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Abstract
The integration of renewable energy systems into the existing power grid has become a global necessity. While there are
numerous advantages to this integration, it also presents challenges such as oscillations in system frequency and tie-line power.
These issues can lead to instability and undesirable situations within the power system. To ensure a consistent and reliable
supply of high-quality electrical power to consumers, a control system is essential. In recent years, cascaded controllers,
known for their increased flexibility and degree of freedom compared to non-cascaded controllers, have gained popularity in
the literature. In this study, we aim to examine the performance of cascaded fractional and integer order TI-TD and PI-PD
controllers in comparison with non-cascaded PID and TID controllers for a challenging stability and robustness assessment.
Our focus is on a two-area PV-reheat thermal power system. By conducting comprehensive tests, we aim to gain insights
into the effectiveness of these controller types within this context. To ensure optimal controller responses, the designed
controllers are optimized using the Mayfly algorithm, with a focus on minimizing the integral of the time-weighted absolute
error performance index. The performance tests conducted in this study cover various aspects, including time domain analysis,
robustness, random load changes, the impact of progressive nonlinearities, and cyber-attack (C-A) scenarios. The power system
under examination incorporates several nonlinear components, namely governor dead band, generation rate constraints, boiler
dynamics, and time delay. Additionally, two C-A models, namely resonance attack (ResA) and random attack, are applied
to the controller systems. Unlike conventional robustness and C-A tests found in existing literature, this study goes further
by measuring the response of the proposed controller to high parameter changes (uncertainty) and conducting a quantitative
analysis of its resilience against C-A scenarios. The aim is to assess the controller’s ability to withstand significant variations
in system parameters and its effectiveness in dealing with cyber-attacks. The simulation results demonstrate the superior
performance of the optimized and cascaded controllers, particularly the TI-TD controller. These controllers exhibit improved
performance compared to other controllers reported in the literature. The findings validate the effectiveness of the proposed
controllers and highlight their advantages in terms of system stability, response time, and overall control quality.

Keywords TI-TD controller · PI-PD controller · Mayfly algorithm · Cyber-attack · Progressive Nonlinearity effect · Random
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1 Introduction

1.1 Background

Frequency is one of the main parameters that must be kept
within the determined limits in order to provide high-quality
electrical power with increased reliability. Due to the dis-
turbances, short-circuit faults, C-As, load-side changes, and
integration of renewable energy sources (generation units
with inverter) into the electrical grid, instant deviations or
long-term oscillations in the frequency response may be
encountered [1, 2]. If these oscillations get bigger and bigger
over time and are not quickly suppressed, the interconnected
power systemmay become unstable. Thus, the power change
in the tie-line and the frequency change in the interconnected
power systems should be eliminated orminimized via control
systems [3]. Automatic generation control (AGC) or load fre-
quency control (LFC) is used to remain frequency and power
flows between the areas at their scheduled values under nor-
mal and unexpected conditions.

With the increasing penetration of inverter-based renew-
able energy sources (e.g., PV plants) in power systems,
LFC becomes more challenging. This is due to the dif-
ference between synchronous generators and inverter-based
generation sources. Synchronous generators are the main
component for keeping the frequency of the power sys-
tem between the desired limits with their moment of inertia
and primary frequency support. Inverter-based generation
sources challenge power system frequency control due to
their lack of moment of inertia and limited capability to pro-
vide primary frequency support. This becomes particularly
evident when there is an imbalance between generation and
consumption. In a power system with a high PV plant pene-
tration rate, a late and inadequate response to this imbalance
result (transient event) can lead to system collapse. In order to
prevent such scenarios, a comprehensive approach involving
various solutions should be adoptedwithin the power system.
These solutions encompass the integration of synchronous
generators alongside PV plants. For instance, providing fre-
quency support for PV plants and virtual moment of inertia
generation are key components of these solutions. Likewise,
enhancing controller performance for synchronous genera-
tors is another critical aspect to be considered.

1.2 Literature review

A PID controller, even if it is one of the earlier control meth-
ods, is still frequently used in industrial control applications
today due to its strong dynamic performance, robustness,
and easy implementation [4, 5]. It is also called as three-term
controller since it has three parameters (proportional con-
stant Kp, integrator constant Ki , and derivative constant Kd )
that need to be set properly. It can be easily observed from

the literature that the most preferred controller scheme for
the AGC problem is the PID controller and its different vari-
ations such as cascaded and fractional ones. However, PID
controllers may cause larger oscillations and longer settling
times under variations in loading conditions, uncertainties,
and nonlinearities.

With the advancement of fractional calculus, it is possible
to implement the integer order PID controller as fractional.
Making the order of the derivative (λ) and integrator (μ)
terms of a PID controller fractional results in a fractional
order PID controller (FOPID). The new fractional structure
provides more design flexibility leading to improvement in
the system response and stability. On the other hand, the
number of control parameters that need to be optimized has
increased to five due to these extra two parameters [6]. There-
fore, the process of calculating the optimum value of the
controller parameters becomes more complex.

The other well-known fractional order controller structure
is the tilt-integral-derivative (TID) controller. A TID con-
troller is similar to a PID controller. Integral and derivative
action is the same for both controllers. However, the propor-
tional coefficient in the PID controller Kp was modified in
the TID controller and it is replaced with an oblique compo-
nent consisting of a fractional integrator and a tilt constant
(Kt) [7, 8].

Another way to increase the flexibility of a control sys-
tem is to connect controller types as cascaded. Two notable
examples of thismethod are PI-PDandTI-TDcontrollers. PI-
PD controllers are one of the incremental control approaches
used to improve the performance of unstable and integral
systems. PI-PD controllers have more set points than PID
controllers [9]. TI-TD controller is based on fractional order
control and cascade control theory [10, 11]. The TI-TD
controller has two control loops and can provide a better
closed-loop response to system changes than conventional
controllers. Some of the recently introduced cascaded inte-
ger and fractional order controller structures used in LFC
problems are PI-PD [10, 12–14], FOPI-FOPD [15], TD-TI
[16], TI-TD [10], (1+PD)-PID [17], PIDn-PI [18], PD-P-PID
[19], PI-PI and PDn-PI [20], (FOPD-(1+FOI)) [21], FOPI-
FOPTID [22], and FPIDF-(1+PI) [23].

