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ABSTRACT

This article presents the idea of direct adaptive control for several power system applications such as the
Egyptian power system (EPS), a three-zone interconnected microgrid (MG), and a single machine connected to
the grid (SMIB). The main concept of the proposed adaptive method is built on the tuning of the controller gains
using Harris hawks optimizer (HHO). In order to maintain the frequency and voltage at their nominal values, a
modified virtual rotor (virtual inertia + virtual damping) is investigated as a tertiary control loop within the
proposed EPS and the 3-area MG system. For SMIB application, a secondary automatic voltage regulator (AVR)
has been added to the primary AVR within the excitation system to offer more adequate damping characteristics
for the synchronous generator of the studied system. Where the proportional-integral-derivative power system

stabilizer (PID-PSS) is connected to the excitation system for a single machine tied to the grid to significantly
mitigate low-frequency oscillations due to various expected faults and undesirable operating conditions. The
proposed direct adaptive control strategy has been used to tune the integral controller of the secondary AVR and
PID for SMIB application, and also to adjust the virtual rotor in the EPS and the 3-area MG applications. The
operative performance of the introduced adaptive secondary AVR is assessed against the conventional system (no
PSS), Lead-Lag PSS, and PSS type 2 based PSO and WECC standard under the effect of a 3-¢ short-circuit fault
subjected at the grid bus considering solar photovoltaic (PV) farm-based grid. Moreover, the EPS system and 3-
area MG are evaluated under the effect of load change conditions and partial injection of PV and random loads.
The final findings prove that the direct adaptive concept can provide robust performance and effectively
maintain the dynamic stability of the main grid against fluctuations.

approaches have been explained in [6-11]. In this study, the concept of
direct adaptive control technique was applied to tune the modified
virtual rotor parameters (inertia + damping) and adjust the integral
control gain of the secondary automatic voltage regulator (AVR).

With the growing share of renewable energy generation sources
(RESs), it raises new stability issues in the regulation of large/micro
grids. A major problem is the reduction of inertia and damping in the
system due to the replacement of conventional generations (i.e., syn-
chronous generators SGs) with RESs [3,12]. The main reason for lacking
system inertia is the converters/inverters commonly used to deliver the
RESs to the micro/large grids. These devices do not possess and retain
any inertia or damping properties, resulting in degradation of system
inertia and damping, larger frequency slip, instability, and collapse of
the system. To address stability issues, a new inertial control scheme
called virtual synchronous generator (VSG) [13-15] was designed to
emulate virtual inertia power based on the dynamic behavior of SGs and

1. Introduction

In modern power grids, frequency stability is one of the significant
problems related to large-scale power systems. High-frequency oscilla-
tions occur when the unbalanced power is not compensated by the load
frequency control system (LFC). Therefore, these systems are becoming
more complex due to identical or mismatched uncertainties, load vari-
ations, and time delays [1,2].

Over the past decades, the PID controller has acted as the main
player to control the practical and industrial processes. It has several
benefits when used in the LFC to maintain the power in tie-line and
regulate the frequency according to schedule value: simplicity, reli-
ability, and low cost [3,4]. In addition, it has the disadvantage of being
less sensitive to process parameter changes and system disturbance [5].
Therefore, several robust, intelligent, optimal, and adaptive control
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Nomenclature

Af EPS frequency deviations (Hz)

AP, Changes in mechanical power (MW pu)

APy Changes in EPS random loads (MW pu)

AP, Supplementary control

APpy Solar power variations

APy, Change in tie-line power (MW pu)

APperiq Changes in virtual inertia active power

Aw, Rotor speed deviation (rad/s pu)

Dgps System damping coefficient of the EPS (pu MW/Hz)

Hgps Equivalent inertia constant (pu sec)

Ry Governor speed regulation non-reheat plant (Hz/pu MW)

Ry Governor speed regulation reheat plant (Hz/pu MW)

R3 Governor speed regulation hydro plant (Hz/pu MW)

m The fraction of turbine power

P Nominal rated Power output for the non-reheat plant (MW
puw)

Py Nominal rated Power output for the reheat plant (MW pu)

Py Nominal rated Power output for the hydro plant (MW pu)

Ty Valve time constant of the non-reheat plant (s)

Ty Steam valve time constant of reheat plant (s)

Ts Water valve time constant hydro plant (s)

T4 Dashpot time constant of hydro plant speed governor (s)

Ty The time constant of reheat thermal plant (s)

Ty Water starting time in hydro intake (s)

TEss Inverter-based ESS time constant (s)

Tpy Solar system time constant (s)

Ty Tie-line synchronizing coefficient between subareas i th
and j th

T, Electrical torque

Tm Mechanical torque

Ipy Solar PV farm current in (A)

Vpy Solar PV farm voltage in (V)

Vi Synchronous machine terminal voltage in (V pu)

Py Hydro turbine mechanical power in (MW pu)

Gorrr(s) The open-loop transfer function without droop
characteristics

Gerrr(s)  The closed-loop transfer function with droop
characteristics

Jvr Virtual inertia constant

Dy; Virtual damping constant

w Rotor speed (rad/s)

J Moment of inertia (kg m?)

Kpss Stabilizer gain

Kp Proportional controller gain

K; Integral controller gain

Kp Derivative controller gain

Kir The integral AVR gain

Kx Regulator gain of excitation system

Kg Exciter gain

K¢ Damping filter gain

Trem Time constant of the controller in (s)

Ta Regulator time constant in (s)

Tk Exciter time constant in (s)

Ty Time constant of damping filter in (s)

Two Signal wash out time constant (s)

T1o — T4, Lead-Lag time constants (s)

pi Frequency Bias

Wn Natural frequency

¢ Damping ratio

Mp Maximum overshoot

T Settling time in (s)

Jmin Objective function

H Nominal system inertia (MJ/MVA)

Ekinetic Kinetic energy stored in the system

Acronyms

MG Microgrid

SG Synchronous generator

HTG Hydro turbine generator

HHO Harris hawks optimization

AVR Automatic voltage regulator

EPS Egyptian power system

PSS Power system stabilizer

improve system performance and stability.

The concept of the VSG is initially relying on replicating the
dynamical properties of a real SG of power electronics-based DG/ RES
units, in order to inherit the stability-enhancing merits of an SG [3]. The
mechanism of the virtual rotor is constructed by the inverter, short-term
energy storage system (ESS), and appropriate control technique. Given
the limited cost of batteries that make the VSG configuration more
difficult to control using only batteries, we are considering adding a
portion of the VSG control signals to the LFC signal used for non-reheat,
reheating thermal, hydropower plants (the suggested EPS system).

