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Abstract: Modern power systems are confronted with widespread concern on the frequency stability
issue due to the widespread integration of randomly fluctuating renewable resources. To address the
above concern, this work introduces a load-frequency-control (LFC) scheme based on a parameter
tuning strategy for fractional-order proportional-integral-derivative (FOPID) controller. Firstly, a
two-area interconnected power system (IPS) model, including thermal, hydro, solar, wind, and gas
power generator and a hydrogen-based energy-storage unit, is established. Then, a FOPID controller
is designed for this IPS model, and an improved gradient-based optimizer (IGBO) is developed to
adaptively regulate the parameters of the FOPID controllers. Finally, the effectiveness of the offered
LFC scheme is tested through load disturbance and renewable energy fluctuations test scenarios and
provides a comparison and robustness analysis among different schemes. The test results validated
that the offered LFC scheme can effectively suppress the frequency fluctuations of the IPS and has
excellent robustness.

Keywords: load frequency control; interconnected power system; fractional-order control; improved
gradient-based optimizer; parameter tuning

1. Introduction

Development and application of renewable energy generation technology could be one
critical enabler of the global transition to low-carbon emissions economies [1]. Nevertheless,
solar energy, wind energy, tidal energy, and other renewable energies have random and
fluctuating characteristics, and renewable energy generators have almost no inertia contri-
bution to power grids since these generators are isolated to the grids by power electronic
converters [2,3]. As a result, the IPSs with a substantial integration of renewable energy
generators always face a frequency stability issue, and a suitable design of the LFC method
is commonly required for these power systems.

Over the past few years, various intelligent control technologies such as model pre-
dictive control [4], sliding mode control [5], reinforcement learning [6], active disturbance
rejection control [7], and fuzzy logic control [8] have been utilized in the design of load
frequency control (LFC). The LFC scheme developed by the above technologies are usually
effective in different test scenarios, but the major challenge of employing these methods is
their heavy reliance on model accuracy and engineering feasibility, while the traditional
proportional-integral-derivative (PID) controller-based LFC design, in fact, remains the
most extensively used approach in practice due to its advantages of simple structure and
low engineering implementation difficulty [9,10]. However, the interconnected structure
and complicated module expressions of modern IPSs make the empirical parameter tun-
ing methods time consuming and ineffective when using a PID controller-based LFC
scheme. In addition, by using traditional PID controller-based LFC design and empirical
parameter tuning methods, the robustness and dynamic properties of the system may also
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become worse in highly volatile, renewable-energy power generation facilities and highly
flexible loads.

To address the above concerns, various parameter tuning and optimization techniques
were developed for optimizing the PID controller-based LFC. These techniques include the
whale optimization algorithm (WOA) [11], fuzzy rule (FL) [12], artificial neural network
(ANN) [13], and gray wolf optimizer (GWO) [14]. According to these works, one can
find that by introducing optimization strategies to regulate the parameters, the frequency
stability of IPSs can be improved significantly. Nonetheless, traditional PID controllers
only have three adjustable parameters, their parameter settings are limited, and their
performance deteriorate with system nonlinearities and uncertainties. Therefore, the
FOPID controller is proposed. The FOPID controller introduces fractional-order calculus
operations to the traditional PID controller, which not only retains the simple structure of
the traditional PID controller but also increases the adjustable dimensions of the controller
parameters, thereby improving the disturbance rejection capability and robustness of the
system in response to variations in the controlled system parameters [15-17]. Recently,
such controllers have also been used for the LFC design. For example, in [18,19], a FOPID
controller is utilized to mitigate the frequency fluctuations in multi-area IPSs. Moreover,
the gases Brownian motion optimization (GBMO) and chaos game optimization (CGO) are
exploited to tune the parameters of the controller, yielding satisfactory results. However,
the investigated multi-area IPSs only involved conventional generating units, without
taking into account renewable energy generation facilities. Studies [20,21] used a FOPID
controller-based LFC scheme to enhance frequency regulation performance of the IPS with
renewable energy power plants, and the controller parameters are tuned using Jellyfish
Search Optimizer (JSO) and movable damped wave algorithm (MDWA), while renewable
energy units were taken into account in their IPSs, the stochastic characteristics of the
renewable energy sources were not considered. Study [22] proposed an LFC scheme
based on improved particle swarm optimization (IPSO) to tune the parameters of a FOPID
controller for a distributed generation system considering the randomness of renewable
energy sources. The results of these studies confirm that in the application of LFC in
IPSs, FOPID controllers exhibit superior dynamic performance compared to traditional
PID controllers. However, previous studies have rarely considered the randomness of the
renewable energy output when designing multi-area IPSs.

In addition, with the continuous construction of large-scale renewable energy genera-
tion facilities for various types of power sources, the integration of energy storage facilities
has emerged as a prevalent supplementary method to enhance the frequency characteristics
of IPSs with renewable resources [23,24]. Among various energy storage technologies such
as pumped storage, flywheel energy storage, and electrochemical energy storage, hydrogen
energy storage exhibits significant advantages in energy storage capacity and economic
feasibility [25-27]. Over the last decade, various research groups have explored the uti-
lization of hydrogen energy storage units in contributing to the frequency regulation of
conventional power systems primarily powered by thermal power plants [28,29]. Building
upon existing research, this study enhances the frequency response capability of an IPS
considering the stochasticity of renewable energy sources by integrating hydrogen-based
energy storage units.

