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Abstract: This paper proposes a new cascaded fractional-order controller (CC-FOC) to solve the load
frequency control (LFC) problem of an interconnected power system. The CC-FOC consists of a three-
degree-of-freedom fractional-order proportional-integral-differential (3DOF-FOPID) controller and
a fractional-order proportional-integral (FOPI) controller. Each area of the two-area interconnected
power system in this study consists of a thermal unit, a hydro unit, a diesel unit, and a doubly-fed
induction generator (DFIG). The enhanced particle swarm optimization (PSO) and gravitational
search algorithm (GSA) under the chaotic map optimization (CPSOGSA) technique are used to
optimize the controller gains and parameters to enhance the load frequency control performance
of the cascade controller. Moreover, simulation experiments are conducted for the interconnected
power system under load perturbation and random wind speed fluctuations. The simulation results
demonstrate that the proposed cascaded fractional-order controller outperforms the traditional
proportional-integral-differential (PID) controller and three other fractional-order controllers in terms

of LFC performance. The suggested cascade controller displays strong dynamic control performance
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the increasingly severe environmental and climate problems, governments are exploring
the development path of renewable energy sources [1]. Wind power, a common type of
renewable energy, has been strongly developed for its environmental friendliness and

economy [2,3]. However, as the renewable power represented by wind power joins the grid,
the penetration of renewable energy gradually increases while reducing the load frequency
control (LFC) capability of the power system [4]. However, it is well known that frequency
is critical in the stable running of a power system, and severe system frequency fluctuations
and deviations can adversely affect the users within the power system [5]. So, it is vital to
design an efficient load frequency controller to ensure that the power system frequency is
maintained in a safe range [6,7].

Many researchers and scholars also work on enhancing the frequency stability of power
systems and propose various LFC techniques. Examples include the fuzzy controller [8],
sliding mode controller [9], model predictive control (MPC) [10], robust controller [11],
and neural network [12]. The straightforward design structure of traditional proportional-
integral-differential (PID) controllers makes them popular in LFC power systems. However,
the control capability of traditional PID controllers is insufficient in the face of severe
disturbances like sudden load disturbances or wind power fluctuations [13]. For this
40/). problem, many researchers choose to use metaheuristic algorithms such as the imperialist
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competitive algorithm (ICA) [14], honey badger algorithm (HBA) [15], and ant crow search
algorithm (CSA) [16] on the one hand to optimize PID controllers and thus enhance the
LFC performance of power systems.

On the other hand, some modifications are made to the PID controller structure. The
literature [17,18] proposes combining the PID controller with a fuzzy logic controller, which
enhances the frequency control of the interconnected hydro-thermal power system in two
areas. In contrast, the literature [19] has proposed fractional order PID (FOPID) controller
to improve the LFC capability of the electrical system. Compared with the conventional
PID controller, the FOPID controller has two degrees of freedom for fractional-order in-
tegration and fractional-order differentiation, which makes it more beneficial to reduce
the steady-state error of the system, reduce high-frequency noise, and suppress output
disturbances [20]. In the literature [21], the FOPID controller parameters were optimized
using the bald eagle optimization algorithm (BEO) to enhance the system’s reliability
and keep the system frequency in the specified range under different load perturbations.
The literature [22] proposes optimizing the FOPID controller parameters in a four-area
interconnected power system containing electric vehicles using a hybrid differential evolu-
tionary particle swarm algorithm (DEPSO). The simulation results illustrate that the FOPID
controller has good system frequency control capability.

However, in the face of the increasingly complex power system and the uncertainty
brought by renewable energy into the grid, there is an urgent need for load frequency
controllers in the electrical system to have stronger disturbance immunity and robustness.
In order to improve the dynamic response of the two degrees of freedom fractional-order
PID (2DOE-FOPID) controller, the literature [23] suggests increasing the degrees of free-
dom of the FOPID controller and using a quasi-oppositional based salp swarm method
(QSSA) to optimize the controller settings. In the literature [24,25], a three degrees of
freedom fractional-order PID (3DOF-FOPID) controller is proposed for increasing the fre-
quency reliability of regional interconnected electric systems and is compared with the
3DOF-PID controller as well as the 2DOF-FOPID controller to verify the properties of
3DOEF-FOPID controller.