This paper proposes a modified design and analysis of virtual rotor
based on the derivative technique to simultaneously imitate damping
and inertia properties in the EPS system, thus enhancing frequency
stability and durability under a wide range of system operations. Pro-
posed studies have shown that the modified virtual rotor can be per-
formed in such a way that provides virtual inertia and virtual damping
capability into the EPS.

Another application to support our proposed method is to use a
single machine connected to the grid. SG is a vital element of each power
system. It is largely controlled by the excitation system [16], which is
used to maintain the system stable because it has a faster AVR to get rid
of the synchronous torque with a small effect on damping. This can be
achieved using the power system stabilizer (PSS) output signal and
introducing it into the exciter system as discussed below in Section 7.

The PSS provides a complementary signal to the excitation system to
enhance oscillating instability more quickly. At present, PSS and AVR
are widely utilized in several applications to achieve some international
standard [17,19]. In [18], a strategy based on deep reinforcement
learning (DRL) is proposed as an intelligent coordinator for PSS and AVR
in multi-area power grids. With the expansion of the power electronic
technology, a flexible excitation system with fully controlled devices is
introduced in [20,21]. Not only can power be supplied to the field
winding but also injection reactive power to the generator terminal.
Compared to the conventional AVR and PSS controlled excitation
voltage system [21], it contains two damping channels to provide a more
stable and flexible control potential.

The proposed applications (AVR) and (LFC) represent key challenges
to support the operation, control, and security of power systems [22].
AVR is employed to diminish the losses in active-reactive power and
generate a stable tracking process for reference voltage. Deviations in
the operating voltage levels greatly affect the stability of power system
units. On another side, LFC is needed to regulate the deviations in fre-
quency caused by dynamic active load changes and prevent oscillations
from expanding into a multi-area grid [3,8].

Recently, the control parameters have been tuned optimally using
optimization techniques because of their ability to respond to suspicions
and disturbances [23-25]. They have been used to make offline and
online tuning of LFC parameters in an adaptive manner [3 5,26-28].
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In this work, a metaheuristics optimization technique called ‘Harris
hawks optimizer (HHO)’ [29] was proposed for calculating the optimal
value of the secondary AVR’ integral controller gain, virtual inertial and
virtual damping parameters according to system dynamics. One of the
advantages of HHO is the requirement of fewer insensitive users.
Additionally, HHO can be applied in a wide range of optimization issues
due to its plain of use, high-speed convergence, less computational time
to report the optimal solution.

The main contribution of this work can be outlined as follows:

e The concept of direct adaptive control has been employed in three
applications: the Egyptian power system, a three-area interconnected
MG, and the single machine connected to the grid.

e A modified virtual rotor (inertia + damping) has been suggested for
EPS and 3-area MG frequency regulation.

e A new secondary automatic voltage regulator (AVR) has been added
to the excitation system to generate a stable tracking process for
reference voltage.

o The parameters of virtual inertia, virtual damping, PID gains of PSS
and integral controller gain of secondary AVR are adaptively tuned
using the HHO optimizer.

e The proposed control strategy can efficiently deal with system dif-
ficulties such as 3-¢ short-circuit fault, load variations, and partial
and full injection of solar PV farm, and random loads.

1.1. Work Motivation

Conventional controllers are designed by considering fixed param-
eters, but the system keeps showing rogacity to a certain extent. How-
ever, if the parameter values change somewhat, abnormal behavior may
happen resulting in instability and collapse of the system. Therefore, an
appropriate strategy to control is mandatory to help in stabilizing the
system, in addition, providing a high capability for rejecting the tur-
bulence over a wide parameter variations range. For this intent, design a
robust control is needed to withstand adverse operating conditions.

Conventional power
plants

International Journal of Electrical Power and Energy Systems 140 (2022) 108068

Recently, the concept of adaptive control has demonstrated its ability to
deal with parameters changes and uncertainties. Adaptive control
categorized into two types: Direct (this type is proposed in this study)
and the second is indirect approach involves a shifting variable that is
modified to enhance the system performance and robustness at the
desired sensitivity. The efficient performance and plain computation of
the direct adaptive control approach have prompted and led us to study
its implementation with regard to LFCs issues and Excitation systems.

2. System under study
2.1. First application: Egyptian power system

The Egyptian power system (EPS) includes many traditional sources
of generation (i.e., thermal, gas, and hydraulic power plants), and RESs
(i.e., PV and wind turbines). These plants are classified into 3 categories;
(a) Non-reheat, (b) Reheat, and (c) Hydraulic power plants [30]. The
overall installed capacity for EPS is 58. 5 GW with the peak load is 32.4
GW stated by the end of 2019 [31], and the installed capacity consists
mainly of combined-cycle plants (55.7%). Moreover, the share of RESs
today, including wind turbines and PVs, only represents 3.8% of overall
capacity. Therefore, Egypt aims to increase the sharing power from RESs
to 20% by 2022, and 42% by 2035 [31,32]. The dynamic EPS model
considering RESs, conventional plants, and VSG is shown in Fig. 1.

The simplified EPS model with the proposed coordination scheme is
shown in Fig. 2, and the nominal EPS system with modified virtual rotor
parameters is given in Table 1 [30,33]. The parameters of PID gains
were calculated in the EPS model using HHO considering the penetra-
tion of RESs.

In this paper, simulated PV and random loads power are presented.
The solar PV plant is modeled as a 1st order transfer function of a unity
gain as shown in Fig. 1 with a rated power of 5 GW (in accordance with
Egypt’s 2035 target including Benban PV plant and other future pro-
jects). In addition, the validity of EPS using random loads of 15 GW
power with a base power of 59.5 GW (full EPS capacity) was verified,
and finally, 5 MW of ESSs were installed in the EPS.

EPS Loads

Transformer

VSG Mechanism

Virtual Rotor

Transformer

—

EGYPTIAN POWER SYSTEMS

Emulation

Control

V signal

AC

DC

AC
DC

Solar PV array

Fig. 1. A dynamic model of the EPS considering RESs within the presence of a virtual inertia mechanism.
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Fig. 2. A simplified model of the EPS supported with a modified virtual rotor mechanism.
m Pnz -1
AP, = (m+ * | ——*Af — AP. 4
Table 1 ne = T,,s+l) Ts+1 \ R f ‘ @
Initial Parameters of EPS Grid.
—Tys+1 \.Pi3Tys+ Py, (-1, .
Parameter Value Parameter Value AP,; = ( ’Lw Wi n3da W "k Af 5)
Ders 0.028 Prs 0.6107 0.5*T,s + 1 Tss+1 R;
Hpgpg 5.7096 Py 0.1364
Ri 2.5 T 0.4 L,
APpy = (——)*APg
Ry 25 T 0.4 pv (Tva T 1) Solar 6)
R3 1.0 Ts 920
m 0.5 Ty 5.0 Jyis + Dy, .
Kp 26.5370 T, 6.0 APieria = 0 (A1) 7
K 16.3125 Ty 1.0 ESS
Kp —0.508 Try 10 where APy;, APy, APpenia, APpy,andAP, mean changes in the me-
Pruax 0.2 Tass - chanical, load, inertia, solar, supplementary control power,
Priin -0.2 Jvr Adaptively tuned | i . . .
Pun 0.2529 Dy Adaptively tuned respectively.R is the governor speed regulation and m is the fraction of