In order to get the best controller performance, the con-
troller parameters should be tuned properly.Numericalmeth-
ods, artificial intelligence applications, and meta-heuristic
algorithms are frequently used in the optimization process
of controllers. Especially, in recent years, meta-heuristic
methods have gained high attention because of their fast,
reliable, and successful convergence results to the optimal
solution. Some of themeta-heuristic algorithms used in AGC
problems are given as follows: firefly algorithm (FA) [24],
particle swarm optimization (PSO) [25, 26], whale opti-
mization algorithm (WOA) [5], symbiotic organism search
algorithm (SOSA) [27], differential search algorithm (DSA)
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[28], invasive weed optimization algorithm (IWOA) [29],
differential evolution algorithm (DEA) [30], pathfinder algo-
rithm (PA) [31], imperialist competitive algorithm (ICA)
[32], hybridization of meta-heuristic algorithms [33, 34],
dragonfly search algorithm (DSA) [17], chaos game opti-
mization (CGO) [18], marine predators algorithm (MPA)
[19], global neighborhood algorithm (GNA) [22], etc.

For the optimization process, an objective function should
be employed. There are many objective functions in the lit-
erature for setting controller parameters [35, 36]. The most
commons of these are the integral of the time-weighted abso-
lute error (ITAE), the integral of the square of the error (ISE),
the integral of the absolute error (IAE), and the integral of
the square of the time-weighted error (ISTE) [37]. Among
the previously specified objective functions, ITAE has been
preferred inmost of the AGC studies [13, 16–22]. The reason
why it is favored is that it offers a quicker response (settling
time) with less damped oscillation (undershoot/overshoot)
[37].

In the literature, load frequency control has been researched
for a wide variety of power system models. These power
systems can be divided into different groups according to
the following headings: the number of areas (1, 2, 3, and
so on), system type (traditional or deregulated), generation
source type (wind, solar, thermal, hydro, nuclear, gas, diesel,
etc.), number of the generation source (single or multi), and
consideration of the nonlinear effects, the devices of flexible
AC transmission systems (FACTS), electrical vehicle (EV),
energy storage units, and high voltage DC (HVDC) systems
[38]. The number of subtitles can be increased since there
are a lot of components for an LFC study. One of these pop-
ular power systems is a two-area PV-reheat thermal (PV-RT)
power system which is also considered for this study. Due to
the benefits of PV systems such as pollution reduction, quiet
operation, simplicity in installation, and adaptability, power
systems with PV integration become more remarkable. On
the other hand, PV integrationwith nonlinear effectsmakes it
difficult to control the overall power system response and sta-
bility. A detailed comparison of the papers that have studied
PV-RT power system is given in the following section.

The other hot topic for the LFC studies is also the inves-
tigation of the power system response under the different
cyber-attack (C-A) models. Cyber security has been the sub-
ject of research in power systems recently and has come to
the fore with the development of smart grids. Many C-A
methods are used in power systems. Some examples of these
methods are time-delay switch attack [39], denial-of-service
attack [40], resonance attack (ResA) [41] and random attack
(RndA) [41].

1.3 Motivation and contributions

The widespread use of inverter-based generation sources
(e.g., PV plants) in the power system (negative impact on
frequency) and the developments in smart grids are the moti-
vations for this study. Therefore, the PV-RT power system is
discussed. Both linear and nonlinear models of the consid-
ered PV-RT power system are studied.

According to the literature on the LFC problem stated
above, there are several control schemes including linear or
nonlinear techniques with and without their cascaded con-
nections. Numerous earlier studies failed to take into account
the various difficulties that power systems encounter such as
random load change (RLC), C-A performance, and detailed
nonlinearity analysis.

In order to improve the stability of the examined sys-
tem, this study investigates the performance of the cascaded
control architectures known as TI-TD and PI-PD controllers
which are derived from the classical TID and PID controllers
in MATLAB, respectively. The Mayfly algorithm (MA) is
employed to determine the parameters of the proposed con-
trollers. The reason to prefer MA in this study is that it
provides high convergence performance to the optimal solu-
tion and its superiority over the PSO, GA, FA, DE, HSA,
IWO, andBAhas already been proven [42]. In addition, ITAE
has been proven to outperform other objective functions in
AGC [43]. For this reason, ITAE is used as an objective func-
tion in MA.

The performances of the proposed controllers are taken
into account under the threats of C-A (ResA and RndA), load
perturbation (SLCandRLC), parameter uncertainty (±75%),
nonlinearity (GRC, GDB, TD, and BD). ResA and RndA are
chosen as C-A methods because it is difficult to detect [41].
The nonlinear component analysis consists of two stages.

In the first stage, GDB and GRC are taken into account,
and in the second stage, the effects of GDB, GRC, BD,
and TD are considered. Controller performance for transient
response and stability are discussed. In contrast to traditional
robustness tests in the literature, this study considers the high
rate of parameter change (uncertainty) of the proposed con-
troller. It also quantitatively determines how large a C-A (in
differentmethods) the system (for controllers) canwithstand.

To address the shortcomings of previous studies in the lit-
erature, this paper addresses several analyses. Table 1 shows
the distinguishing features of our study compared to the exist-
ing literature on PV-RT power system.

The main contributions of this paper can be summarized
item by item as follows.

• Performances of theMA-tunedTI-TDandPI-PDcascade
controllers over the MA-tuned TID and PID and other
available controllers in literature are discussed in detail
for the LFC of a PV-RT power system.
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Fig. 1 Linearized model of a two-area PV-RT power system

• A two-stage nonlinear component analysis is considered
for the controllers. In thisway, a systematical nonlinearity
approach is applied to the proposed control systems.

• Effects of two different C-A models (with and without
system information) are examined for the first time in a
PV-RT power system.

• Unlike the robustness analysis in the literature, the param-
eter uncertainty change limit is considered as±75%, and
the stability limits for C-As have been determined.

This paper is organized as follows. In Section 2, the
methodology is presented with the subtitles: the power sys-
tem model, nonlinear components, C-A methods, proposed
controller structures, and optimization process. Simulation
results are given in Section 3. Finally, in Section 4, the con-
clusion is stated.

2 Methodology

Under this title, the mathematical model of the PV-RT power
system, nonlinear components, C-A models, a brief sum-
mary of fractional calculus and considered fractional order
controllers, and MA with considered objective function are
given, respectively.

2.1 PV-thermal reheat power system

In this section, the power system used in this study is
explained. In the study, the two-area PV-RT power system
is discussed. The model of this system is given in Fig. 1.