In recent years, the gradient-based optimizer (GBO) has emerged as a promising
solution for addressing optimization problems across diverse fields, primarily due to its
simple yet powerful structure, ease of implementation, robust exploration capability, and
ability to effectively evade local optima [30]. However, the GBO has some limitations when
tackling large-scale and complex engineering problems, such as slow convergence speed
and low precision in the later stages of the algorithm [31]. To address these challenges, this
study proposes an improved GBO (IGBO) for obtaining optimal parameters for the FOPID
controller in LFC issues within a two-area IPS integrated with hydrogen energy storage.
Firstly, this study proposes a two-area IPS that considers the randomness of renewable
resource, incorporating hydro, thermal, wind, photovoltaic, and gas turbine units, and
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hydrogen energy storage units. Subsequently, an improved Oustaloup approximation
algorithm is employed to design FOPID controllers for the LFC system in the two-area
IPS. Furthermore, an IGBO algorithm was developed to adaptively adjust the parameters
of the FOPID controllers. Finally, a series of test scenarios is conducted to assess the
effectiveness and superiority of the provided LFC scheme, and the robustness of the system
was analyzed.

2. LFC Model of a Two-Area IPS

In general, modern power systems are formed by multiple interconnecting areas, with
each area consisting of a variety of different types of power sources and load units. In this
study, we focus on an IPS model consisting of two areas, which is depicted in Figure 1.

Non-reheat Hydro power Solar Wind power Hydrogen -I
thermal plant generator photovoltaic cell ~ generator storage unit
900MW 300MW 400MW 300MW 100MW
o Ny ]
| ]
Area 1 i
Tle line

I______'________'I

; é XI]

B D
Non-reheat Therm al Plant Gas power Wmd power Hydrogen
thcrm al Plant 300MW generator generator storage unit
900MW 300MW 400MW 100MW

Figure 1. Structure of a two-area IPS.

In the two-area IPS, the nominal frequency is 50 Hz, and the rated power of both
area 1 and area 2 is 2000 MW. Area 1 comprises a non-reheat thermal plant, hydro power
generator, solar photovoltaic cell, and wind power generator, while Area 2 consists of a
thermal plant, non-reheat thermal plant, gas power generator, and wind power generator.
Furthermore, hydrogen storage units are incorporated in both areas to enhance system
performance. The mathematical models for each unit can be described as follows.

2.1. Mathematical Model of Thermal Power Plant

In a thermal power plant, the primary components are a speed governor and a steam
turbine. The transfer function for the governor and steam turbine can be governed as

1

Ge=——F" 1

6™ 157G )
1

Gr = 2

T 145ty @

where T and Tt denote the time constants of the governor and turbine, respectively.
The transfer function of a reheater can be governed by
1+ K, Ty
Gr= —7— 3
T 14T ©)

where K; and T; are the gain and time constants of the reheater, respectively.
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2.2. Mathematical Model of Hydro Power Generator

The hydro power generator comprises a hydraulic turbine and a hydraulic governor,
with its transfer function represented as

o 1-— STW
Cur = 7+ 0.55Tw )

1 +STR
Gug = 5
HG (1+STGH>(1+S(RT/R)TR) ®)

where Ty and Tgp represent the time constants of the turbine and the governor, respectively.
Tr represents the reset time constant, R denotes the adjustment coefficient of hydro power
generator, and Rr is the transient fall rate.

2.3. Mathematical Model of Solar Photovoltaic Cell
The power output of a solar photovoltaic cell is [22]

Ppy = 7S®{1 — 0.005(T, + 25)} ©6)

where the coefficient 7 represents the conversion efficiency of the photovoltaic unit. The
coefficient S represents the surface area of the photovoltaic array, T, denotes the working
temperature, and @ denotes the solar radiation on the photovoltaic array, which can be
expressed as

@ = 0.054H(t) + 0.052H (¢ — 18) + 0.028H(t — 37) — 0.047H (t — 58) — 0.042H (t — 74) + Py (t) )

where H(t) represents the step response, simulating sudden fluctuations, ®y,(t) falls within
the range [—0.015, 0.015], utilized to simulate stochastic aberrations. The mathematical
model of photovoltaic system is
K
= Tt (®)
1+ STPV

where Kpy and Tpy are the gain and time constants of the photovoltaic unit, respectively.