In addition, cascade controllers show more outstanding performance in terms of im-
munity, robustness, and flexibility than individual controllers [26,27]. The literature [28]
uses a chaotic game algorithm for a cascaded FOPID-FOPI controller and tests the non-
linearity of the generator rate constraint in a multi-region interconnected power system.
The literature [29] proposes using a cascaded FOPI-FOPTID controller and, thus, the LFC
performance of power systems containing energy storage devices. It demonstrates the
role of energy storage devices in stabilizing the system frequency. In the literature [30], an
improved squirrel search algorithm was proposed to optimize the cascaded FOPID-TID
controller parameters and used to improve the LFC capability of a wind-diesel electri-
cal system. The controller performance in LFC problems relies on metaheuristic algo-
rithms for parameter optimization, and appropriate optimization algorithms are needed to
find the optimal controller parameters. However, metaheuristic algorithms such as PSO,
biogeography-based optimization (BBO), and differential evolution (DE) have drawbacks
such as premature convergence and local optimal solutions. Power system LFC still re-
quires the application of a robust optimization algorithm to improve the stability control
of the power system. The improved PSOGSA algorithm under chaotic map optimization
(CPSOGSA) algorithm is an improved population intelligence algorithm on PSOGSA under
chaotic optimization, which combines the advantages of both PSO and GSA algorithms and
has shown high optimization efficiency and optimization accuracy on different engineering
applications [31,32].

Therefore, the main work of this study is to optimize the gain and parameters of the
cascaded 3DOF-FOPID-FOPI controller using the CPSOGSA algorithm to improve the LFC
of the power system effectively. Thus, the interconnected power system can recover quickly
to the given frequency under load disturbance and wind speed fluctuation. Simulation
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experiments are conducted to demonstrate the excellent control capability of the proposed
cascaded fractional-order controller. The following are the main contributions of the study:

e  Anovel cascaded 3DOF-FOPID-FOPI controller is proposed for the first time to solve
the load frequency control problem of a two-area interconnected electric power system.

e  Theapplication of the CPOSGSA algorithm is extended to the load frequency control of
a two-area interconnected power system through the optimal selection of gains and pa-
rameters of the cascade controller by the superior performance CPSOGSA algorithm.

e  The DFIG power fluctuations due to stochastic wind speed are considered in addition
to load perturbations in the area interconnected power system to verify the control
performance of the controller in a more realistic scenario.

e  The robustness of the proposed cascaded fractional-order controller is well illustrated
by performing a sensitivity analysis under various conditions.

The remaining work in this study is as follows:

The comprehensive mathematical model of doubly-fed induction generator (DFIG)
used for the study is highlighted in Section 2, together with the load frequency model of
the regionally integrated power system. Then, in Section 3, it is explained that the control
structure of the proposed cascaded fractional-order controller (CC-FOC) is introduced, as
well as the approximate implementation of the fractional-order calculus operator. Section 4
details the implementation principle of the optimized cascade controller gains using the
CPSOGSA algorithm and its iterative process. In Section 5, several simulation tests are
carried out for the interconnected system to compare the performance of each controller
and show how well the proposed cascaded fractional order controller controls the system.
Finally, Section 6 concludes the study.

2. Systems Investigated

The model of the two-area interconnected power system adopted in this study is
illustrated in Figure 1. In the given test system, each area contains a thermal unit, hydro
plant, and diesel generator set with an integrated DFIG-driven wind energy conversion
system, where the installed capacity of the wind turbines is 10% of the total installed
capacity of the system. The synchronous unit output dominates the system frequency
adjustment process. DFIG participates in part of the power system frequency adjustment
through inertial response to reduce the synchronous frequency regulation pressure. With
the fluctuation of load disturbance and wind power active output in the interconnected
power system, the regional frequency of the power system constantly changes. In extreme
circumstances, it could risk the security of the electrical system. As a result, the CPSOGSA
method parameters optimize the CC-FOC of each area to ensure that the frequency (Afj,
Af>) and the pull-line power deviation (AP;;,) of each area are within the legal bounds of
the system. In addition, the following subsection discusses the mathematical model of
DFIG used in the regional interconnection system. The system parameters involved are
shown in Appendix A.