In the first area of the two-area power system, there is
the PV power plant model. In the second area, there is the
reheat thermal power plant model. In this system, two areas

are controlled by controllers (Controller-1 and Controller-2)
with different parameters, as there are different generation
plants in the two areas. The “-1” coefficient in front of the
controllers in the system is because cascade controllers are
used in the study.

In the PV-RT power system, �F1 and �F2 represent the
frequency change in the first region and the second region,
respectively. �Ptie represents the change of power between
areas. �PL1 and �PL2 represent the load change in the first
and second areas, respectively. The R parameter at the gover-
nor input in the second area is the speed regulation coefficient.
PVpower plantmodel consists of PVpanel,maximumpower
point tracker, converter, and filter units [5]. The transfer func-
tion representing of this model is given below.

GPV(s) = sb + a

s2 + sc + d
(1)

The reheat thermal power plant model consists of the gov-
ernor, turbine, reheater, andgenerator-loadunits. The transfer
function presentations of these units are given in Table 2.

The error received from the feedback for an area is called
area control error (ACE) [51]. ACE1 and ACE2 (controller
inputs) for the first and second regions are given below,
respectively.

e1(t) = ACE1 = �Ptie (2)

e1(t) = ACE2 = B�F2 − �Ptie (3)

where B is the frequency bias parameter. The power
change between regions is calculated as follows.

�Ptie = T12
s

[�F1 − �F2] (4)
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Table 2 Reheat thermal power
plant model units

Governor Turbine Reheater Generator-load (/Power System)

GG(s) = 1
sTg+1 GT(s) = 1

sTt+1 GR(s) = sKrTr+1
sTr+1 GP(s) = Kps

sTps+1

Fig. 2 PV-RT power system with nonlinear effects

where T12 is the synchronization constant of the connect-
ing line. The parameters of this power system are given in
Appendix 15.

2.2 Nonlinear effects

This section describes themodels and properties of nonlinear
effects used in the study. PV-RT power system model with
the considered nonlinear effects is given in Fig. 2.

The properties of the four different nonlinear blocks in
Fig. 2 are given below.

• Governor Dead Band (GDB): In the real power system, it
is stated in the literature that GDB can significantly affect
the system performance [52]. GDB is defined as the total
magnitude of a continuous speed change with no change
in the valve position of the turbine [4, 53].

• Generation Rate Constraint (GRC): GRC is a physical
constraint that means the practical limit of the rate of
change in generation power due to thermodynamic and
mechanical constraints in steam turbine systems appli-
cations. Due to the nonlinearity of GRC, it has a great
impact on power system performance [4].

• Boiler Dynamics (BD): In this study, drum type BD is
considered [54]. A boiler is defined as a device designed
to produce steam under pressure. In addition, drum-type
boilers are also called circulating boilers [55]. The system
parameters used in the study are shared in the 15

• Time Delay (TD): TD is presented in physical systems,
and it is an important parameter that affects system sta-

bility [4]. TD can degrade system performance or even
make it unstable [56]. Therefore, it must be taken into
account in the controller design. In this study, the TD is
chosen as 50 ms as recommended in [57, 58].

The models of the nonlinear blocks mentioned above are
given in Fig. 12.

2.3 Cyber-attack

In large-scale power systems, the balance between electric-
ity generation and consumption is based on instantaneous
changes in electricity consumption demand. Attackers can
attack control centers and communication channels [41]. In
this way, the attacker can disrupt the requested load input
signals.

This section discusses two different C-Amethods for gen-
erating a fake load input signal. These attack methods are
ResA and RndA. ResA requires system information while
RndA does not. In a ResA, the attacker changes the load
according to the resonance source, but this change must be
within acceptable limits [41]. "Acceptable limits" are such
small changes in the load that the attack cannot be detected.
By using a resonance source, small but continuous changes
in load are targeted. Therefore, large deviations in frequency
and rate of change of frequency (RoCoF) are achieved. In
power systems, RoCoF protection relays are usually set to
trip in the range 0.1−1.0 Hz/s [59]. As a result of the attack,
RoCoF relays can be tripped to protect electrical equipment
[41]. This can lead to major outages in power systems. This
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attack method can be described with 6 steps given below
[41].

• The frequency (generally) output of the grid is used as a
resonance source. (This step is required for ResA.)

• The fake input is sent to the generator system.
• The generator system checks whether the input is within
acceptable limits.

• If the input is within acceptable limits, the generator sys-
tem is controlled to reach the target power. (If the input
is not within acceptable limits, the attack is detected.)

• Generator produces electricity according to fake input.
• The protection relay trips when the RoCoF is out of the
acceptable limit.

If the attack is not successful, the resonance source or the
attack size can be changed. Then, the steps described above
are repeated. The attack entry must not be greater than 0.3
pu; otherwise, an attack is detected [41].

The RndA is very similar to the ResA. An attack with
ResA uses the frequency response of the system, while an
attackwith RndA is random. In other words, the attackmodel
is created without using a resonance source. The mathemat-
ical models of ResA and RndA are given in eq. (5) and eq.
(6).

�PL2 = −0.1.sign
(
� f

′
2

)
(5)

�PL2 = −0.1.sign (sin(ωt)) , ω = 2π f , f = 3 (6)

In ResA (in eq. (5)), the frequency change in the second
region is chosen as the resonance source and the attack is
modeled according to this source. In RndA (in eq. (6)), the
attack is modeled with a sinusoidal wave. The attack fre-
quency (f) used in RndA can be chosen randomly. In both
ResA and RndA, the size of the attack is limited to 0.1 pu.
This limitation is sufficient to compare attacks and measure
the performance of controllers.

2.4 Fractional and integer order controllers

In this section, fractional calculus definitions are discussed.
Also, the structure of the controllers used in the study is
introduced.