Gpy

2.4. Mathematical Model of Wind Power Generator

The modeling of wind power generators consists of two parts: a nonlinear model and
a transfer function model. The former, as described in [22], does not contribute to frequency
regulation. The power output of a wind power generator is

1
Pwrg = QPAGCV\?V )

where the coefficient p refers to air density, and A, represents the swept area of blades. The
coefficient C;, denotes the power coefficient and Viy denotes wind speed, which can be
expressed as

Viv = Viwg + Viwn (10)

Vivg = 7.2H(t) — 1.4H(t —15) — 1.1H(t — 33) + L6H(t —57) + 1.4H(t —76) (1)

50
Viwn =202 ) \/mcos(wi ) (12)
i=1

where Viyp is the base fluctuation to simulate the base wind component. Viyy is small
stochastic component, utilized to simulate noise wind component. ¢ = 200 represents the
variance of the noise component, and Vy (w;) represents the spectral density function. Aw
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represents the frequency step, and ¢; belongs to the range [0, 27]. The dynamic model of
the wind power generator is

Kwrg
Gw = —7i— 13
W1 + sTwtg (13)
where Kyt and Twrtg represent the gain and time constants of the wind power generator,

respectively.

The transfer function model focuses on the active standby of wind turbines and takes
wind power as an active resource for frequency modulation [5], which can be mathemati-
cally expressed as

1 prl (1 + Sprl) prZ
14 sTpw2 1+s 1+s

Gwind = (l 4)

where Tpw1, Tpw2, Kpw1, and K2 denote the time and gain constants of the wind power
governor, respectively.

2.5. Mathematical Model of Gas Power Generator

The mathematical model of gas power generator can be stated as [32]

_ 1 145X 14 5T 1
~ cg+sbg 1+5Ye 145T; 1+ 5T

Ggr (15)

where cg and by represent the gain and time constants of the gas turbine, respectively. Xc
and Y. are complex parameters that reflect the impact of the gas turbine on the phase and
amplitude of the input signal, T, Tf, and T4 are the time constants of the cooling system,
fuel injection and entire gas power generator, respectively.

2.6. Mathematical Model of Hydrogen Storage Unit

The hydrogen storage system comprises an electrolyzer, a storage tank, and a hydrogen
fuel cell. When surplus power is generated by the new energy generators within the system,
the electrolyzer produces hydrogen, which is subsequently compressed and stored in the
hydrogen storage tanks. During periods of heightened load demand and electricity scarcity,
the hydrogen fuel cell converts the chemical energy into electrical power to meet the
system’s load requirements. The mathematical model of the electrolyzer and the hydrogen
fuel cell in the system can be represented as [28]

Kuar
G = — 16
HAE = 7 (16)
Krc
Gpec = ———— 17
FC 1 =+ STFC ( )

where Kyar and Kpc are the gain constants of the electrolyzer and the hydrogen fuel
cell, respectively. Tyag and Tgc represent the time constants of the electrolyzer and the
hydrogen fuel cell, respectively.

Based on the mathematical models of each unit, as well as the hydrogen storage unit,
an LFC model is constructed for the IPS consisting of two areas, as depicted in Figure 2.
In Figure 2, the term B is the frequency offset coefficient, ACE;, and ACE; represent the
area control errors (ACE) for area 1 and area 2, respectively, and Rt and Ry represent the
governor constants of the thermal plants and the hydro power generator, respectively. Rg
and Ry represent the governor parameters of the gas power generator and wind power
generator, respectively. ag, a1, aN, aw and ay represent the power distribution ratio of
gas, thermal, non-reheat thermal, wind power, and hydro power generators, respectively,
AP and AP;, represent load disturbances in area 1 and area 2, respectively. Kps and Tpg
denote the gain and time constants of the IPS, respectively. T1, denotes the synchronization
coefficient of the tie line, and Af; and Af, represent the frequency deviation of the area
1 and area 2, respectively. AP;; denotes the power flow of the tie line.
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Figure 2. LFC model of a two-area IPS.

3. Design of FOPID Controller-Based LFC

The LFC scheme in this study is based on a FOPID controller, which is two more
parameters compared to the traditional PID controller. Basically, the transfer function of
FOPID controller can be expressed by

Ky

Gc (S) = Kp + A + Kps* (18)
where Kp, K1 and Kp represent the proportional coefficient, integral coefficient and differ-
ential coefficient, respectively. Additionally, 1/s" and s* denote the fractional integral oper-
ator and fractional differential operator, respectively. These ideal fractional-order operators
cannot be implemented directly by integer-order rational fractions. Thus, French scholar
Professor Oustaloup proposed a piecewise approximation method based on the Oustaloup
filter, where all segments are composed of integer-order zeros and poles, resulting in the
asymptotic magnitude-frequency response alternating between 0 and —20 dB/dec. The
standard form of the Oustaloup filter is as follows:

s+ wk
1
wh H S + wy (19)
wh 2k71f o
Wy = Wp w—b (20)
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Wy = (Ub< Wh> R (21)

where & represents the order of the fractional-order operator, and N¢ represents the order of
the filter. w}p, and wy, represent the lower and upper limits of the predetermined frequency
range. w; and wy, represent the constructed zeros and poles of the transfer function, respec-
tively. However, the approximation performance of the Oustaloup filter is unsatisfactory at
the boundary points of the selected frequency range, and the order of the numerator is the
same as that of the denominator. Therefore, this study has improved the above filter, and
the mathematical model of the improved Oustaloup filter is as follows [33]:

Gs) = dwp \* ds® + bewys s+ wy,
b ) d(1—a)s?+ bwys + da =N, S T Wk

N¢
(22)

k+Ng+0.5(1—a)

2N+
()

ket Np+0.5(1+)

T 2N¢+1
Wi Zwb(\/il) f (24)

where the coefficients b and d are preset coefficients with values of 9 and 10, respectively.
The predetermined frequency band is set to [0.001 Hz, 1000 Hz], and N is set to 5. The
comparison between the ideal fractional-order operators and approximate fractional-order

operators is shown in Figure 3.