DFIG and Its Additional Frequency Response Model

The model structure of DFIG used in this study and its participation in the droop
control principle of the system frequency response is shown in Figure 2. Among them, the
output power of the wind turbine is closely related to the wind speed, and the relationship
between the mechanical power of DFIG and the actual wind speed could be denoted by
Equation (1).

A
Py = (Qcp,opt)vz% (1)
N
where p is the density of air, Sy represents the rated power of the wind turbine, A, is the

wind turbine blade area, and V;, represents the actual wind speed, Cp,opt is the optimal
wind energy utilization factor.
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Figure 1. Two-area interconnected power system.
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Figure 2. DFIG structure control block diagram.

The wind energy utilization factor C;, of the wind turbine is given in Equation (2).

Cp(A,B) =)} wijp'V @)

i=0j=0

where «; ; is the polynomial coefficient, § is the pitch angle, and A is the blade tip speed
ratio. A is defined as shown in Equation (3).

Rawet

/\:wo v
w

®)

where wy; is the DFIG rotor speed input, wy is the DFIG rotor rated speed in m/s, and R is
the wind turbine blade radius.

The relationship between the reference speed and the electromagnetic power of the
wind turbine is given by

Wrop = —0.67Po¢ + 1.42P,¢ + 0.51 @)
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where P, is the DFIG measured electrical power, w,, is the reference speed for maximum
power tracking.

The additional frequency response of the wind turbine consists of three parts: fre-
quency measurement module, washout filtering module, and droop control, where the
transfer function of the frequency measurement module is given by

1

Afm = TTRlsAf )
washout filter module: T
r wlS
Afm_ 1+Tw15Afm (6)
droop control:
AP = KAf), @)

where Tg; is the frequency measurement module time gain, Ty is the washout filter
gain factor, Ky is the sag control gain, and AP, is the active power variation of the DFIG
additional frequency response.

3. Cascade Fractional Order Controller Design
3.1. Implementation of Fractional Calculus

Fractional calculus is a non-integer order calculus, and the fractional order definition
has several formulations in various viewpoints. The following equation introduces a
unified fractional order calculus operator.
% x>0
Dy, = 1m i a=0 a€R 8
[, (d7) <0

where D is the fractional order calculus operator, m and vy are the up and down bounds of
the calculus operator, respectively, and a« denotes the order of the fractional order operator.

The most popular fractional-order calculus operator is the one defined by the Riem
ann-Liouville theorem. Equations (9) and (10) demonstrate the definitions of the integral
operator and the calculus.

ey Loodtmo f(o)
YDmf(t)—mﬁ/v WdT,n—l<a<nn€R )
Dif ) = 5 [ (=7 p(o)ae (10)

where n denotes the order of the calculus operator for fractional orders and I'(+) is the
Eulerian Gamma function.

While the fractional-order controller under the Riemann-Liouville definition can
accurately calculate the fractional-order calculus value for a given signal, it is challenging
to implement in a practical system. In contrast, the Oustaloup filter can approximate the
fractional-order calculus operator well within a specific frequency interval (wr, wp) and at
order Ny.

dwgy ds2 — bwys
& 11
S~ () GA Tt + bwps +da O (1)
Gp, wg, and w,i can then be calculated from Equations (12) and(13) as follows:
N¢ /
s+ w
6= 11 ok 12

k=—N; S + wg
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a+2k a—2k
wa 2Nf+T , bwL 2Np+

wy = (7) Wy = (7) (13)

In the above Equation d = 9, b = 10, the frequency interval is [0.001,1000], N = 5.

3.2. Cascade 3DOF-FOPID-FOPI Controller

In this study, a CC-FOC is devised to enhance the LFC efficiency of the interconnected
system and reduce the system frequency changes brought on by load disturbances and wind
fluctuations. The structure block diagram of the cascade controller is shown in Figure 3.
The designed cascaded fractional order controller comprises two parts, a 3SDOF-FOPID
controller and a FOPI controller, connected by cascading.

Figure 3. Cascade 3DOF-FOPID-FOPI controller structure block diagram.

3.2.1. 3DOF-FOPID Controller

The dynamic performance of the multi-degree-of-freedom controller facilitates better
suppression of system oscillations. The 3DOF-FOPID controller, in its traditional form,
consists of three parts, which serve to increase the closed-loop stability of the controller and
reduce external disturbances through the closed-loop response. The following equation
gives the output response of the 3DOF-FOPID controller.