2.4.1 Fractional Calculus

The TID controller is obtained by adding a fractional order
integratorwith Kp coefficient instead of the proportional term
of a PID controller. Therefore, the TID controller is modeled
using fractional calculus. Fractional calculus ismodeledwith
the continuous integral-derivative operator [60]. This opera-
tor is given below.

aD
α
t =

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

dα

d tα, �(α) > 0,

1, �(α) = 0,
t∫
a

(dτ)−α, �(α) < 0,

(7)

where a and t are the limits of the operation, α is the
order of operation. The continuous integral-derivative oper-
ator can be easily used in the Laplace domain with the
Oustaloup approximation method. This method is often used
because it performs well in control studies. The equation of
the Oustaloup approximation method is given in eq. (8).

sα ≈ ωα
h

N∏
k=−N

s + ωz

s + ωp
, f or 0 < α < 1 (8)

where N is the number of pole-zero pairs [61] and using
this, the order of the Oustaloup filter can be determined as
(2N + 1). Also, ωp and ωz are poles and zeros, respec-
tively.With the development of theOustaloup approximation
method, the refined Oustaloup filter approximation method
has been introduced. This advanced method has high accu-
racy over a wide frequency range [62]. The mathematical
representation of the refined Oustaloup filter method is given
in eq. (10) [63].

sα ≈
(
d

b
ωh

)α ds2 + bωhs

d(1 − α)s2 + bωhs + dα

N∏
k=−N

s + ωz

s + ωp
, f or 0 < α < 1 (9)

where b and d coefficients are chosen as 10 and 9, respec-
tively [64]. In both the Oustaloup approximation and the
refined Oustaloup filter approximation methods, poles, and
zeros are calculated as follows.

ωp = ωb

(
ωh

ωb

) k+N+0.5(1+α)
2N+1

, ωz = ωb

(
ωh

ωb

) k+N+0.5(1−α)
2N+1

(10)

where ωh and ωb are the frequency band upper and lower
bounds, respectively.

2.4.2 PID/TID/PI-PD/TI-TD controllers

The transfer function of a PID controller is shown below.

ControllerPID = Kp + sKd + 1

s
Ki (11)
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Using fractional order mathematics, the TID controller
can be written in the Laplace domain as follows.

ControllerTID = 1

s1/n
KT + sKd + 1

s
Ki , 1/n = α = λ

(12)

The PI-PD controller structure is obtained by cascading
PI and PD controllers. The transfer function of the PI-PD
controller is given below.

ControllerPI−PD =
(
Kp1 + 1

s
Ki

) (
Kp2 + sKd

)

= Kp1Kp2 + sK p1Kd + 1

s
Ki K p2 + Ki Kd

(13)

The TI-TD controller is similar to the PI-PD controller.
Thedifference between the twocontrollers is theTparameter.
The transfer function of the TI-TD controller is given below.

ControllerTI−TD =
(

1

sλ1
KT1 + 1

s
Ki

) (
1

sλ2
KT2 + sKd

)

= 1

sλ1+λ2
KT1KT2 + 1

sλ1−1 KT1Kd

+ 1

sλ2+1 Ki KT2 + Ki Kd (14)

2.5 Optimization process

In this section, MA which has been used as an optimization
algorithm in the study is explained and the objective function
of the system is defined.

2.5.1 Mayfly algorithm

MA is one of the recently proposed metaheuristic algorithms
[42]. Mayfly (Ephemeroptera) is an amphiprotic insect that
has a short lifetime and appears in mainly May in a year
[65, 66]. Mayflies have a metamorphic life cycle. They pass
their nymph life periods in the water until they grow up
and being adults. In that metaheuristic algorithm which is
inspired by the social behaviors of mayflies, it is supposed
that the mayflies are adults after hatching from the egg and
the fittest mayflies survive regardless of how long they live
[42]. Elements of MA can be expressed as below:

1. Movements of Male Mayflies Male mayflies in a swarm
adjust their positions based on their experiences and the
positions of their neighboring individuals while perform-
ing nuptial dances abovewater. Themalemayfly position

is updated as in eq. (15).

xt+1
i = xti + vt+1

i (15)

where xti defines present position of the i th male mayfly
at the time step t , xt+1

i is the updated position of i th male
mayfly and vt+1

i is the velocity of the i th male mayfly.
The velocity of the i th male mayfly is modeled as in eq.
(16).

vt+1
i j = vti j + ψ1e

−βλ2p

(
pbestij − xti j

)

+ψ2e
−βλ2g

(
gbestj − xti j

)
(16)

vti j is the velocity of the i th male mayfly at the time
step t in dimension j = 1, ..., n. ψ1 and ψ2 are positive
attraction constants applied to scale the contribution of
the social and cognitive components, respectively. On the
other hand, pbesti denotes the best position of the i th
male mayfly had ever visited. Given the minimization
problems, the personal best position pbestij at the time
step t + 1 is calculated as;

pbesti =
{

xt+1
i , i f f (xt+1

i ) < f (pbesti)

is kept the same, otherwise
(17)

Lastly, β represents a visibility coefficient that limits the
visibility of amayfly to the othermayflies,λp is theCarte-
sian distance between xi and pbesti, λg is the Cartesian
distance between xi and gbest . These are calculated as
below;

‖xi − χi‖ =
√∑n

j=1

(
xi j − χi j

)2 (18)

xi j denotes j th element of the i th malemayfly andχi cor-
responds to pbesti or gbest . While male mayflies dance
up to down, the best mayflies have to update their veloc-
ities as defined mathematically in eq. (19);

vt+1
i j = vti j + d ∗ r (19)

In eq. (19), d denotes nuptial dance coefficient and r is a
random value ∈ [−1, 1] [42].

2. Movements of Female Mayflies Female mayflies exhibit
distinct movements from males. They are attracted by
males in order to fly toward the swarm to mate. The
attraction process is modeled as a deterministic process
that involves velocity calculation of eachmale and female
mayfly by using the fitness function [42, 67, 68]. Con-
sidering the yti is the position of the i th female mayfly
at time step t , next position of the i th female mayfly at
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time step t + 1 by adding a velocity vt+1
i can be defined

as follows;

yt+1
i = yti + vt+1

i (20)

As a result velocities of the females can be expressed
mathematically as below;

vt+1
i j =

⎧⎨
⎩

vti j + ψ2e
−βλ2m f

(
xti j − yti j

)
, i f f (yi ) > f (xi )

vti j + f l ∗ r , i f f (yi ) ≤ f (xi )

(21)

where vt+1
i j is the velocity of the i th female mayfly at

the time step t in dimension j = 1, ..., n, yti j is the posi-

tion of the i th female mayfly in j th dimension at time
step t , ψ2 is positive attraction constants applied to scale
the contribution of the social and cognitive component,
β is visibility coefficient, λm f is the Cartesian distance
between male and female mayflies. Finally, f l is used
when a female is not attracted by a male, denotes the
random walk coefficient, r is a random value ∈ [−1, 1]
[42].