The frequency deviation (Af) of the studied EPS can be obtained
looking at the effect of the primary (droop), the secondary control loop
(LFC), and tertiary modified virtual rotor control loop (inertia +
damping) as follows [33]:

1
Af = 2Hs 1D (APy — APy £ APjeria) 1)
APy = AP, + AP, + AP, + APpy 2)
P, —1
AP,y = " _*(_*Af — AP,) (3)

Tis+1 'Ry

turbine power. T, is the time constant of reheat thermal plant,T,, is the
dashpot time constant of hydro plant, and water, and T; is the water
starting time of the hydro plant. P,;, P, P,3 are the normal output rated
power of non-reheat, reheat, hydropower plants, respectively.Jy; means
the virtual inertia constant. Dy; means the virtual inertia damping con-
stant. Tggs is the inverter-based ESS time constant.

3. Virtual rotor emulation technique (inertia and damping)

In old communities or power systems, the kinetic energy (initial
inertia) stored in the system rotating mass with spinning loads is defined
as [33,34]:

Lo ©)

Etinetic = )
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[ VSM

Af

d
Kir=(lvi * 3; +Dv1) —>

Virtual rotor

+Pmﬂ,¥
1
STESS +1 m

AI:'inertia
>
>

Inverter-based
ESS

Apinerlia

virtual rotor Control

Fig. 3. The dynamic structure of the modified virtual inertia emulation based ESS connected to EPS.

where o stands for rotor speed (rad/s) and J indicates the system’s
moment of inertia (kg.m?). By given the change rate of rotor speed, it
relates to balance in torque of spinning mass defined as:

Ldo

P Pe_
T odr

Ty—T,=—"—
w w

9

where P,, means the mechanical power and P, is the electrical power.
T,, and T, mean the mechanical torque and electrical torque, respec-
tively.Thus, the stored kinetic energy Ejy.ic can be calculated as pro-
portional to the rate of power. It is called the system inertia as:

Ekineti(
H=——
N

(10)

where H is the inertia of the system, S is the system rated apparent
power in (VA). Accordingly, the rate of change of frequency (ROCOF),
which is used to evaluate the system inertia is calculated as follows:

do (T,

mee)_a)(mePe)
dr N

2Hs 2Hs

(€8]

Virtual inertia emulation is a new set of control techniques, ESSs, and
power electronics that can virtually emulate an inertia power based on a
conventional system (i.e., power system-based SG) into the power
community-based RESs. Fig. 3 states the concept of emulation modified
virtual rotor using an ESS-based derivative control method. The target is
to compute the ROCOF using a derivative technique to add sufficient
active power to the community [3,12]. Thus, the dynamic modified
virtual rotor structure can mimic the desired inertia and damping
characteristics of the community or power system, improving the overall
inertia within the EPS system, frequency stability, and preventing power
outages.

4. Indirect and direct adaptive control concept

For the indirect adaptive control method, it is applicable when the
unknown parameters of a linear time-invariant plant lie in a known
convex set throughout which no stable cancellation of the pole-zero
occurs [35].

For our case study, Eq. (1) explains that the LFC is a turbulence
rejection issue where the main objective is to design a controller for the
EPS system to mimic the impact of load disturbance and parametric
uncertainties. The open-loop transfer function without the droop
characteristics:

Gorrr(8) = GGovi()Grurbinei(s)Geps(s) 12

Where (i = 1, 2, 3) according to plants type (non-reheat, reheat, and
hydro) respectively as shown in Fig. 2.
The closed-loop transfer function for the EPS system:

— G6ovi(8)Grurbine.i (5) Geps (s) 1

G, 5) = = 13)
el 1+ (Gﬁm»:(J)Gm»meJ(J)GEI’S(S)) a8’ + axs® + ars + ay
R

Where,

a3 = (TGovi Trurbine.:) X 2HEps
ay = 2Hgps X (T o i+ Trurpine) + (TGovi Trurbine,i)
ay = 2Hgps + Toovit Trurbine.i

70} :D5p5+1/R,-

Previously, for simplicity, we convert Eq. (13) into a second-order
system using the pad approximation procedure. This approach is
based on the matching of Taylor series expansion coefficients about s =
0 (reference) [36]. Finally, the reduced-order is obtained as:

—my(s) +my

= 14
s2+nys +ng as

Gredm‘ed (S )

Therefore, there are many ways to minimize the order of the studied
EPS system and convert it to second-order such as internal model control
scheme IMC for reduction the model-order by neglecting some param-
eters to make the system act as second-order [37].

The main objective is to calculate the characteristic parameters such
as damping ratio ¢ and natural frequency w, so that we can control the
maximum overshoot Mp and settling time T; in an easy way. Indirect
adaptive control methods have been done before in many kinds of
research, so in this paper, we will only focus on direct adaptive control
using soft techniques.

5. Overview of Harris hawks optimization

HHO was primarily introduced by Heidari etal. [29] The basic
principle of the proposed HHO optimizer is based on hunting the prey by
the hawks in some steps including tracing, encircling, closeness, and
finally attacking. In this study, HHO is implemented as an adaptive
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Fig. 4. Example of overall vectors in the case of (a) Hard besiege; (b) Soft besiege with progressive rapid dives; (c) Hard besiege with progressive rapid dives in 2D

space [29].

controller as in [3]. It has many benefits such as plain coding, less
computational time, and ease to use. In addition. It can be used to solve
discrete, constrained, and unconstrained optimization issues. Therefore,
the performance of this method is remarkable and powerful, unaffected
by the wide dimension issue, so it is a robust metaheuristics optimizer.

The algorithmic details in the context of three stages are as follows:

a. Phase of Exploration
. Phase of Transition from Exploration to Exploitation
c. Phase of Exploitation

A simple illustration for one hawk for all phases is demonstrated in
Fig. 4 [29].

5.1. Performance assessment of HHO technique: Speed convergence test

In this sub-section, a statistical analysis for different benchmark test
one objective functions is stated in Table 2. In addition, a comparative
analysis to measure the performance and speed convergence of the
proposed HHO compared to classical algorithms such as PSO (particle
swarm), Jaya, ABC (artificial bee colony) and ESO (electro-search) op-
timizers was described in Table 2. The same number of populations and
iterations have been used in each test function for resolving the opti-
mization issues. A total of 20 independent running processes are per-
formed for all algorithms, the best and worst values of these functions
are constructed by taking 50 iterations and 50 as a size of population.