U (s) = >}R<s
—foKP foKDsg( i’sg )}D(s)
where 7, , are the integral gain and differential gain.
3.2.2. FOPI Controller
Kp
U(s) = {Km +— }U1( ) (15)

The linear inequality for the parameter boundaries of the cascade controller is given by

Kl’n].l’l < KP < Kmax Kmm < KPl Kmax

Krmn < KI < Kmax Krmn < KIl < Kmax

Km].l’l S KD S Kmax ’]mm S ;7 S 17maX ’7?1111 S ’71 S Uinax (16)
mm < < max min < < max min < < max

S A S A e

ff ff ff

where min is the minimum value of the cascade controller gain and max is the maximum

value of the cascade controller gain. For the new cascade controller, there is no definite

method to determine these values at the beginning of the controller design [33]. To enhance

the reliability of the interconnected area power system and obtain better parameter opti-

mization, the range of controller gains Kp, Kj, Kp, Kp1, and Ky take values in the range of
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0to 2. The values of 7, 1, ¢, and G ff are in the range of 0 to 1. Pf and D f take values in the
range of 0 to 3. The value range of N is from 10 to 200.

4. The Proposed CPSOGSA Algorithm

This section will first discuss the particle swarm optimization (PSO) algorithm and
the gravitational search algorithm (GSA) that make up the CPSOGSA algorithm, explain
the principles and mathematical expressions of the two algorithms, and then introduce the
chaotic mapping and its parameter search process in the CPSOGSA algorithm in detail.

4.1. Particle Swarm Optimization

Based on the biological behavior of a flock of birds seeking food, Kennedy et al.
introduced the PSO algorithm, an intelligent optimization technique [34]. The core idea of
the algorithm is to use particles to mimic individual birds, with the position of each particle
being a potential solution to the problem. Each particle in the current particle swarm
maintains its optimal solution information during the search process, while the particle
swarm maintains the population’s optimal solution information. The velocity and position
of each particle in the current particle swarm are updated continuously throughout the
optimization solution process. The iterative search procedure is halted, and the optimum
solution is produced when the predetermined number of iterations or population ideal
solution accuracy is obtained. The particle of the particle swarm updates for location and
velocity are provided by

vi(t+1) = wo;(t) + ¢y -rand-(pbest; — p;(t)) + cp-rand-(gbest; — p;(t)) (17)
pi(t+1) = pi(t) +oi(t +1) (18)

where v;(t) and p;(t) are the velocity and position of particle 7, respectively, c; and c; are the
particle’s population learning factor as well as its learning factor, respectively, w represents
the inertia factor, and rand represents the random number with the interval at [0, 1].

4.2. Gravitational Search Algorithm

The design idea of GSA is derived from the law of gravitation in physics [35]. In GSA,
the positions of particles orbiting in space are considered solutions to the optimization
problem, and each particle interacts with the other through universal gravity. The position
of that particular particle is the best answer to the optimization issue because, under the
influence of gravity, all particles will eventually move toward the individual particle with
an enormous mass. Assuming that there are N individuals in the initial population of GSA,
the position of the ith individual in space can be defined as shown in Equation (19).

pi=(pi,...p5,...p"i=12,...N (19)

where p; is the position of the ith particle in the cth dimension and # is the specified
dimension of the ith particle. At the t moment, the mass of the particle is given by

_ fiti(t) — worst(t)

mit) = best(t) — worst(t) 20
Mi(t) = A;”i (21)
El m;(t)

where fit;(t) is the fitness value of particle i at time £; m;(t) is the mass of particle i at time
t; best(t), worst(t) are the optimal fitness value and the worst fitness value of all particles
at time ¢, respectively, and are defined accordingly as follows:

best(t) = minfit:(t)i € {1,2,... N} (22)
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worst(t) = maxfit;(t)i € {1,2,...N} (23)

This paper is a minimization problem for the optimal control of the system load
frequency, so the calculation method of this adaptation degree is used.

At the moment t, the universal gravitational force between the particle i and the
particle j in the cth dimension is

M;(t)M;(t)

C __
Pij o G(t) Ri]'(t) +¢&

(pi(t) = pi(t)) (24)

where G(t) and R;(t) are the universal gravitational constant at the moment of ¢ and
the Euclidean distance between particle i and particle j, respectively, and ¢ is a very
small constant.