3. Mating the Mayflies Mayflies employ a crossover oper-
ator during their mating process. For producing two off-
spring, the highest-fitness female pairs with the highest-
fitness male, while the second-best female pairs with
the second-best male, and so forth. The results of the
crossover are two offspring which are produced as fol-
lows:

offspring1 = L ∗ male + (1 − L) ∗ female (22)

offspring2 = L ∗ female + (1 − L) ∗ male (23)

where male represents male parent, f emale represents
female parent, L is the predefined random number in a
certain range. Initial velocities of the offspring are set to
be zero [42, 67, 68]. The pseudo-code of MA is shown
below;

2.5.2 Objective function

In this study, the integral of the time-weighted absolute error
(ITAE) is used as the objective function. The mathematical
expression of the objective function used is given in eq. (24).

ITAE =
∫ tsim

0
t(|�F1| + |�F2| + |�Ptie|)dt (24)

where �F1 and �F2 are the frequency change in the first
and second area, respectively, and �Ptie is the power change
in the tie line.

Algorithm 1Mayfly [42]

1: Objective Function f (x), x = (x1, . . . , xd )T

2: Initialize: The population of male May f ly xi (i =
1 , 2, . . . , N ) and veloci ties vmi

3: Initialize: The population of f emale May f ly yi (i =
1 , 2, . . . , M) and veloci ties v f i

4: Evaluate Solutions
5: Obtain gbests by using eq. (24)
6: do
7: Update veloci ties and solutions of all may f lies
8: Evaluate Solutions
9: Rank the may f lies
10: Mate the may f lies
11: Evaluate of f springs
12: Separate of f spring to all may f lies randomly
13: Change the worst solutions wi th the best ones
14: Update pbest and gbest
15: while stopping cri teria are not met
16: Postprocess results and visuali zation

2.5.3 Constraints for the optimization problem

In an optimization problem, variables typically have con-
straints. When dealing with an optimization problem, it is
essential to ensure that the given constraints are not violated.
In this regard, the lower and upper bounds of the variables are
determined in Table 3 for the considered optimization prob-
lem. These constraints are used in both linear and nonlinear
systems. In nonlinear systems, GRC is additionally used as
a constraint. As mentioned before, GRC limits the rate of
change in power generation [4]. The lower and upper limits
of the saturation block in GRC are ±0.0017 p.u./s [53].

3 Simulation studies and results

In this section, the control of linear (without GDB-GRC-
BD-TD) and nonlinear (with GDB-GRC-BD-TD) PV-RT
power systems is discussed. The above-mentioned GDB,
GRC, BD, and TD are used for the nonlinear modeling of
the LFC system. The parameters of four different controllers
(PID/TID/PI-PD/TI-TD) for both linear and nonlinear sys-
tem models are optimized with MA. Nonlinear system
models are considered for two different cases. These cases
are system models including GDB-GRC and GDB-GRC-
BD-TD nonlinear effects. The first (GDB-GRC) of these two
nonlinear models is often considered together in the litera-
ture and is chosen because the GRC effect is dominant. The
other one (GDB-GRC-BD-TD) is chosen because it includes
all nonlinear effects.

Optimization of controllers for linear and nonlinear sys-
tem models is discussed in the sub-title of time domain
analysis (TDA). In this section, robustness and RLC anal-
yses are also performed for the linear system model.
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Table 3 Controller structures
and parameter ranges used in the
first and second areas

Evaluation Kp1(/Kp) Kp2 Kt1/Kt Kt2 Ki Kd λ1(/λ) λ2

PID 0.001−2 – – – 0.001−2 0.001−2 – –

TID – – 0.001−2 – 0.001−2 0.001−2 0.1−1 –

PI − PD 0.001−2 0.001−2 – – 0.001−2 0.001−2 – –

TI − TD – – 0.001−2 0.001−2 0.001−2 0.001−2 0.1−1 0.1−1

Table 4 Literature comparison for ITAE values

Reference No [24] [46] [5]

Control Type PI PI PI PID PID PI PID PIDF

Algorithm GA FA SFLA SFLA gSLFA-PS WOA MWOA MWOA

ITAE 12.124 7.4259 4.5432 2.1125 1.8142 4.1211 1.5602 1.4841

Reference No [49] This Study

Control Type PID PID TID PID TID PI-PD TI-TD

Algorithm GWO-CS MGWO-CS MGWO-CS MA MA MA MA

ITAE 1.1160 1.0520 0.9203 0.7577 0.5979 0.3379 0.2625

3.1 Time domain analysis

The parameter range for the controller must be determined
in order to obtain parameter values in the optimization pro-
cess. The parameter range should be selected according to the
studies in the literature [5, 24, 46, 69]. Otherwise, it would
not be fair to compare the study with the studies in the liter-
ature. When the studies in the literature are examined, SLP
is taken as 10% (Area-2) for the linear system [5, 24, 46, 55,
69] and 1% (Area-2) for the nonlinear system [4, 27, 55, 70]
during the optimization process. Therefore, SLP is taken as
10% (Area-2) for the linear system and 1% (Area-2) for the
nonlinear system in this study.

In this study, controllers in two areas are considered sepa-
rately for the PV-RT power system. Controller structures and
parameter ranges used in the first and second areas are given
in Table 3.

3.1.1 PV-RT power system

The parameter and ITAE values obtained as a result of the
optimization process are given in Table 4 for SLP 10%. In
addition, ITAE values of the studies conducted in the liter-
ature using the same system parameters, SLP ratio/region,
and controller parameter range are given in [5, 24, 46, 49].
When the results of the studies in the literature are examined,
it is seen in Table 4 that they obtained higher ITAE values
even for the PID controller. The lower ITAE value obtained
with the PID controller in this study shows the success of
MA. When ITAE values are examined, cascade controllers
(PI-PD/TI-TD) give better results for this system than other
controllers (PID/TID). For this system, the TID controller
(0.5979) gives better results than the PID controller (0.7577)

and TI-TD (0.2625) controller gives better results than PI-PD
(0.3379) controller.

In Table 5, the controller used in the first area (Area-1)
represents the expression A1, and the controller used in the
second area (Area-2) represents the expression A2.

The transient responses of all controllers are given inTable
6 where the best results are shown in bold.

The values in Table 6 as a result of the transient response
can be summarized as follows.

• For the frequency change in the first area (�F1) and
power change in the tie-line (�Ptie), the TI-TD controller
provides the best Ts . On the other hand, for the frequency
change in the second area (�F2), the PI-PD controller
achieves the best result at settling time.

• When the results of the undershoot and overshoot are
examined, it is seen that the controllers give similar
results to the settling time. The TI-TD controller gives
great results compared to other controllers for overshoot
and undershoot in frequency change of the first area and
power change in the tie-line.