The validation of the optimizers depends on their speed convergence
with optimum value. The optimal value of Jn, is plotted against the
number of J-evaluation in Fig. 5. It noted that the proposed optimizer
converges relatively faster and gives superior to the other meta-heuris-
tics and mathematical techniques in terms of the best and worst.

- = =PSO ABC
Jaya Proposed HHO

20 30
No. of J-evaluation

»
3]
T

min)
«
3] »
T T

w
T

et
2]
T

Objective (J
N

40

Fig. 5. Speed convergence characteristics of classic PSO, Jaya, ABC, ESO, and
proposed HHO for a sphere function.

5.2. Adaptive virtual rotor based HHO

In order to achieve our objective function (Jmin), a direct adaptive
control theory is proposed using the HHO algorithm. This concept can
help in determining the closed transfer function considering Af as the
main input of the modified virtual rotor along with the inverter-based
ESS as shown in Fig. 3. The gain coefficients Jy; and Dy; are tuned
using HHO optimizer relying on the Af as an input to the optimizer. The
desired Jp, is a function of the on-time value of Jy; and Dy; and the
nominal system G(s).

For simplification, the dynamics of governor and turbine for reheat,

Table 2

Description of benchmark test functions and performance indexes.

Function name Formula f(x) D* Search space Statistic PSO Jaya ABC ESO HHO Smin
values

Sphere 4 () 5 [-5,5] Best 1.79¢%  4.77¢* 1.68¢1° 1.01e?° 1.78¢1° 0
Worst  1.82¢% 4.78¢™* 2.97¢'®  1.73¢*  1.82¢78

Matyas 0.26(x2 +x2) —0.48x1x; 5 [-55] Best 1.52¢1 4.22¢ 1.48¢7* 7.09e™!  2.36e’° 0
Worst  1.63e™  4.26e! 2.96e% 7.09e”  2.42¢1°

Rastrigin ~10d + 4, (62 —10cos(27x;) 5 [-55] Best 2.11e% 3.09¢” 3.20e%° 2.55¢% 9.29¢'® 0
Worst  1.94e%? 3.22e%° 3.21e’° 24270  9.33¢78

Ackley r— e 5 [-55] Best 3.85¢%° 2.70e° 272¢ 238! 1.56e% 0

—20exp<70.21/32i:1x?>7exp<azizlcos(2ﬂxi)> + 20 + exp(1) Worst  3.88¢%° 2.70e’® 2.82¢7° 2.82¢1° 1.48¢?°
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Fig. 6. A simplified EPS model using adaptive modified virtual rotor-based HHO optimizer.
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Initialization:
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non-reheat, and hydro plants were discarded to obtain the characteris-
tics of the second-order system such as {andw,. Fig. 6 shows a simplified
EPS model used to derive the desired Jp,;, for primary, secondary, and
tertiary control loops with the help of the HHO technique. The closed-
loop transfer function for the EPS can be described as follows:
W2 2UI¢

T.F = n _ Hips (1 5)
s2 + 2lw,s + w?*

For minimization, (sTgs + 1) is added to the virtual loop, then w, =

Uep_ ond ¢ = RDgpg+Kir+1

2Hgps R+/8UpipHgps

- ( RDpps +Kjp+1 )
R\/8UpipHEps
2
(0 <17 ( RDEpg+Kiy+1 ) >
0? ) Ry/8UpDHEPS

Mp=e =e (16)
T — 4 _ < 16RH pg ) a7
W, RDgps + Kir + 1
The desired J,,;,— based on HHO optimizer is chosen as [5,8]:
Jmin = Z(Ts +MP) (18)

The HHO optimizer performance when used in an adaptive manner is
considered remarkable, powerful, and unaffected by the wide dimension
issue. Finally, Fig. 7 shows the overall flowchart including all step
procedures for the HHO optimizer.

6. Results and discussions

The suggested direct adaptive control is applied for EPS to tune the
modified virtual rotor (inertia + damping) gains. Matlab/Simulink
environment is used to examine the proposed control method. The
nominal selection parameters for the studied EPS and HHO optimizer
are listed in Tabels 1 and 3. To verify the concept of adaptive control for
the modified virtual rotor; EPS with the proposed control strategy was
tested under the following two scenarios supported with another case
study using a 3-area interconnected microgrid system (MG) [38]:

6.1. First Scenario: The effect of step load changes on the EPS system

In this scenario, the performance of the EPS is investigated with the
adaptive modified virtual rotor connected to the primary and secondary
control loops under the effect of different step load conditions. Step Load
Perturbations (SLPs) of 2% and 10 % are applied to the studied EPS by
time t = 2 and 40 s respectively. Fig. 8 shows the frequency deviation of
the EPS with the control schematics proposed under SLP conditions. It
can be seen that the dynamic performance of the EPS with the proposed
control strategy (Adaptive modified virtual rotor-based HHO optimizer)
is better than the EPS system with/without the classic virtual rotor.
Furthermore, the system’s response using the proposed coordinated
strategy is faster and has less over/undershoot, settling time, and steady-
state error than the other ones. Numerical results for the transient
specification (i.e., MOS, MUS, Ts, Mean, and Std) for the proposed con-
trol scheme under variation in loading conditions are stated in Table 4.
The findings ensure a robust performance against system uncertainty
and disturbance. Finally, the adaptive concept for a modified virtual
rotor within the EPS system demonstrates the durability and superiority
of the EPS frequency regulation in the event of changing load and system
inertia. Fig. 9 shows the output control signal for virtual inertia (Jy;) and
damping (Dy;) parameters using the HHO optimizer after 20 iterations
with five candidate solutions for the optimal solution.

Regarding the increase of the emulation of virtual inertia and virtual
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Fig. 8. The EPS frequency deviations due to changes in a) virtual inertia, b)
virtual damping.

Table 3
The selection parameters of the HHO algorithm.
Index Value
Population size 5
No. of generations 20
No. of design variables 2
Initial value of damping [1.01,1.33,2.01,2.1,2.28]  Tuned adaptively using
gain (Dyy) HHO optimzer
Initial value of inertia [5.75,5.21,6.01,6.15,6.5]
gain (Jyr)
Table 4

The performance specification of the studied EPS system for scenario 1.