50

—
3
=]

Magnitude (dB)
=
Magnitude (dB)
=]

. " . " . 50 " .
0% 107 10" 10 10 10?2 10? 0% 10?2 10" 10" 10 10 10
Frequency (Hz) Frequency (Hz)
e Cl Ideal i
§ 100 | é -40 = = —Oustaloup approximation
@ Ideal o —— Improved Oustaloup approximation
Q = = =Oustaloup approximation Q -60
f 50 r I—lmprolved Oustatoup appro.ximation é ) - ) ) -
10?10 10" 10 w0 10 10? 0% 10?2 10! 1w’ w0 10 10
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 3. Comparison of ideal fractional-order operators and approximate fractional-order operators:
(a) Derivative of order 1.2. (b) Integral of order 0.7.

As depicted in Figure 3, it can be observed that within the predetermined frequency
range, the amplitude—frequency characteristic curves of the approximate fractional-order
operator and the ideal fractional-order operator coincide with each other. Additionally, the
phase-frequency characteristic curves of both operators fall within the preset phase error
range throughout the predetermined frequency range. Obviously, the fitting effect of the
improved Oustaloup-based approximation method at the boundary points of the predeter-
mined frequency band is better than that of the original Oustaloup-based approximation
method. The results of the comparison confirm that the approximate fractional-order
operators can be applied.

4. Parameter Tuning Process Based on IGBO

To ensure that the two-area IPS in Figure 2 can swiftly recover frequency stability
under load or renewable resources fluctuations, this paper proposes a parameter tuning
strategy by an IGBO algorithm, and the objective fitness function is formulated using the
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integral of time multiplied absolute error (ITAE) criterion based on the ACE, which can be
written as

min  JiTAg = / t(|Afi| + |Af2| + |AP2])dt (25)

where Ty, is the total duration of the optimization process. With the objective of minimiz-
ing Jitag, the IGBO algorithm is utilized to tune the parameters of the FOPID controller in
the IPS, and the LFC controller structure based on IGBO optimizer is shown in Figure 4.

Initialization
parameter | IGBO optimizer Objective function
K, ﬂ

ACE FOPID Af
controller Generator L

Figure 4. LFC controller structure based on IGBO optimizer.

The proposed IGBO algorithm integrates the gradient search mechanism (GSM) based
on the sorting algorithm and the improved local escape operator (ILEO) based on chaotic
mapping during the optimization process [34]. The specific updating method of IGBO is
as follows.

4.1. Initialization

The IGBO algorithm initializes the parameters of the FOPID controller based on
Xy = Low + rand x (Up — Low) (26)

wheren =1,2,...,N, N corresponds to the total number of IGBO vectors. Low and Up
denote the lower and upper bounds of the parameter space. rand denotes a randomly
generated number within the range of 0 to 1.

4.2. Parameter Update Method Based on GSM

GSM is used for the global search in the parameter space, and its definition is given as

GSM = randn x p1 X _2AX X X (27)

YPn —Yqdn +¢€

where randn represents a random number that follows a normal distribution, and € repre-
sents a small number in the range of 0 to 0.1. p; is a crucial parameter that determines the
global exploration ability of the IGBO algorithm. To obtain a better solution for the FOPID
controller parameters, a sorting algorithm is proposed to update the parameter p;, which
can be represented as

(28)

B r1/N+0.15 x randn if rand < 0.5
pr= n/N +0.15 x randn else

where 1 is an integer randomly selected from 1 to N. Furthermore, the GSM definition
is represented by Equation (29) for AX, and ypn and ygn are represented by Equation (32)
and Equation (33), respectively.

AX =rand(1: D) x |step| (29)
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Xpest — X)) +6
step = ( best 7 ’1) (30)
Xit Xit Xit Xit )
5:2><rand><< nt 721_ st 74—X,’f> (31)

where rand(1 : D) is a D-dimensional random vector, and D corresponds to the number
of parameters of the FOPID controller to be optimized. step is determined by the optimal
solution (Xpes) and the random selection vector (X;'tl) in the iterations. if is the current
number of iterations within the range 1 to Itmax, and Itmax represents the maximum number
of iterations. The variables 72, 3, and r4 represent distinct integers that are randomly
selected from 1 to N.

ypn = rand x ([Z”H;X”] + rand x AX) (32)
Yqn = rand X <[Z”+12+X”] — rand x AX> (33)
Zyi1 = Xy — randn x 2AX X Xy + DM (34)

Xworst — Xbest + ¢
DM = rand x py X (Xbest — X;f) (35)

where Xyorst represents the worst vector during the iterations. DM is the direction of
movement, guiding the individual vector towards a more optimal solution. The update
method for parameter p; is the same as p;.

According to GSM, the IGBO generates two solutions with different capabilities using
Equation (36) and Equation (37), respectively.