• Except for the overshoot result in the second region, the
TI-TD controller shows superior performance for this
system. In addition, the performance of the PI-PD con-
troller for this system is better than the PID and TID
controllers.

[5, 46, 49] accepted [24] as a reference. For this reason,
[24] is taken as a reference in this study. Figure3 compares
the results of this studywith the reference study. In addition to
the ITAE values, it is seen in Fig. 3 that the results obtained
in this study show superior performance compared to the
reference study.
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Table 5 Optimum controller
parameters and corresponding
ITAE values

Contr. type ITAE Gain parameters Integral param.

Kp1 Kp2 Kt1 Kt2 Ki Kd λ1 λ2

PIDA1 0.7577 0.0406 – – – 0.0129 0.0653 – –

PIDA2 2 – – – 2 0.5621 – –

TIDA1 0.5979 – – 0.0551 - 0.0153 0.1336 0.1 –

TIDA2 – – 2 – 2 0.9202 0.3061 –

PI − PDA1 0.3379 2 0.0112 – – 1.0461 0.0125 – –

PI − PDA2 2 2 – – 2 0.5606 – –

TI − TDA1 0.2625 – – 0.0294 0.9247 0.0020 2 0.1 0.4515

TI − TD – – 1.9998 2 2 1.5041 0.4204 0.1

Table 6 Transient response
performances of the controllers

Controller Settling Time (0.2%) Undershoot (p.u) Overshoot (p.u)

�F 1 �F 2 �P tie �F 1 �F 2 �P tie �F 1 �F 2 �P tie

PID 8.76 5.97 11.66 −0.0494 −0.1290 −0.0057 0.0024 0.0164 0.0303

TID 3.1 5.31 10.26 −0.0581 −0.1157 −0.0042 0.0031 0.0269 0.0269

PI − PD 3.79 1 8.64 −0.0202 −0.0859 −0.0033 0.0011 0.0024 0.0155

TI − TD 3 3.38 6.58 −0.0187 −0.0893 −0.0022 7.2e−04 0.0278 0.0129

Fig. 3 Transient responses of the controllers. a �F 1, b �F 2, c �P tie
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Table 7 Optimum controller
parameters and corresponding
ITAE values with GDB-GRC

Contr. Type ITAE Gain Parameters Integral Param.

Kp1 Kp2 Kt1 Kt2 Ki Kd λ1 λ2

PIDA1 0.4325 0.0279 – – – 0.001 0.1285 – –

PIDA2 1.1159 – – – 0.19 1.2618 – –

TIDA1 0.4612 – – 0.0189 – 0.001 0.1325 0.1 –

PIDA2 – – 0.759 – 0.194 1.0655 0.1001 –

PI − PDA1 0.2893 0.9885 0.0112 – – 0.001 0.0393 – –

PI − PDA2 0.3944 0.2157 – – 0.926 1.8723 – –

TI − TDA1 0.2985 – – 0.0125 0.001 0.0048 1.6493 0.1 0.1

T I − T DA2 – – 1.0476 1.1354 0.1115 0.8460 0.1 0.1

Table 8 Transient response parameters of the controllers with GDB-GRC

Controller Settling Time (0.04%) Undershoot (p.u) Overshoot (p.u)

�F 1 �F 2 �P tie �F 1 �F 2 �P tie �F 1 �F 2 �P tie

PID 6.21 7.61 7.14 −0.0226 −0.0339 –3.6e−04 4.0e−05 0.0012 0.0116

TID 6.06 7.53 23.17 −0.0223 −0.0339 −4.5e−04 3.5e−05 0.0020 0.0117

PI-PD 6.18 6.76 6.33 −0.0170 −0.0326 −5.4e−06 1.5e−04 0.0080 0.0130

TI-TD 6.29 6.77 6.30 −0.0158 −0.0323 –7.8e−06 8.5e−05 0.0095 0.0134

Fig. 4 Dynamic responses of the controllers with GDB and GRC. a �F 1, b �F 2, c �P tie
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Table 9 Optimum controller
parameters and corresponding
ITAE values with
GDB-GRC-BD-TD

Contr. Type ITAE Gain Parameters Integral Param.

Kp1 Kp2 Kt1 Kt2 Ki Kd λ1 λ2

PIDA1 0.4635 0.0277 – – – 0.001 0.1306 – –

PIDA2 1.0391 – – – 0.2181 1.1122 – –

TIDA1 0.4946 – – 0.0206 – 0.001 0.1337 0.1 –

TIDA2 – – 0.6885 – 0.2212 0.6832 0.1 –

PI − PDA1 0.2986 2 0.0039 – – 0.001 0.0303 – –

PI − PDA2 0.6282 0.2122 – – 1.0814 1.3763 – –

TI − TDA1 0.3018 – – 1.0243 0.001 0.001 0.0296 0.1 0.1

TI − TDA2 – – 0.601 1.9733 0.078 1.4704 0.1 0.1002

Table 10 Transient response parameters of the controllers with GDB-GRC-BD-TD

Controller Settling Time (0.04%) Undershoot (p.u) Overshoot (p.u)

�F 1 �F 2 �P tie �F 1 �F 2 �P tie �F 1 �F 2 �P tie

PID 6.24 7.47 7.38 −0.0229 −0.0343 −3.6e−04 4.9e−06 0.0013 0.0117

TID 6.06 7.12 21.84 −0.0226 −0.0343 −4.5e−04 9.8e−06 0.0017 0.0118

PI-PD 6.04 7.39 7.48 −0.0182 −0.0332 −3.1e−06 2.1e−04 0.0070 0.0129

TI-TD 6.11 6.74 6.48 −0.0161 −0.0327 −3.9e−06 2.5e−04 0.0097 0.0135

Fig. 5 Dynamic responses of the controllers with GDB, GRC, BD, and TD. a �F 1, b �F 2, c �P tie
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Table 11 Robustness Analysis Results

Par. Rate of Change Settling Time (0.2%) Undershoot (p.u) Overshoot (p.u)