SLP Parameters  Conventional Classic virtual Adaptive virtual
% EPS rotor rotor
Af (Hz)

2% MOS (pu) 0.001439 0.00117 0.001036
MUS(pu) —0.00549 —0.00497 —0.004239
Ts (s) 20.338 16.4220 14.596
Std 0.001437 0.00127 0.00107
Mean —0.00044 —0.00043 —0.000426

10% MOS (puw) 0.0000 0.00279 0.001812
MUS(pu) —0.00665 —0.00638 —0.00607
T () 86.332 67.2850 57.452
Std 0.00107 0.00135 0.001070
Mean —0.00085 —0.00031 —0.000302

damping, the inertia power APineriq from the ESS also increases as shown
in Fig. 10. Positive/negative values indicate the charge/discharge power
respectively. Thus, it is clear that the ESS controlled by the suggested
modified virtual rotor is highly charged/discharged in response to
changes in loading conditions.

6.2. Second scenario: The effect of the RESs and random loads
integrations on the EPS system

The performance of EPS under the integration of RESs and loads on
frequency stability concerning the dynamic impacts of power fluctua-
tions produced by PV and load demand is investigated using the adap-
tive concept for the modified virtual rotor mechanism.

A suggested scenario is performed to demonstrate the effectiveness
of the proposed adaptive virtual inertia and virtual damping based HHO
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Fig. 9. Output control signal from optimizer for a) virtual inertia, b) virtual damping.
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Fig.10. Changes in power inertia for the EPS.

optimizer compared to the conventional EPS with/without the classic
virtual rotor. A partial injection of solar PVs and demand loads are
described as: (PV connected to EPS from 250 s and switched off at 500 s,
and loads are also connected from 100 s up to 350 s as shown in Fig. 11.
Nominal parameters for the modified virtual rotor (inertia + damping)
are chosen adaptively using the HHO optimizer within the range
mentioned in Table 3. To illustrate the significant impact of RESs
penetration on the EPS system, we applied a penetrated PV power
generation and load power demand as shown in Fig. 11.

Fig. 12 shows the output control signal of modified virtual rotor
parameters using the HHO optimizer with the same nominal selection
parameters of scenario 1 for obtaining the optimal solution.

Due to RESs penetration, the system frequency oscillates signifi-
cantly with higher transient, degraded stability. From Fig. 13, the EPS
frequency with the conventional control (primary and secondary) can
remain within the standard frequency limit of + 0.5 Hz as provided by

=107
1 -
S 05f
2
> 0
o
o
4 05f
-1 F
0 100 200 300 400 500 600
a
10 x10° (@)
2 5 1
-
n_n:
g 0 11
0 100 200 300 400 500 600
(b)

Simulation time (sec)
Fig. 11. PV and Load demand power variations.

EETC [39], but there are higher fluctuations due to PV/load penetra-
tions at the period of connection /disconnection. This may lead to
instability and power outages for the EPS. It is clear that the studied EPS
system with the proposed adaptive modified virtual rotor can maintain
stability within the desired limit and improve the frequency perfor-
mance in terms of Max. Over/undershoot, settling time, and steady-state
error.

Finally, from Fig. 14, the higher emulation of the modified virtual
rotor is also equal to an increase in the inertia power (APperniq). There-
fore, the ESS controlled by the suggested modified virtual rotor is highly
charged/discharged in response to any abnormal conditions.

6.3. Case study: Assessment of the proposed direct adaptive concept using
multi-area interconnected MG

In this scenario, a 3-area interconnected MG is suggested to examine
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Fig. 12. The output control signal for virtual rotor parameters based HHO for scenario 2: (a) virtual inertia; (b) virtual damping.
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Fig. 13. EPS frequency deviations due to integration of PV and random loads.

the efficacy of the proposed direct adaptive control strategy in presence
of modified virtual rotor. It is necessary to keep the power of tie-line
APy at the scheduled values and to restoring the system frequency
to its desired value. Fig. 15 show the simplified model of the 3-area
interconnected MG system. The synchronization coefficient between
areas are: Ty, = 0.2p.u./rad, T3;= 0.25p.u./rad and T3 = 0.12p.u./rad.
The full nominal parameters [38] are listed in the Appendix (Table C1).

The system is examined under the effect of a 2.5% change in load AP;,
at 2 s and the communication time delay is assumed to be 1 s. In Fig. 16,
the deviation in frequency for both areas, and the change in tie-line
power AP e were presented. The system response with the proposed
direct adaptive HHO optimizer along with modified virtual rotor
improved the overall transient MG performance in terms of (MOS, MUS,
T) as compared to conventional MG with/without classic virtual rotor
(see Table 5). It is noted from Fig. 16 that the change in tie-line power

10

x107°

= = =No inertia
Classic virtual rotor

Adaptive virtual rotor

A F,inertia (pu)

8 . . . . |
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Time, sec

400 500 600

Fig. 14. Changes in power inertia for the EPS with integrated PV and loads.

between both areas and frequency deviation are effectively enhanced
with the proposed control strategy compared to other ones.

Finally, from Fig. 17, the higher emulation of the modified virtual
rotor is also equal to an increase in the inertia power (APperiq). There-
fore, the ESS controlled by the suggested modified virtual rotor is highly
charged/discharged in response to any abnormal conditions.

7. Second application: Single machine connected to the grid

In this research, a dynamic SMIB model considering PSS and AVR is
shown in Fig. 18, and a linearized model of an SM tied to the grid is
taken as a case study for stability analysis as shown in Fig. 19. The
studied system configuration consists of a 200 MVA, 13.8 kV, 50 Hz
synchronous generator which is connected to the grid through a 3-phase
13.8/230 kV step-up transformer. In addition, a 10 MW load connected
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Fig. 15. General model of the multi-area interconnected MG scheme supported by modified virtual rotor.
at the grid side and 25 MW solar PV Farm at the generation side. The G, (s) can be represent in [41] as:
synchronous generator is supplied with a hydraulic turbine and Tous(1 4+ Toos)(1 + Toos)
: woS oS 308
governor (HTG), automatic voltage regulator (AVR), and power system G,(s) = Kpss ! 3 21)

stabilizer (PSS). All of the other relevant parameters are listed in Ap-
pendix (Table A1).

7.1. Power system stabilizer

The PSS is a device that enriches the performance of dynamic and
transient stability of the power system. It acts as an additional supple-
mentary device linked with the AVR or the exciter to develop the sta-
bility system constraints [40].