Then the total force exerted on particle i is given by

N
Fi(t)= ) rand;Fi(t) (25)
j=Lj#

where rand; represents a random number of [0, 1].

In each iteration of the GSA algorithm, each particle updates its next-generation veloc-
ity v¢(t + 1) and position p¢(t 4 1) according to the acceleration af(t), which is calculated
as follows:

ai (t) = Ff (t)/ M;(t) (26)
i (t +1) = rand;v; (t) (27)
pilt+1) = pi(t) +oi(t+1) (28)

GSA will update the particle velocity and position throughout the optimization search
process and then calculate the gravitational force of each particle. After several iterations,
the individual particles with higher masses will get better positions and keep gathering
other particles. The optimal solution will be output when the number of iterations reaches
a predetermined value.

4.3. Improved PSOGSA Algorithm under Chaotic Map Optimization (CPSOGSA)

The hybrid PSOGSA algorithm comprises two parts, PSO and GSA, and its equations
of motion are shown in Equations (29) and (30).

vi(t + 1) = wo;(t) + ¢'1-rand-(pbest; — p;(t)) + ¢'o-rand-(gbest; — p;(t)) (29)

pi(t+1) = pi(t) +vi(t+1) (30)

Chaos, as a nonlinear system with complex behavior and random characteristics,
is very sensitive to initial conditions. Due to its disorderly and ergodic characteristics,
chaos can be traversed through all the state points in the chaotic area in a finite time.
Therefore, the hybrid PSOGSA algorithm is optimized using the chaotic mapping method
to improve the convergence speed of the algorithm while preventing the particle position
from converging and jumping out of the optimal local solution in time. Therefore, this
paper adopts the method of chaotic mapping instead of random numbers to calculate the
total force applied to the particles, thus improving the GSA algorithm’s local search ability
and convergence speed.

The total force of particle i using the chaotic mapping method is calculated as shown
in Equation (31).

EM= Y COHE® (1)
je(k)best,j#i

where C(t) is the value of the function generated using a one-dimensional chaotic mapping.
Table 1 shows the ten functions used to generate chaotic mappings in this paper [36,37],
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none of which have random numbers and do not generate values between 0 and 1 but are
simply normalized to the same scale. Figure 4 shows the chaotic curves generated using the
chaotic mapping function, which changes according to the number of iterations. Simulation
tests of the PSOGSA algorithm optimized by these 10 chaotic map mapping functions are
conducted in the literature [31]. The simulation results show that the PSOGSA algorithm
under Sinusoidal chaotic map optimization has the best convergence speed and smaller
fitness values. Therefore, Sinusoidal chaotic maps are chosen to optimize the PSOAGSA
algorithm in this study. In addition, the parameter settings of the CPSOGSA algorithm in
this study are given in Appendix A.

Table 1. The chaotic maps function.

No. Chaotic Map Function Range
1 Chebyshev Y1 = cos(kcos™1(yt)) [-1,1]
2 Circle Yi+1 = mod((ys + g — (e/2m) sin(27ty)),1)e = 0.5,g = 0.2 [0,1]
3 Gauss/Mouse _ )1 yr=0 [0,1]

Y1 = L otherwise
mod(y,1)
4 Iterative Yir1 = sin(ert/ys) e = 0.7 [—1,1]
5 Logistic Yir1=eyr(l—y)e=4 [0,1]
S ¥ 0<y <K
6 Piecewise B gé—j[(( 0<y <K K — o4 [0,1]
Y41 = Koy <« <K =Uu
sk 0=y s
B o<y <K
7 Sine Vi1 = §sin(my;) e =4 [0, 1]
8 Singer Y1 = T(7.86y; — 23.31y> + 28.75y,> — 13.302875y;*) t=1.07 [0, 1]
9 Sinusoidal Yip1 = eytz sin(7ry;) e = 2.3 [0,1]
& <07
10 Tent Yisr = ? Yt [0,1]

Chebyshev map Clrcle map Gauss/mouse map Iterative map Logistic map

WD

c(t)
—

05

| i = i

50 100 0 50 100 0 50 100 0 50 100 0 50 100
Itel ation Iteration Iteration Iteration Iteration
I;iecewise map Sine map 1Singer map S]inusoidal map 1 Tent map

B =)

0 0 :
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Iteration Iteration Iteration Iteration Iteration

(t
=)
W

£05 205 £05 g W
0.5

Figure 4. Chaotic mapping image curve.