, , 2AX x Xit ,

X14 = X" _ yand el ke d Xpoer — X1 36
" L —ran nxplxypn_wn+£+ran ><p2><( best n) (36)
. 2AX x X't ; ;
it . _LBA A Ay it it

X2!' = Xpest — randn X p1 x ——— +rand X py X (Xr1 sz) (37)

where Equation (36) is beneficial for the global search, and Equation (37) is beneficial for
the local exploitation. Therefore, based on the solutions X1% and X2!, the IGBO generates
the next solution (Xif*1) which is defined as

xit+l — if randy < Py

n,j

Xlﬁlj if randy; <0.5
j = 1toD (38)

‘Xz;'f/]. if rand, > 05
Xit. if rand; > Py

1]

where rand; and rand, are two different random numbers, P, is the crossover probability,
and its update method is the same as p;.

4.3. ILEO

The ILEO is used in IGBO to avoid algorithms falling into local optimality. The
generation method of the ILEO vector solution can be expressed as
i ] i i : 1—it) /Itmax
XitEl = Xt + o1 (Xvestr + X' ) +02(X)7 — Xj5) if rand < S lt)z/ t (39)
Xbest + 01 (XbestZ + X]lgt) + 02 (X;tl - Xitz) else



Fractal Fract. 2024, 8, 126

10 of 19

where Xpest2 is the second best solution. X}f represents a solution that is randomly se-
lected from 1 to N. Therefore, the next generation solutions generated by the IGBO can be
represented as

; XL if  rand < LC
it+1 — ILEO

X { XL else (40)
where the term LC denotes a chaotic logistic map, and its update method is LC = 4LC(1 — LC),
and the initial LC is 0.67. The IGBO optimizes the parameters of two FOPID controllers in
the following parameter space.

u
KIL);‘JW < KPi < Kgl‘p
Kﬁow < KIi < KHP
KL < Kp; < Kp! (41)
AlLow < )\i < /\E'IP
L Up
ui < pi < g

where i = 1,2 indicates area 1 and area 2, respectively. The parameter tuning process based
on IGBO is depicted in Figure 5.

I Set parameters N and Itmax|

| Initialize IGBO vector]|

| FOPID controller {<

| Output power command |

| Interconnected Power System Model |
VO~ Afys AR,

Calculate JiTag according to equation
(18) and sort it in ascending order

| Update IGBO vector according to equation (38) |

rand < LC N

Y
| Generate next solution according to equation (40) |

Update the optimal parameter
solution and corresponding Jitag

| Output optimal parameter solution|

End

Figure 5. Parameter tuning process based on IGBO algorithm.

5. Validation and Comparison
5.1. Performance Testing of IGBO

To validate the search capability of the proposed IGBO algorithm, PSO, WOA, MDWA,
CGO, JSO, GBO, and IGBO were employed to minimize three congresses on evolutionary
computation (CEC) benchmark functions (F1(x), F2(x), and F3(x)), separately. The simu-
lations run on 64-bit Windows, which has 4 GB of memory. Set the number of iterations for
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all algorithms to 500. The test results are presented in Table 1. The convergence curves of
the three benchmark functions under different algorithms are provided in Figure 6.

(42)
i=1 \i=1
F2(x) = —20exp (—0.2 % f xf) —exp (—111 f cos(27'cxl-)> +20+e (43)
i=1 i=1
10 1
F3(x) = =[G+ (x— A4 (x— 47 (44)
i=1

where F1(x) is a unimodal standard function used to measure the exploitability of an
algorithm. F2(x) is a multimodal function used to test exploration performance. F3(x) is a
fixed-dimensional function used to demonstrate the ability to explore in low dimensions.

Table 1. Benchmark test function values for different algorithms.

Algorithm F1(x) F2(x) F3(x)
PSO 1.52 x 10~ 444 x 10715 —10.5364
WOA 0.05 444 x 10715 —10.87
MDWA 533 x 10713 444 x 10715 —3.84
CGO 8.54 x 10~ 7.99 x 10715 —10.5359
JSO 1.71 x 10724 7.99 x 10°15 —10.5364
GBO 437 x 10746 8.44 x 10716 —10.5364
IGBO 8.99 x 1073 8.44 x 10716 —10.5364
X 104 Convergence curve 20 Convergence curve
3 PSO ---JSO || PSO - --JSO
————— WOA GBO --=-=WOA GBO
MDWA ——IGBO : MDWA ——IGBO
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Figure 6. Convergence curves of the three benchmark functions under different algorithms: (a) F1(x),

(b) F2(x), (c) F3(x).
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Based on Table 1 and Figure 6, it can be observed that for the unimodal function F1(x),
the IGBO algorithm achieves a better minimum value compared to other algorithms. For
multimodal function F2(x), both IGBO and GBO obtain the same minimum value, but
the convergence speed of IGBO is faster than that of GBO. For fixed-dimensional function
F3(x), IGBO converges to the minimum value of the benchmark function earliest. The test
results indicate that the IGBO algorithm possesses high optimization capability and speed.