There are several types of PSS devices-based controller such as a
standard Lead-Lag PSS, PSS2A based WECC standard method, and
PSS2A based PSO (all of them used in this work for comparison only with
the proposed adaptive control strategy) [41,42]. Due to its simplicity to
implementation and powerful performance, a PID controller is proposed
for PSS in this study. The input signal for the PSS stabilizer is represented
by the deviation in rotor speed (Aw;,) as shown in Fig. 20. Additionally, it
involves a washout high pass filter which is used to reset the steady-state
offset in the PSS output and PSS output boundaries are set to mimic the
fluctuation degree of terminal voltage through transient situations. The
mathematical representation model of PID, as well as PSS controller, is
given as follows [40]:

Ki;
Upip = KP+T+KD~S 19)
Tos
Viar = Kpss———— Aw, 20
tab PSS(1+TW)S) w,(s) (20)

For conventional Lead-Lag PSS, the output actual transfer function

11

(1 + Twos)(l + TZOS)(I + T4os)

Where, Kpss symbolizes stabilizer gain as well as T, is labeled as the
time constant of signal wash out.

T1o — T4, are lead-Lag time constants. Kp, K; and Kp represent the
proportional, integral, and derivative controller gains, respectively
which were obtained by the HHO optimizer in offline mode as stated in
Appendix (Table A1).

See Fig. 20 for more details about the overall control system and the
nominal parameters of the proposed controllers are stated in the Ap-
pendix (Table B1).

7.2. Excitation system model

The excitation system of SG provides an excitation voltage Ep, to the
synchronous machine and regulates its terminal voltage [43]. It plays an
important role in the static and dynamic stability of the power system.
Fig. 20 shows the configuration of the excitation system based on PID-
PSS. It consists of: (i) a low-pass filter, (ii) main regulator, (iii) exciter,
(iv) transient gain reduction,, (v) damping filter, and (vi) output limiters.

As mentioned in the previous application for the EPS, the main target
is how to calculate the second-order system characteristics ((andwy,).
Therefore, we added a secondary AVR to support the primary AVR
within the exciter system. In order to achieve our objective Jy,, the
superposition theorem is used to determine the closed transfer function
considering Aw, as the main input of the excitation system and
neglecting V, for simplification as shown in Fig. 21.

For the secondary AVR design, the integral controller gain K; is
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Table 5

Performance specification of the studied 3-area interconnected MG under the
effect of 2.5% load change.

Control Parameters  Conventional Classic virtual Adaptive virtual
area MG rotor rotor
Af (Hz)

1 MOS (pu) 0.00 0.00 0.00
MUS(pu) —0.00198 —0.00169 —0.0013
T (s) 15.821 12.013 10.421

2 MOS (pu) 1.11e% 1.18¢% 1.18¢%°
MUS(pu) —0.00139 —0.00129 —0.0010
T (s) 14.111 13.508 13.192

3 MOS (pu) 0.00 0.00 0.00
MUS(pu) —0.00144 —0.00134 —0.0011
T (s) 18.603 12.970 12.407

adaptively tuned using HHO optimizer relying on the speed deviation
signal Aw, that comes directly from the SG. The time response param-
eters can be calculated from the second-order feedback system for the
proposed adaptive AVR in Fig. 21 as follows:

%1073
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Ke+Ky
T.F = L (22)
TAKg+T, Keg+K,
oo () S
For simplification, S is neglected, then
Kg + K4 TyKeg +Tg
W, = T and{ = e
alk 2T T, [Kg + Ky
TxTe
(23)
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Fig. 17. Changes in power inertia for the studied 3-area interconnected MG.
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The main objective of PSS and AVR controllers is to enhance the
system’s response in terms of settling time, overshoot, and undershoot
by minimizing the objective function. Therefore, the objective function
Jmin using HHO is suggested as same as Eq. (18).

8. Results and discussions

In this section, the studied single machine system connected to the
grid was examined under the effects of a 3¢-SC sever fault at the grid bus
with/without considering a 25 MW solar PV farm to verify that the
proposed adaptive secondary AVR-based HHO optimizer is more excels
and accomplished at suppressing oscillations than the conventional
SMIB (no PSS) and system with PID-PSS, Lead-lag PSS, PSS2A based
WECC standard, and PSS2A based PSO controllers. The performance
specifications: (i.e., MOS, MUS, T;, and Std) has been presented as nu-
merical evidence for the superiority in performance of the proposed
direct adaptive control strategy and compared with conventional sys-
tem, with Lead-Lag PSS, PSS2A based WECC standard, PSS2A based
PSO, and PID-PSS controllers. To validate the proposed control strategy,
the system was tested in the following two scenario:

15

8.1. Scenario A: The effect of a three-phase short-circuit fault at the grid
bus without PV farm penetrations

In this scenario, the suggested system was examined after applying a
3¢$-SC fault at the grid bus with disconnection of PV farm as shown in
Fig. 18. The fault duration starts from t = 0.1 s until 0.2 s for a simulation
time range of 10 s. The purpose is to compare the performance of the
conventional system and system with adaptive secondary AVR-based
HHO supported by PID-PSS.

Fig. 22 shows the output signal of the integral control gain K;, for the
proposed secondary AVR with the same nominal selection parameters
used in the first scenario of EPS application to report the optimal
solution. Numerical analysis for the proposed (Jyr, Dyr, Ki;) obtained by
the applied algorithm are stated in Table 6 using 1 sec as a step size. It is
clear from Fig. 23(a)-(e), that the system vibrations are quickly damped
when the excitation system is equipped with the proposed secondary
AVR adaptively with the help of PID-PSS. In addition, a smooth and
modified mechanical power Py can be obtained using the proposed
control technique. The system with the proposed control strategy can
afford the best response (lowest settling time and under/overshoot
values) as stated in Table 7. Where the deviation in rotor speed (Aw,) for
the conventional system is + 0.044 rad/s pu and with Lead-Lag, PSS2A
based WECC standard, PSS2A based PSO, and PID PSS were kept be-
tween + 0.0132, +0.0127, +0.0124, and + 0.013 rad/s pu respectively.
Whereas Aw, with the proposed adaptive control strategy was kept be-
tween + 0.009 rad/s pu at the moment of fault event.

Finally, the proposed control strategy (PID-PSS with adaptive sec-
ondary AVR-based HHO) provides superior performance in the damping
oscillations for the suggested system.

8.2. Scenario B: The effect of a 3¢- SC fault at the grid bus considering
solar PV farm penetrations

In this scenario, the performance of the studied SMIB using the
proposed strategy has been validated in face of a 3¢-SC fault at the grid
bus considering a 25 MW of solar PV farm as shown in Fig. 18. The main
target is to analyze the role of adding the proposed direct adaptive
strategy controller in frequency and voltage regulation of renewable-
based grid. The fault duration starts from t = 11 s and stays for 0.1 s
which assumed to be occurred at the higher irradiance moment (simu-
lated as afternoon).