The time multiplied squared error (ITSE) is used in this study as the performance
indicator and goal function for assessing the LFC of the system, and CPSOGSA is used to
tune and optimize the relevant CC-FOC system parameters. The system objective function
is shown in Equation (32).

T
]:fME:mmA(mﬁF+mﬁF+mmﬁwt (32)
In comparing the controller performance, the CPSOGSA algorithm will be used to

optimally iterate each controller parameter with Equation (32) as the objective function. The
algorithm’s optimization search process for the controller parameters is shown in Figure 5.
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Figure 5. Flow chart of algorithm optimization.

5. Simulation Analysis

As illustrated in Figure 1, the frequency model of the two-area interconnected power
system containing DFIG is built based on the R2021b MATLAB/SIMULINK environment
in this study, and the proposed cascaded 3DOF-FOPID-FOPI controller is simulated and
verified. This section will use load perturbation and wind speed fluctuation to simulate
the interconnected electrical system. The LFC performance of several controllers is then
compared, and the robustness of the CC- FOC is evaluated. In addition, to illustrate the
excellent performance of the CPSOGSA algorithm on parameter search, the parameters of
the CC-FOC in the system will be iteratively searched for using DE, PSO, GSA, CHGSA, and
CPSOGSA, respectively. Whereas with the CPSOGSA algorithm, the number of particles is
fixed at 50, and the procedure has 100 iterations overall.

5.1. Scenario 1 Effect of Different Load Perturbations

In this subsection, two operating conditions are included, the first is a +2% load
disturbance in area 1 of the interconnected regional system at t = 0 s, and the second is a
+2% load disturbance and a +4% load perturbation in areas 1 and 2 of the interconnected
regional system at t = 0 s, respectively. The gains of the cascaded 3DOF-FOPID-FOPI
controller, 2DOF-FOPID controller, FOPID controller, and PID controller are optimized
based on the CPSOGSA algorithm to compare the control performance of each controller
under load perturbation.

Under a +2% load perturbation in area 1, Table 2 illustrates the optimal gain for
each controller in the regionally interconnected system based on the ITSE fitness function.
Figures 6 and 7 illustrate the response curves of the system frequency deviation and contact
line power deviation under different load disturbance conditions, respectively. Table 3
shows the values of undershoot (US), overshoot (OS), settling time (T;), and objective
function (ITSE) for the system under different controllers. Settling time is defined as a
tolerance range of 0.002%. According to Table 3, when the controller gains are optimized
and the CPSOGSA algorithm is used, the cascaded 3DOF-FIPID-FOPI controller performs
considerably outperforming the other four controllers. In the case of +2% load perturbation
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in area 1, for the maximum drop US of Af;, the CC-FOC reduces 70.41%, 84.07%, 92.29%,
and 89.71% compared to the 3DOF-FOPID controller, 2DOF-FOPID controller, FOPID
controller, and PID controller, respectively. In addition, for the maximum overshoot
OS of Afy, the CC-FOC reduces 72.33%, 66.43%, 88.53%, and 96.80% compared to the
3DOF-FOPID controller, 2DOF-FOPID controller, FOPID controller, and PID controller,
respectively. For the settling time T; of Af;, the CC-FOC well reduces the settling time of
frequency recovery under the specification of the objective function. CC-FOC decreases the

settling time of frequency recovery by 76.26%, 76.70%, 85.33%, and 88.22%.

Table 2. Gains of each controller parameter.