To test the effectiveness of the offered IGBO-FOPID-based LFC scheme in this study, a
two-area IPS LFC model is constructed according to Figure 2 in this section, and the system
parameter settings are depicted in Appendix A. The control performance of the IGBO-
FOPID-based LFC scheme is compared with existing LFC methods, including the FOPID
controller regulated through WOA (WOA-FOPID), MDWA (MDWA-FOPID), PSO (PSO-
FOPID), CGO (CGO-FOPID), JSO(JSO-FOPID), and GBO tuned PID/FOPID controllers
(GBO-PID/FOPID). The maximum number of iterations, Itn,x, for each control scheme
algorithm is set to 30, and N is set to 50. Table 2 lists the controller parameters obtained by
different LFC schemes.

Table 2. Parameters of two FOPID controllers obtained by different LFC schemes.

LFC Scheme Kpy Kp1 Kp1 A M1 Kpy Kp Kp» Az 123 Execution Time (s)
GBO-PID 68.22  385.33 2542 - - 61.77 43056 16.58 - - 3327.58
PSO-FOPID 583.84 513.51 31.38 0.97 119 46151 51246 22.13 1.15 1.21 3425.62
MDWA-FOPID  516.76 327.85  4.89 2 1.81 622.30 25.11 343 2 1.89 3404.82
WOA-FOPID 54.38 30842 10.66 0.41 1.19 30522 52531 12.62 1.17 1.32 3583.06
CGO-FOPID 589.18 507.01 28.50 0.99 122 47750 504.34 24.60 1.14 1.19 5496.67
JSO-FOPID 404.94 609.39 23.76 1.06 1.31  400.06 67212 21.70 1.13 1.45 3037.6
GBO-FOPID 385.42 519.77 1598 1.09 123 695.18 683.66 16.16 1.12 1.24 3673.43
IGBO-FOPID 54539 642.31 1148 1.02 1.62 69738 698.66 22.18 1.04 1.47 3176.52

Based on the execution times of each optimization algorithm presented in Table 2, it is
evident that the convergence speed of the IGBO has been enhanced. The LFC scheme in
Table 2 is initially tested using step load-disturbance scenarios. Subsequently, its perfor-
mance is validated under scenarios involving random fluctuations of photovoltaic and wind
power. Furthermore, the robustness of the IPS is evaluated by varying the inertia constant.

5.2. Step Load-Disturbance Test Scenarios

In this scenario, the output of renewable energy units is not considered. At 0's, 20 MW
step load disturbances, i.e., 0.01 puMW are introduced to area 1 and area 2 at the same
time. In simulation, the performances of eight different LFC schemes are compared, in
which the GBO-PID, PSO-FOPID, MDWA-FOPID, WOA-FOPID, CGO-FOPID, JSO-FOPID,
GBO-FOPID, and IGBO-FOPID-based LFC scheme are used. The response of the IPS under
step load disturbance with different LFC schemes are depicted in Figure 7.

The results presented in Figure 7 demonstrate the superiority of the FOPID controller-
based LFC scheme over the PID controller-based LFC scheme. Implementation of the
FOPID controller leads to a considerable enhancement in system frequency modulation
performance. Specifically, the FOPID controller-based LFC scheme effectively reduces the
frequency deviation overshoot and minimizes the frequency fluctuation range within the
system. Furthermore, the proposed IGBO-FOPID-based LFC scheme outperforms FOPID
controllers optimized using PSO, MDWA, WOA, CGO, ]SO, and GBO algorithms. Notably,
the IGBO-FOPID-based LFC scheme yields lower overshoot, as well as shorter settling
time to achieve system stability. These outcomes affirm that the IGBO-FOPID-based LFC
scheme significantly enhances the frequency response capability of the IPS under step
load-disturbance scenarios.
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Figure 7. Response curves of the IPS under step load-disturbance scenarios: (a) frequency deviation
in area 1, (b) frequency deviation in area 2, (c) tie line power.

To further evaluate the superiority of the proposed LFC scheme, Table 3 lists some
key performance indicators of the IPS with different LFC schemes, such as the maximum
undershoot (US), maximum overshoot (OS), integral-squared error (ISE), integral time-
multiplied squared error (ITSE), integral absolute error (IAE), and ITAE of Af1/Af/ APye12.

Table 3. Maximum US/Maximum OS/ ISE/ITSE/IAE/ITAE of system response under step load-
disturbance scenarios.