Fig. 24a—c shows the simulation results of irradiance, power, voltage,
and current of the solar PV system. The generation of PV plant varies
according to solar irradiance at the moment of fault occurred. Fig. 24d-
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Table 6

Output optimizer data analysis for the proposed parameters.
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Type of application

EPS SMIB EPS SMIB
Scenario 1 Scenario 2 Scenario 1 Scenario 2
Period (s) Jvr Dy; Jyr x 10 Dy x 10 K;:/10 Period (s) Jvi Dy; Jyr x 10 Dy x 10 K;:/10
0 0.0912 2.8 0.0515 1.28 0.1 25-40 0.0912 2.28 0.4351 1.636 -
1 0.0912 2.28 0.0515 1.28 0.10975 41 1.2094 2.4661 0.0515 1.28 -
2 0.0912 2.28 0.0515 1.28 0.07787 42 0.0912 2.8231 0.0515 1.28 -
3 0.19363 2.998 0.0515 1.28 0.00134 43 0.20227 3.0198 0.0515 1.3014 -
4 0.65364 3.0606 0.0515 1.28 0.01332 44 0.12006 2.4559 0.0515 1.4691 -
5 0.7365 2.6085 0.0515 1.28 0.01333 45 0.85988 2.8798 0.0515 2.13 -
6 0.22486 3.1577 0.0515 1.28 0.00730 46 0.1719 2.8156 0.0515 1.647 -
7 0.26948 3.1445 0.0515 1.28 5.204¢%° 47 0.25312 2.6253 0.0515 1.4977 -
8 0.1562 3.3267 0.0515 1.28 0.04744 48 0.22738 3.1395 0.0515 1.5918 -
9 0.77159 2.8866 0.0515 1.28 2.0 49 0.13385 3.2959 0.8228 2.0636 -
10 0.0912 2.9982 0.0515 1.28 0.1 50 0.0912 2.3628 0.0515 2.3112 -
11 0.19439 2.4876 0.0515 1.8684 0.03532 51 0.0912 2.4227 0.0515 1.28 -
12 0.09685 2.5111 0.0515 2.2468 0.00019 52 0.0912 3.0211 0.0515 1.4137 -
13 0.0912 3.337 0.0549 2.2265 0.1 53 0.0912 3.3104 0.0515 1.28 -
14 0.0912 2.9779 0.0515 2.5247 0.01245 54-56 0.0912 2.28 0.0515 1.28 -
15 0.0912 3.0657 0.0515 2.0997 0.1 57 0.0912 3.2812 0.0515 1.28 -
16 0.0912 2.5315 0.0515 2.2591 0.00172 58 0.0912 3.4423 0.0515 1.28 -
17-20 0.0912 2.28 0.0615 2.5259 0.1 59 0.0912 3.0708 0.0515 1.28 -
21 0.0912 2.7709 0.0530 2.3055 - 60 0.0912 3.193 0.0515 1.28 -
22 0.0912 2.5984 0.0885 1.28 - 61 - - - - -
23 0.0912 2.6337 0.0515 1.5409 - 62 - - - - -
24 0.0912 2.3904 0.1729 2.01 - 63-120 - - - - -
0.79 " -
———— Conventional SMIB Lead-Lag PSS ———— Conventional SMIB lead-lag PSS
PSS2A based WECC PSS2A based PSO 0.015 | PSS2A based WECC PSS2A based PSO
0.78 - PID-PSS Proposed Strategy PID-PSS Proposed Strategy
- \
0.01 [, 1
0.77 | » 1
"
oA
oy 0.005 VoA 1
5 0.76 i |" AN " g_ [ AT T 3
2 [ R R A TR - [ S U A S A A
~ [P R o R [« (L TR VA N A A WAL
s _u/_\‘\/'/\n\’,l.. | L) ’I A = 0 I \\ I’ WERVARN
a — T u| \ !
078 MO < NV
1 ) R Y B I
R ARV -0.005 oY ]
0.74 | R R L ]
1 1! v
i
! |- 4
073 | v | -0.01
072 ! ! ! 1 _0015 L 1 L |
0 2 4 6 8 10 0 2 4 6 8 10
Time, sec Time, sec
(a) (b)
2 PSS2A based WECC PSS2A based PSO 1.3 —___ Conventional SMIB Lead Lag PSS
~~~~ Conventional SMIB Lead-Lag PSS PSS2A based WECC PSS2A based PSO
PID-PSS Proposed Strategy PID-PSS Proposed Strategy
1.2
1.5 1
1.1 1
—_— — 1 Il i kel - - —
=] -’ NS ~
e 4} R 1 2
a’ [ \ ,’\t N, "
A0 g Ly \ ANANEA 0.9 i
”]I\/'I \l il ’,' v 1 | 1 ! ‘\," N
! [ vy ]
1 /Y 0.8
0.5 H—H—Y 1
oo
0.7 b
0 . . . . 0.6 . . .
1] 2 4 6 8 10 0 2 4 6 8 10
Time, sec Time, sec
(c) (d)

Fig. 23. Transient responses of the studied single machine grid-connected subject to a 3¢-SC fault at grid bus (a) Py,; (b) Awy; (¢) Pe; (d) V.
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Table 7
Performance Specification Due to a 3¢-SC fault at bus 2.

International Journal of Electrical Power and Energy Systems 140 (2022) 108068

Variable Index Conventional system Lead-Lag PSS PSS2A based WECC PSS2A based PSO PID-PSS Proposed adaptive control Strategy
Aw, MUS (pu) —0.07356 —0.01207 —0.01138 —0.00845 —0.01202 —0.01088
MOS(pu) 0.01411 0.01401 0.01394 0.01629 0.01403 0.01399
Ts (s) >10s 2.485 4.825 2.599 1.880 1.099
Std 0.00471 0.00244 0.00258 0.00210 0.00471 0.00205
P, MUS (pu) 0.7235 0.7271 0.7263 0.7366 0.7274 0.7311
MOS(pu) 0.7817 0.7773 0.7777 0.7761 0.7773 0.7742
Ts (s) >10s 2.380 4.719 2.848 2.851 1.330
Std 0.01181 0.00551 0.00627 0.0045 0.00529 0.00445
P, MUS (pu) 0.0227 0.0236 0.0235 0.0262 0.0235 0.0248
MOS(pu) 1.87 1.933 1.871 1.847 1.935 1.847
Ts (s) >10s 2.432 3.905 1.798 1.725 1.236
Std 0.2623 0.1631 0.1614 0.1203 0.1593 0.1251
Ve MUS (pu) 0.6082 0.6358 0.6534 0.6187 0.6226 0.6186
MOS(pu) 1.136 1.208 1.135 1.174 1.182 1.142
Ts (s) 7.957 1.722 2.350 1.604 1.480 1.093
Std 0.03362 0.03758 0.03149 0.03346 0.03621 0.02869

24f show the effect of this abrupt event on grid frequency and power
shared by the HTG system and solar PV Farm for voltage and frequency
regulation of the grid, respectively.

It is clear from Fig. 24(a)-(e), that the system vibrations are quickly
damped when the excitation system is equipped with the proposed
secondary AVR adaptively with the help of PID-PSS. Where the Aw, at
fault moment for the conventional system is + 0.018 rad/s pu and with
Lead-Lag, PSS2A based WECC standard, PSS2A based PSO, and PID PSS
were kept between + 0.0108, +£0.011, +0.009, and + 0.0107 rad/s pu
respectively. Whereas Aw, with the proposed adaptive control strategy
was kept between + 0.009 rad/s pu at the moment of fault event.

As a result, the proposed control strategy provides good evidence for
robustness against sudden abrupt events over the other comparative
methods by improving the overall transient system performance and
regulation in frequency and voltage.

9. Conclusion

This work proposes the concept of direct adaptive control-based soft
techniques to tune the gains of traditional controller parameters. The
proposed control strategy was applied for two different power system