Controller Unit Kp K; Kp 7 4 Py Dy Gy N Kpp Knn M
thermal 2 0 2
PID hydro 2 0 2
diesel 2 2 2
thermal 2 2 2 0 0.9036
FOPID hydro 0.1677  1.8687 2 0 0
diesel 2 2 2 0 0
SDOF thermal 1.9112 2 2 0 0.2920 0.0402 2.9999
F OPID_ hydro 0.9487 0 0 0.0037 0.5265 0.3364 0
diesel 2 2 2 0.0845 0.3382 3 3
3DOF thermal  1.9999 2 2 0 1 2.9910 3 1 46.5761
F OPID- hydro 1.2494 19858 0.1133 1 0.5932 22241 29977 0.9536 188.0323
diesel 2 2 2 0.0857 0 3 2.9998 1 143.5195
thermal 2 0 2 0.9913 0.9186 3 3 0.0836 64.6058 2 2 0.0386
CC-FOC hydro 2 0.0646 0 0.8879  0.9994 0 2.993 0 108.3272 0.3344 0  0.6158
diesel 1.9994 19992 1.9996 0.1592 0 2.9972 29975 1 104.8120 2 2 0
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Figure 6. Dynamic performance under Area 1 2% load disturbance (a) Af, (b) Af,, and (c) APy,.
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Figure 7. Dynamic performance at 2% load disturbance in area 1 and 4% load disturbance in area 2
(@) Af1, (b) Afz, and (c) APye.

Table 3. Overshoot/Undershoot and Settling time of state variables for 2% load disturbance in area 1.

Af1 Afz AP,
Controller  175,10-3  O§x10~3 T, USx10-3  0Sx1073 T, USx10~3  0Sx1073 T, ITSEx10°
(Hz) (Hz) (sec) (Hz) (Hz) (sec) (Hz) (Hz) (sec)

PID 141 03 10.78 —026 0.1 13.2 —025 0.132 10.5 2.88

FOPID ~1.88 0.0837 8.66 —0.24 0.0078 5.46 02 0.005 621 0.79
2DOF-FOPID —091 0.0286 5.45 —0.074 0.001 4.65 ~0.08 0 5.65 0.122
3DOF-FOPID ~0.49 0.0347 535 ~0.0723 0.0026 425 00745  0.00223 445 0.098
CC-FOC ~0.1452 0.0096 1276 ~0.0230 0.0008 1.976 ~0.0209 0.0006 1.576 0.0078

5.2. Scenario 2 Wind Speed Fluctuations

The frequency stabilization of the connected regional system comprising DFIG is
simulated and confirmed under stochastic wind speed conditions to validate the control
performance of the cascade controller in a more realistic setting. The random wind speed
of the wind turbine in area 1 is illustrated in Figure 8a, and the resulting active output of
the DFIG is shown in Figure 8b. Under the influence of stochastic wind speed, the zone
frequency and contact line power of the interconnected power system also change, and the
corresponding dynamic response curves are shown in Figure 9. The LFC performance of
the CPSOGSA-optimized cascade controller is much better than the other four controllers,
as illustrated by the variation curves of system frequency and contact line power under
random wind speed fluctuations in area 1.
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Figure 9. Dynamic performance of the system under random wind speed fluctuations. (a) Afj,
(b) Afp, and (c) AP,

5.3. Scenario 3 Comparison of Different Optimization Algorithms

The primary purpose of this subsection is to illustrate the excellence of the CP-
SOGSA algorithm in optimizing the cascade controller parameters. For this purpose,
CPSOGSA is compared with four other algorithms. Individual algorithms are used to
optimize all parameters of the proposed cascade controller in the presence of the same
operating disturbance.
The iterative process of the various algorithms is reflected in Figure 10a, and it can be
seen that CPSOGSA converges faster than the other four algorithms and has a smaller fitness
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value, i.e., the controller parameters found are better. However, the convergence speed
and fitness value of PSO and GSA could be more satisfactory and even fall into the local
optimum. Figure 10b—d show the frequency variation curves of the regional interconnected
power system and the dynamic response curves of the contact line power deviation obtained
by different algorithms for the cascade controller when the interconnected regional system
faces the same disturbances. From the dynamic response results of the system, it is known
that the cascade controller under CPSOGSA optimization exhibits better system frequency
control capability.

PSO CHGSA
10 DE CPSOGSA
GSA
2 10—()
g
Z
107 | | | | |
] -7 i CPSOGSA ||
CHGSA
8 [ [ GSA
10 ] -9t : PSO
DE
0 20 40 60 80 100 -10 : . !
Iteration 0 5 10 15 20 25 30
Time(s)
(@) (b)

CPSOGSA
CPSOGSA CHGSA
—6r CHGSA GSA
GSA PSO
-7 T PSO DE
DE -16
-8 ! 0 5 10 15 20 25 30
0 5 10 15 20 25 30 Time(s)

Time(s)
(© (d)

Figure 10. Algorithm iteration curve and dynamic system response (a) iterative process of different
algorithms, (b) Afi, (c) Afp, and (d) APy,.