�F 1 �F 2 �P tie �F 1 �F 2 �P tie �F 1 �F 2 �P tie

τG +75 5.78 10.73 7.7 −0.023 −0.1034 −0.0037 0.0027 0.0644 0.0158

+50 3.35 6.29 6.6 −0.0216 −0.0991 −0.0027 0.0012 0.0526 0.0149

-50 2.97 3.25 6.61 −0.0161 −0.077 −0.0022 0.0007 0.0047 0.011

-75 2.99 3.26 6.62 −0.0151 −0.0699 −0.0022 0.0007 0.0025 0.0104

τT +75 3.01 5.86 6.79 −0.0271 −0.1106 −0.0029 0.0014 0.0672 0.0186

+50 2.85 5.03 6.49 −0.0245 −0.1043 −0.0024 0.0009 0.0549 0.0168

-50 3.09 3.27 6.64 −0.013 −0.069 −0.0022 0.0007 0.0026 0.0087

-75 3.17 3.32 6.68 −0.0125 −0.0543 −0.0022 0.0007 0.0024 0.0084

τ12 +75 2.34 4 6.41 −0.0269 −0.0862 −0.0025 0.0009 0.0335 0.0186

+50 2.42 4 6.45 −0.0245 −0.0871 −0.0024 0.0008 0.0336 0.0169

-50 3.74 4.5 2.61 −0.0111 −0.0917 −0.0018 0.0005 0.0183 0.0076

-75 4.88 5.81 2.93 −0.0065 −0.0931 −0.0012 0.0003 0.0114 0.0042

B +75 2.83 3.72 2.17 −0.0114 −0.0697 −0.0017 0.0008 0.0248 0.0079

+50 2.73 3.39 2.03 −0.0131 −0.0747 −0.0018 0.0008 0.0247 0.0091

-50 3.26 4.58 7.59 −0.0317 −0.1185 −0.0029 0.0004 0.0524 0.0217

-75 5.65 11.37 8.07 −0.0466 −0.1491 −0.0071 0.0058 0.1026 0.0317

R +75 2.96 3.41 6.58 −0.019 −0.0897 −0.0022 0.0007 0.0272 0.0131

+50 2.97 3.4 6.58 −0.0189 −0.0896 −0.0022 0.0007 0.0273 0.013

-50 3.05 4.02 6.6 −0.0182 −0.0882 −0.0022 0.0007 0.0294 0.0125

-75 3.07 3.96 6.59 −0.0172 −0.0863 −0.0022 0.0007 0.0324 0.0118

3.1.2 PV-RT power systemwith GDB-GRC

In this section, the nonlinear effect ofGDBandGRC together
is examined for the PV-RT power system. The optimum con-
troller parameters with corresponding ITAE values obtained
for this system are given in Table 7.

When the results in Table 5 are compared to the results
in Table 8, it is seen that the ITAE performances of the con-
trollers with similar structures (PID/TID, PI-PD/TI-TD) are
close to each other. The ITAE result obtained for the PI-PD
controller is almost the same as for the TI-TD controller. This
situation is also seen in the results given in Table 7. For tran-
sient response, the best results are shown in bold in Table
8.

The results obtained in Table 8 can be summarized as
follows.

• In terms of settling time, it is seen that cascade controllers
give better results than others for a frequency change of
the second area and power change of the tie-line. How-
ever, the results of all controllers are close to each other
in the frequency change of the first area.

• When cascade controllers are used in the system, it is seen
that the undershoot value for frequency and power change
decreases. However, PID and TID controllers are more
successful than cascade controllers in terms of overshoot.

Figure4 shows transient responses of the controllers with
GDB and GRC.

3.1.3 PV-RT power systemwith GDB-GRC-BD-TD

The nonlinear effect of TD is analyzed in this section. The
results of the optimization process for the PV-RT power sys-
tem with GDB-GRC-BD-TD are given in Table 9.

ITAE values increased with the addition of BD and TD
to the previous nonlinear effects (GDB-GRC). Transient
response for this system is given in Table 10, and the best
results are marked in bold.

The results in this section are close to the results of the
previous analysis (with GDB-GRC-BD-TD). On the other
hand, the results are slightly worse in terms of transient
response than the previous analysis. Figure5 depicts transient
responses for all controllers under the considered nonlinear
effects.

3.2 Robustness analysis

Power systemparametersmay change due to external factors.
Stability in the power system should be maintained against
changes in system parameters. For this reason, the controller
used in the system should perform successfully in terms of
stability. In this section, robustness analysis is discussed for
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Fig. 6 Sensitivity analysis of the TI-TD controlled linear power system with τG variations. a Frequency deviation in area-1 b Frequency deviation
in area-2 c �P tie

Table 12 The load change duration and magnitude applied to the sys-
tem

Time (second) 0–20 20–40 40–60 60–80 80–100

Load Change (p.u.) 0.5 0.75 0.5 0.2 0

linear (without GDB, GRC, BD, TD) PV-RT power systems.
For this reason, the SLP value of the system is chosen as 10%
for the second area. The TI-TD controller which exhibits the
most successful performance for this system is used as the
controller in the system. Robustness analysis is performed by
changing the τG , τT , τ12, B and R constants of the system.
These changes are selected as −75%, −50%, +50%, +75%.
System transient response results are given in Table 11.

In the robustness analysis, the results of five ( τG , τT , τ12,
B, R) different system parameters are examined. For this
reason, only the transient response for the changes in τG is
given in Fig. 6.

Robustness Analysis results can be summarized as fol-
lows.

• As τG increases, the deviations increased for both over-
shoot and undershoot. In addition, the settling time for
frequency changes in the first and second areas also
increases with the τG .

• As τT increases, the deviations increased for both over-
shoot and undershoot. The increase in the τT increases
the settling time in the frequency change of the second
area. The increase in the τT reduces the settling time in
the frequency change of the first area.

• As the τ12 decreases, the settling time in frequency
change increases.

• As the frequency B decreases, the deviations increase
for both overshoot and undershoot. However, the change
in the frequency B has not a remarkable impact on the
overshoot in the first area. The decrease in the bias fac-
tor increases the settling time in frequency and power
change.

• As the R decreases, the frequency change settling time
in the second area increases. In addition, the same effect
occurs very little in the frequency change of the first area.
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Fig. 7 a RLC for PV-RT power system b �F 1, c �F 2, (d) �P tie

The change in R has little effect on overshoot and under-
shoot.

3.3 Random load change analysis

Load changes are seen commonly in power systems. The
power system must be stable under load changes. Therefore,
the load change must be analyzed in order to investigate the
transient response of the power system.

In this section, RLC analysis considering the studied four
controller types is discussed for linear PV-RT power system.
The RLC in the system is carried out for the second area.
The applied load change pattern to the system is shown in
Fig. 7(a).

In Table 12, the load change duration and magnitude
applied to the system are given.