LFC Maximum US Maximum OS ISE ITSE IAE ITAE
Scheme Afy Afy AP Af Af. AP
iel2 1 2 tiel2
GBO-PID —1.10 x 1073 —1.70 x 1073 —-5.15 x 107> 497 x 1074 994 x107%  142x107% 486 x 1077 1.10 x 1077 854 x 1074 427 x 107
PSO-FOPID —5.62 x 1074 —9.19 x 107* —-1.89 x 107> 295 x 1074 523 x107%  474x107°  6.86 x 1078 7.33 x 1077 231x107%  828x 107>
MDWA-FOPID —3.71 x 1074 —4.86 x 107* —222x107° 1.34 x 1074 264 x107%  307x107° 480 x 1078 208 x 1078 402 x107% 447 x 107
WOA-FOPID -1x10°2 —9.55 x 107* —8.37 x107° 9.34 x 1075 345x 1075 591x10°¢ 779 x 1078 7.75 x 1077 282 x107%  412x107*
CGO-FOPID —6.02 x 1074 —8.54 x 107¢ —2.44 x 10°° 2.87 x 1075 429 x107%  372x107°  475x 1078 3.87 x 107 183 x107% 924 %1075
JSO-FOPID —5.27 x 1074 —7.35 x 1074 —9.39 x 1077 8.76 x 1073 110 x 107%  256x1075  245x 1078 1.01 x 107° 941x 107  593x107°
GBO-FOPID —7.24 x 1074 —9.76 x 107* —3.85x 107> 298 x 1074 864 x107%  360x107°  1.20x 1077 1.66 x 1078 3.05x 1074 993 x107°
IGBO-FOPID —3.09 x 1074 —4.72 x 1074 —6.21 x 1077 3.21 x 1073 206 %1075  951x107°¢  979x107° 687 x10710 876 x105 489 x 1075

The comparison in Table 3 showcases that the IGBO-FOPID-based LFC scheme
achieves superior values of maximum US, maximum OS, ISE, ITSE, IAE, and ITAE com-
pared to other optimization strategy. This further illustrate that the offered IGBO-FOPID
LFC scheme outperforms GBO-PID/PSO-FOPID/MDWA-FOPID/WOA-FOPID /CGO-
FOPID/JSO-FOPID /GBO-FOPID-based LFC schemes.

5.3. Photovoltaic and Wind Power Random Fluctuation Test Scenarios

The effectiveness of the IGBO-FOPID-based LFC scheme is verified under the scenario
of random power output from renewable energy sources. The output fluctuations of
photovoltaic power and wind power, as described in Sections 2.3 and 2.4, are utilized in
this section. The fluctuations are visualized in Figure 8.
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We keep the control parameters in Table 2 unchanged and use different LFC schemes
for simulation. The response of IPS under random fluctuations in photovoltaic and wind
power using different LFC schemes are shown in Figure 9. The maximum US/maximum
OS/ISE/ITSE/IAE/ITAE of Af1/Af>/APge1o results are displayed in Table 4.
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Figure 9. Response curves of the IPS under photovoltaic and wind power random fluctuation

scenarios: (a) frequency deviation in area 1, (b) frequency deviation in area 2, (c) tie line power.

Table 4. Maximum US/Maximum OS/ ISE/ITSE/IAE/ITAE of system response under photovoltaic

and wind power random fluctuation scenarios.

Maximum US

Maximum OS

Sc‘;ﬂfne ISE ITSE IAE ITAE
Afq Afp APgie12 Afy Afy APgie12

GBO-PID —445 x 1074 —2.67 x 1074 —8.04 x 1072 449 x107%  536x107%  584x107°  214x107® 995x107° 158 x 102 0.77
PSO-FOPID ~1.83 x 1074 —7.30 x 1073 —2.45 x 1072 196 x 107%  1.68x107%  163x1075  390x1077 18 x105 658 x 1073 0.32
MDWA-FOPID —2.61 x 1074 —259 x 1074 —9.84 x 107 267 x107% 249 x107% 943 x107°  335x10°° 168x10°%  262x1072 131
WOA-FOPID —281 x 1074 ~1.12x 107 —3.91 x 1072 311x 1074 217x107%  482x 107>  145x10°® 587x107° 151 x 1072 0.69
CGO-FOPID —1.74 x 1074 —7.02 x 1073 —2.25x 1072 203x 1074 148x107%  160x107°  256x107®  118x 1075  537x 1073 0.26
JSO-FOPID —~1.08 x 107 —5.72 x 107% —233 x 1072 154x107%  120x107%  150x 1075  115x 1077  480x1075 371 x 1073 0.17
GBO-FOPID —213x 107 —8.77 x 1073 —1.94 x 107 181 x107%  1.87x107%  139%x 1075  499x1077  236x107°  812x 1073 0.39
IGBO-FOPID —5.27 x 107> —4.07 x 1073 —1.55 x 107 896 x 107  825x107°  125x107°  525x107%  191x10°° 255x1073 0.11
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In Figure 9, one can find that the effectiveness of the offered IGBO-FOPID-based LFC
scheme in regulating the IPS under scenarios involving random fluctuations in photovoltaic
and wind power. Notably, the system incorporating the IGBO-FOPID-based LFC scheme
exhibits smaller frequency fluctuations in two areas when compared to GBO-PID/PSO-
FOPID/MDWA-FOPID/WOA-FOPID/CGO-FOPID/]JSO-FOPID /GBO-FOPID-based LFC
schemes. Additionally, the comparison presented in Table 4 reveals that the IPS perfor-
mance with the IGBO-FOPID-based LFC scheme outperforms that of GBO-PID/PSO-
FOPID/MDWA-FOPID/WOA-FOPID/CGO-FOPID/]JSO-FOPID /GBO-FOPID-based LFC
schemes in terms of maximum US, maximum OS, and various performance indicators.
These findings highlight the superior anti-jamming capabilities of the proposed IGBO-
FOPID-based LFC scheme compared to other LFC methods. Thus, the proposed LFC
scheme is highly suitable for multi-source IPS applications incorporating renewable en-
ergy sources.