applications: the Egyptian power system (EPS) and automatic voltage
regulator (AVR) within the excitation system for a single machine con-
nected to grid.

For EPS, three conventional plants were taken as a case study. A
tertiary control loop for a modified virtual rotor to emulate virtual
inertia and virtual damping is used to support the droop and secondary
controllers inside the EPS system. In this study, the direct adaptive
control strategy based HHO was investigated for tuning the modified
virtual rotor parameters (inertiaJy; + damping Dy;). A comparative
performance study between the proposed direct adaptive control strat-
egy and the conventional EPS system with/without classic virtual rotor
is performed under different step load conditions, partial injection of PV,
and random loads. In addition, a special case study is performed for
frequency regulation to assess the efficacy of the proposed strategy using
a 3-area interconnected MG.

For Excitation system: A single machine connected to a grid was
considered to study. A secondary AVR is added to support the primary
AVR within the excitation system. The implications of using the direct
adaptive control concept for secondary AVR-based HHO in presence of
PID-PSS parameterized offline by the same optimizer to ensure high
robust performance and promote the rapid damping of the studied sys-
tem connected to the power grid are suggested.
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In this study, an adaptive HHO optimizer was investigated directly to
adjust the secondary AVR’s integral gain K;, in the excitation system.
The system is examined and inspected under the effect of a 3¢- short
circuit fault at the grid bus considering a solar PV farm-based grid. The
proposed adaptive control strategy (PID-PSS + adaptive secondary AVR-
based HHO) ensures high performance by increasing the dynamic sta-
bility and improvement of overall and oscillations damping due to any
abnormal conditions.

The final findings demonstrated the efficacy of the proposed direct
adaptive control concept in each suggested systems. Additionally, it can
handle higher perturbations due to step changes, 3¢-SC fault conditions,
and RESs integrations.

There are some limitations should be considered for future work that
observed from using the classic optimizers as a direct adaptive controller
such as:

1. The proposed algorithm is depending only on the rotor speed devi-
ation as a feedback signal, which made the objective function solely
as a suggested controller gain value. This decreases the efficiency of
the control approach in the face of system disturbances or parameter
changes.

2. In general, the proposed algorithm has still been applied to small
scale optimization problems (<100 design variables). Additionally,
for several applications, we do not actually know which objective
functions we wish to optimize since they rely on the behaviour of the
running model. Therefore, we gather information about the objective
function from past observations and use that knowledge to optimize
it.
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Appendix

Table Al

Table A1
A single machine based synchronous generator connected to grid parameters.

a) Hydro-turbine generator
Servomotor [K,(),T,(s)]
Gate opening limits
(8 mins&maxs VEminsVEmin PU/S)]
Permanent droop and regulator
[R, )Kp() Ki() Ka()Twa(s)]
Hydraulic turbine [ beta OT, (sec)]
Initial mechanical power (pu):
b) Synchronous generator
Nominal power(VA), line-to-line voltage (Kv),
and frequency (Hz)

[ 10/3 0.07]
[ 0.01 0.97518-0.1 0.1]

[ 0.051.163 0.105 0 0.01 ]

[02.67]
0.751606

[200e°, 13.8, 50]

Stator [R;] (pu) [0.00285]

Field [Ry, Lisq] (pu) [0.000579, 0.114]

Inertia coefficient, friction factor, poles [3.2, 0, 2].
[H(s)F(pu), p()

d) Three-phase Transformer

Nominal power and frequency [P,(MVA), f,(Hz)] [210, 50]

Winding 1 parameters
[Vipn—pn(rms), Ri(pu), L1 (pu)]

Winding 2 parameters
[Vapn—pn(rms), Ra(pu), Lz (pu)]

[13.8e3, 0.0027, 0.08]

[230e3, 0.0027, 0.08].

Magnetizing resistance R,, (pu) 500
Magnetizing inductance L, (pu) 500

e) Excitation system

Low-pass filter time constant 7,(s) 0.02
Regulator gain and time constant [K,(),T,(s)] [300, 0.001]
Exciter gain and time constant [K,(),T.(s)] [1, 1e-3]
Damping filter gain and time constant [Ky(),Ty(s)] [0.001, 0.1]

Regulator output limits and gain [Epmin O,EFmax, Kp()]
¢) Local load

[-11.5,11.5, 0].

Active power for load 1 5 MW
Active power for load 2 10 MW
g) Power system stabilizer

Stabilizer gain [Kpss] 1.0
Washout time constant [T, (s)] 10

PID gains [Kp, K1, Kpl

[0.0523, 8.50, 5.01]

These parameters were obtained
by HHO optimizer in offline mode

Table B1
Parameters of the standard PSS and PSS2A controllers [41,42].
Type Method T Ty T3 Ty T T, Tg Ty K, Ka Ko Vs min Vs.max
PSs Lead-Lag 0.05 3 0.02 5.4 - - - 30 - - —0.15 0.15
PSS2A WECC 0.065 0.05 0.2 0.7 0 0.13 0.04 1 8 0.5 —0.1 0.1
PSO 0.74 0.44 0.37 0.025 0 0.44 0.57 1 7.19 21.8 -0.1 0.1
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Table C1
Nominal Parameters of the traditional 3-area interconnected MG [38].

International Journal of Electrical Power and Energy Systems 140 (2022) 108068

Control area T; (s) T; (s) D (pu/Hz) H (pu.s) p (pu/Hz) R (Hz/pu) a T (pu/rad)

1 0.30 0.10 1.0 5.0 21.0 0.05 1.0 T2 = 0.20

2 0.40 0.17 1.5 6.0 21.5 0.05 1.0 To3 = 0.12

3 0.35 0.20 1.8 6.0 21.8 0.05 1.0 T3 = 0.25
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