system (i.e., EPS) are implemented
under various load/RES perturbations using MATLAB/Simulink® software to check the superiority and
efficacy of the proposed VSG based on the SMES system. Furthermore, the efficacy of the proposed VSG
based on the SMES system in low-inertia power grids is validated by comparing its performance with
that traditional VSG approach based on battery ESS in references [10,12-17]. In this work, the battery
ESS was mathematically modeled by a first-order transfer function of a time constant of 10 s and a
unity gain, and the same power constraints of the SMES system mentioned in Section 3.1 are used with
the battery ESS system. The studied EPS comprises both conventional power plants (e.g., steam, gas,
and hydropower plants) and RESs as shown in Figure 2. Besides which, the uncertainties of RESs/loads,
system nonlinearities (e.g., GRC and GDB) are considered in designing the proposed VSG based on
the SMES system. Preservation of the frequency stability of the considered low-inertia power grid is
verified through the following scenarios at different operating conditions.

4.1. Scenario 1: System Performance Evaluation under Low RESs Penetration and Heavy Load Change

The key goal of this scenario is to investigate the reliability of the studied EPS with the proposed
VSG based on the SMES system, considering RES penetration levels, nonlinearities, and uncertainties.
The targeted power system is examined in the presence of wind power fluctuation at time ¢ = 500 s and
solar power fluctuations at time ¢ = 0 s as shown in Figure 6, and the combined power variation of
RESs, in this case, is considered lightly penetrated. Also, the total load comprises the residential and
industrial loads, and the loading value is set at the heavy state (i.e., approximately at peak of 0.6 pu) as
shown in Figure 7. Furthermore, the considered power grid with the proposed VSG-based SMES is
examined in conditions of 100% of system inertia (i.e., high system inertia), 60% of system inertia (i.e.,
medium system inertia), and 20% of system inertia (i.e., low system inertia). Figure 8 displays the
frequency response of the studied power grid under low RES penetration and heavy random loads in
conditions of 100%, 60%, and 20% of system inertia, respectively. It is clear from Figure 8 that, in all the
cases tested, the considered power grid with the proposed VSG-based SMES is more robust and faster
than the traditional VSG design based on battery ESS; whereas, the considered power grid with the
proposed VSG design based on the SMES system gives a small frequency deviation when the load is
highly changed at t = 300 s and t = 1000 s. Therefore, the best performance of the system frequency is
achieved by applying the proposed VSG design based on the SMES system, which in the circumstances
of 100%, 60%, and 20% of system inertia will sustain the system frequency deviation within +0.03 Hz.
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The performance specification of the considered power grid; maximum settling time (Ts), maximum
undershoot (MUS), and maximum overshoot (MOS) with the proposed VSG design based on the SMES
system and the traditional VSG design based on battery ESSs for this scenario are given in Table 5.

Table 5. The performance specification of the considered system for scenario 1.

Scenario 1 VSG-Based Battery Proposed VSG-Based SMES
(Low RESs) MUS (pu) MOS (pu) Tg(s) MUS(puw) MOS(pu) Ts(s)
High system inertia (100%) 0.039 0.033 150.00 0.008 0.004 3.100
Medium system inertia (60%) 0.050 0.048 152.00 0.012 0.005 3.000
Low system inertia (20%) 0.081 0.075 156.00 0.031 0.005 2.500
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Figure 6. Low penetration of renewable energy sources (RESs): (a) wind power and (b) solar power.
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4.2. Scenario 2: System Performance Evaluation under High RES Penetration and Heavy Load Change

In this scenario, a high-share RES penetration is used to test the proposed VSG shown in Figure 9.
Besides, the same heavy random load in scenario 1 is used (Figure 7). The comparison is made under
conditions of 100% of system inertia (i.e., high system inertia), 60% of system inertia (i.e., medium
system inertia), and 20% of system inertia (i.e., low system inertia). Figure 10 displays the frequency
response of the studied power grid with the proposed VSG design based on the SMES system under
high-share RES penetration and heavy random loads in conditions of 100%, 60%, and 20% of system
inertia, respectively. From the obtained results, the proposed control strategy based on the SMES
system significantly improves the performance of system frequency and gives a low system transient
magnitude compared to the traditional design that depends on battery ESSs in low-inertia power grids.
On the other hand, the studied EPS with the traditional VSG design based on battery ESSs is oscillating
with large frequency deviations resulting from the severe shortage in the system inertia. Despite the
low-inertia coefficient, the proposed VSG design based on the SMES system can preserve the frequency
stability of the low-inertia power grid considering renewables. The studied power grid performance
specifications; MOS, MUS, and Ts with the proposed VSG design based on the SMES system and the
traditional VSG design based on battery ESSs during this scenario are given in Table 6.

Table 6. The performance specification of the considered system for scenario 2.

Proposed VSG-Based SMES

Scenario 2 VSG-Based Battery
(High RESs) MUS (pu) MOS (pu) Ts(s) MUS(pu) MOS(pw) Ts(s)
High system inertia (100%) 0.036 0.043 47.000 0.007 0.015 2.600
Medium system inertia (60%) 0.050 0.061 51.000 0.010 0.026 5.800
Low system inertia (20%) 0.083 0.105 62.000 0.031 0.073 6.100
057
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Figure 9. High penetration of RESs: (a) wind power and (b) solar power.
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Figure 10. Frequency response of the studied system under high RES penetration: (a) high system

inertia, (b) medium system inertia, and (c) low system inertia.

5. Conclusions

A new VSG design based on the SMES system has been proposed to increase the frequency stability
of low-inertia power grids, considering high-share RES penetration, nonlinearities, and uncertainties.
The concept of the proposed VSG relies on emulating the characteristics of the real synchronous
generator through the virtual rotor concept (i.e., which emulates the properties of inertia and damping)
and the virtual control loops concept (i.e., which emulate the conventional frequency control loops).
Moreover, the ESS is needed to mimic the inertia power and damping properties required from the VSG.
Due to the attractive properties of SMES such as an unlimited number of charging/discharging cycles,
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fast response, and high efficiency, this paper proposed the VSG design based on the SMES system.
This paper presented the EPS as a test system, which comprises both conventional power generation
units (e.g., non-reheat, reheat, hydropower plants) and RESs. Also, the uncertainties of RESs/loads
and system nonlinearities (e.g., GRC and GDB) are considered in designing the proposed VSG based
on the SMES system. The efficacy of the proposed VSG design based on the SMES system has been
confirmed by comparing its performance with the traditional VSG design based on the battery ESS
under conditions of 100%, 60%, and 20% of the system inertia. From the obtained results, the proposed
VSG design based on the SMES system improves system stability.
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