5.4. Robustness Analysis

Robustness refers to the system’s ability to withstand disturbances such as uncertain-
ties and parameter variations. In engineering control, robustness is utilized to evaluate
the control method’s capability to maintain stability in the face of various uncertainties.
To evaluate the robustness of the proposed IGBO-FOPID-based LFC scheme in this study,
the inertia constant of the IPS model was reduced by 25% and 50% from its nominal value.
The parameters of the system after the change in inertia are provided in Appendix B. The
controller parameters in Table 2 remained unchanged, and GBO-PID, GBO-FOPID, and
IGBO-FOPID-based LFC schemes were tested, with the results presented in Figure 10,
Figure 11, and Figure 12, respectively.
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Figure 10. Response curves of the IPS for different inertia constants when using GBO-PID-based LFC
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Figure 11. Response curves of the IPS for different inertia constants when using GBO-FOPID-based
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From Figure 10, it can be observed that when the inertia constant of the IPS is reduced
by 25%, the system response obtained from the LFC scheme based on the traditional PID
controller can still maintain stability, albeit barely. However, when the inertia constant
is reduced by 50%, the system response obtained from the GBO-PID-based LFC scheme
becomes unstable. This indicates that the traditional PID controller-based LFC scheme is
not robust when faced with significant changes in the parameters of the IPS.

From Figures 11 and 12, one can see that the system response obtained from the LFC
scheme based on the FOPID controller remains consistent before and after the change in
inertia constant. This illustrated that the FOPID controller-based LFC scheme has excellent
robustness when facing significant changes in the parameters of the IPS. Additionally, the
proposed IGBO-FOPID-based LFC scheme exhibits better frequency stability compared
to the GBO-FOPID-based LFC scheme, further demonstrating that the proposed IGBO-
FOPID-based LFC scheme can enhance the system’s robustness.

6. Conclusions

This study presents a novel LFC scheme based on the IGBO-FOPID controller to
address frequency fluctuation issues in an IPS involving renewable energy generation
units. The LFC scheme is tested under two scenarios: step load-disturbance test sce-
narios and renewable energy sources random fluctuation test scenarios. The test results
indicate that the IPS response obtained by the proposed LFC scheme outperforms the
existing literature’s PSO/WOA /MDWA /CGO/]JSO-optimized FOPID and GBO-optimized
PID/FOPID controllers. Compared to the aforementioned LFC scheme, the IGBO-FOPID-
based LFC scheme demonstrated significant advantages in achieving the minimum values
of US/OS/ISE/ITSE/IAE/ITAE. Finally, the robustness of the proposed LFC scheme is
analyzed by evaluating its performance with a 25% and 50% decrease in the inertia constant
of the IPS. The evaluation results demonstrate that the proposed IGBO-FOPID-based LFC
scheme maintains robust performance under nominal conditions, as well as with varying
IPS inertia constants. In the future, this study may consider the latency of the system and
adopt updated optimization techniques to design LFC schemes suitable for more complex
modern interconnected power systems.
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Appendix A. Data of the Two-Area IPS

Thermal power plant: Tg = 0.08 (s), Tt = 0.3 (s), Rt =2 (Hz/pu), Tr =10 (s), K = 0.5.

Photovoltaic power generator: Kpy =1 (Hz/pu), Tpy = 1.8 (s).

Hydro power generator: Tg =5 (s), Trg = 0.513 (s), Tgy = 48.7 (s), Tw = 0.5 (s),
Ry =24 (Hz/pu).

Wind power generator: Kwrg =1 (Hz/pu), Twrg =1.5(8). Tpwz =0.041(s), Tpw1 = 6 (s),
Kpw1 =1 (Hz/pu), Kpwz = 1.75 (Hz/pu), Rw =2 (Hz/pu).

Gas power generator: cg =1(s), bg =0.049 (s), Xc =0.6 (s), Yc =1.1(s), Rg = 2.4 (Hz/pu),
Ter =0.01 (s), T =0.239 (s), To.q = 0.2 (s).

Hydrogen storage unit: Kyag = 0.002 (Hz/pu), Tyag = 0.5 (s), Krc = 0.01 (Hz/pu),
TFC =4 (S)

IPS: B = 0.425 (pu/Hz), Ty = 0.087 (pu/rad), Tps = 20 (s), Kps = 100 (Hz/pu).
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Appendix B. Data of the Two-Area IPS when the Inertia Changes

Inertia reduced by 25%: B = 0.319 (pu/Hz), Tps = 16 (s), Rw =2.5 (Hz/pu), Rt = 2.5 (Hz/pu),
Rn =25 (Hz/pu), Rg =2.5 (Hz/pu), Ry =3 (Hz/pu).

Inertia reduced by 50%: B = 0.213 (pu/Hz), Tps = 10 (s), Rw =3 (Hz/pu), Rt =3 (Hz/pu),
Rn =3 (Hz/pu), Rg =3 (Hz/pu), Ry = 3.6 (Hz/pu).
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