The transient response resulting from the RLC analysis is
given in Fig. 7.

RLC Analysis results can be commented on as follows.

• The TI-TD controller shows superior performance com-
pared to other controllers. In terms of system stability,
the second-best performance is shown by the PI-PD con-
troller.

• The PID controller performed better than the TID con-
troller for the frequency change of the first area. In the
second area, the TID controller performed better than
the PID controller. The two controllers showed similar
results in the power change in the tie-line.

3.4 Cyber-attack in PV-RT power system

In this section, two different C-Amethods are discussed. The
first of these methods is the resonance attack, which can lead
to abnormal frequencies in the power system. As a second
method, a random attack is applied to the power system.

3.4.1 Resonance attack

In this attack method, the power load is changed by selecting
the RoCoF source signal. Since four different controllers are
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Fig. 8 The C-A signals created for resonance attack method. a PID, b TID, c PI-PD, d TI-TD

Fig. 9 RoCoF Results of the a Area-1, b Area-2

used in the study, the response of the power system to the
same load change is different. For this reason, a unique reso-
nance attack is created for each system (different controllers).

C-A (resonance attack) signals created for each system with
different controllers are given in Fig. 8.

The RoCoF of the areas should be examined to correctly
interpret the deviations experienced in the system in C-As.
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Table 13 Controller
performance for ResA

ResA TI-TD PI-PD TID PID

Area 1 Area 2 Area 1 Area 2 Area 1 Area 2 Area 1 Area 2

RoCoF (Hz/s) for 0.1 p.u 0.2668 3.0693 0.1059 1.6711 0.3182 1.3228 0.2586 1.6291

Max. attack mag. (p.u.) 0.032 0.059 0.075 0.061

The result of this examination is very important. This result
gives us information about whether the affected areas should
be separated from the power system. The RoCoF results of
the areas are given in Fig. 9

If the maximum limit for RoCof relays is accepted as 1.0
Hz/s (generally between 0.1−1.0 Hz/s), RoCoF values in the
first area are within an acceptable range, while RoCoF values
in the second area are quite high. This means that the second
area must be separated from the power system of the field.

The maximum values of RoCoF occurring in the areas
for different controllers are given in Table 13. The magni-
tude of this attack is 0.1 p.u., as previously mentioned. Also,
the maximum attack magnitude that the controllers can with-
stand this type of attack is also given in this table.

According to the attack results (for attack magnitude 0.1
p.u.), in the second region, all attacks are successful as the
upper limit of 1.0 Hz/s is exceeded. The maximum attack
magnitudes that can be applied to the controllers for the upper
limit of 1 Hz/s are also given in Table 13.When the controller
performances for the attack magnitudes are analyzed, TID
(0.075 p.u.) is the most successful controller, while TI-TD
(0.032 p.u.) is the least successful for this type of attack.

3.4.2 Random attack

This attack method models a load change at any frequency
value. Thus, a random attack is made on the system without
any information. In this section, C-A (random attack) model
applied to the power system is given in Fig. 10.

Table 14 shows the controller performances for RndA.

Fig. 10 Random attack signal model applied to the power system

While RoCoF values remained within acceptable limits
(for attack magnitude 0.1 p.u.) in the first area, the reverse of
this situation occurred in the second area.When the controller
performances for the attack magnitudes are analyzed, TI-TD
and PI-PD (0.084 p.u.) are the most successful controller,
while TID and PID are the least successful for this type of
attack.

4 Conclusion

This paper demonstrates the effectiveness of step/stepless
and fractional/integer order controllers. We evaluate the per-
formance of PID, TID, PI-PD and TI-TD controllers in
stabilizing the frequency and tie-line power of a two-area
PV-RT power system. Through the compelling analysis pro-
cess involved in this study, we prove the significance of our
findings.

TDA and RLC are taken into consideration in this study
as in the existing studies in the literature. On the other hand,
unlike the literature, robustness performances are analyzed
within a change of± 75% for the system parameters, and the
limits of system parameters change are discussed. In addi-
tion, for this specific power system, C-A performance of the
proposed controllers is analyzed for the first time, and also
the attack limits are determined. For further analysis, TD,
BD, GRC, and GDB are all applied to the system together.
The results of this study can be summarized as follows.

• In the PV-RT power system, the TI-TD controller shows
by far the best performance for TDA analysis. In PV-RT
power system with GDB-GRC/GDB-GRC-BD-TD, the
TI-TD and PI-PD controllers show close performance for
TDA. In addition, these controllers show superior perfor-
mance compared to other controllers.

• The robustness analysis is performed for the TI-TD con-
troller due to its superior performance in the PV-RT
power system. The controller also performed satisfac-
torily in this analysis.

• For RLC analysis, all controllers are tested again, and the
best results are obtained with the TI-TD controller.

• Among the C-A methods, the TID controller shows the
best performance as a result of the attack (ResA) based
on information,while cascade (TI-TD/PI-PD) controllers
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Table 14 Controller
performance for RndA

RndA TI-TD PI-PD TID PID

Area 1 Area 2 Area 1 Area 2 Area 1 Area 2 Area 1 Area 2

RoCoF (Hz/s) for 0.1 p.u 0.1299 1.1874 0.1132 1.1862 0.2936 1.5239 0.2606 1.5394

Max. attack mag. (p.u.) 0.084 0.084 0.065 0.064

Fig. 11 RoCoF results of power system areas for random attack. a Area-1, b Area-2

Fig. 12 Model of nonlinear modules

show the best result in the attack (RndA) without infor-
mation.

In light of the above-given explanations, it can be said
clearly that the TI-TD fractional order cascaded controller
is the best structure for this system among the considered
controllers. As a future work, the performance of the frac-
tional derivative terms may be investigated with and without

a derivative filter which can also have fractional or integer
order.
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nized whole paper. FMN modeled the case building, performed the
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Table 15 PV-RT Power System
and Boiler Dynamics

PV-RT PS [24] B=0.8 p.u R=2.5 Hz/p.u Kp=120 Hz/p.u Tg=0.08 s Tt=0.3 s

Kr=0.33 a=900 b=-18 c=100 d=50

Tr=10s Tps=20s T12=0.545 p.u

BD [27] K1=0.85 K2=0.095 K3=0.92 cb=200 KI B=0.03

TRB=69s TI B=26s T f =10s Td=0

Funding The authors have not disclosed any funding.

Data availability Enquiries about data andmaterials availability should
be directed to the authors.

Appendix AMethodology

See Table15.
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