5.4. Scenario 4 Load Perturbation and Internal Parameter Changes

The robustness of the load frequency controller is important for the system, so this
subsection will reflect the robustness of the proposed cascade controller by varying the load
perturbation and system parameters in a simulation environment for sensitivity analysis.
The load perturbation circumstances and system parameters are altered between +25%
and —25% of their nominal values in the simulated evaluation of the controller resilience.
Figure 11 shows the frequency dynamic response of area 1 under varying load disturbance
and system parameters such as the time constant of the hydropower plant (Ty,), frequency
bias parameter (B), droop governor characteristic (R), stiffness coefficient (T7,), and power
system time constant (Tp). From Figure 11a,b, we can learn that the load disturbance and
the system parameter B have some influence on the stabilization of the system frequency,
among which the influence of the load disturbance change is the most obvious, but the
LFC performance of the system is still very good. The impact of the change of other system
parameters in the range of £25% on the system frequency deviation is negligible, which
fully illustrates the robustness of the proposed cascade controller.
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Table 4 gives the US/OS and settling time of the frequency deviation and tie-line
deviation for areas 1 and 2 under load perturbation and different system parameter changes.
Taking B as an example, with a +25% increase in B, the US of Af;, Af,, and AP, only
changes by 8.61%, 16.52%, and 7.17%, the overshoot of Afj, Af1, and AP, only changed by
9.38%, 20%, and 0, respectively, and the settling time of Af;, Af;, and AP;;, only changed by
1.276%, 23.86%, and 7.68%, respectively. All the results illustrate the excellent robustness of
CC-FOC under CPSOGSA algorithm optimization.

Table 4. Frequency deviation and tie-line power deviation under sensitivity analysis.

o Af) Af, APy,
Controller (. hge USX1073 0Sx10® T,  USx10°% 0Sx10°3 T,  USx10° 0Sx10% T,  ITSEx10°°
(Hz) (Hz) (sec) (Hz) (Hz) (sec) (Hz) (Hz) (sec)

Nominal 0 —01452 0009 1276  —0.0230 00008 1976  —0.0209 00006 1576 0.0077
Loading +25 —01816 00119 1327  —0.0290 00009 2505  —0.0261 00008 2255 0.0122
condition 25  —01089 00071 1142  —00017 00006 1192  —0.0156 00005  1.142 0.0044
B = 0.5390 +25 —01327 00087 1255  —0.0192 00006 1505 —0.0194 00006 1455 0.0066
B =0.3234 25  —01610 00105 1254  —0.0286 00010 2339  —0.0226 00071 1789 0.0094
R=3 +25 —01439 00094 1279  —0.0227 00078 1929  —0.0207  0.0064 1529 0.0077
R =1.8000 -25 —0.1466 0009 1277  —0.0236 00081 2027  —00210 00065  1.627 0.0079
T, =1.25 +25 —01453 00095 1277  —0.0232 00079 1977  —0.0209 00065 1577 0.0078
T, =075 -25 —0.1453 00095 1278  —0.0232 00078 1978  —0.0208 00065 1578 0.0078
Ty, = 0.0541 +25 —0.1446 00087 1177  —0.0266 00093 2133 00239 00076 1813 0.0074
Ty, = 0.0325 -25 ~01459 00100 1326  —0.0192 00061 1476 00173 00049 1527 0.0083
Tp = 14.3625 +25 —0.1384 00966 1285  —0.0233 00080 2025 —00233 00804  1.628 0.0084
Tp = 8.6175 —25 —01540 00947 1243  —0.0230 00078 1925  —0.0207  0.0065 1534 0.0076

Nominal loading
— — — - +25% of loading
- -25% of loading

Nominal
— = —+25%of B
Semrees -25% of B

o T !
4 g 1o
B i 12 -
-
i 7 141\ fre
“16 N
20 02 04
15 0 5 10 15
Time(s) Time(s)
(a) (b)
0 0
Nominal Nominal
— — — 125%of R — - 425%0f T,
g ————— -25% of R § ———- 25% of L.
= -10 : g 10
4 148 \\ // a
T 151N\ 4
S o
—152p N
20 0.1 0.2 220 0.16 0.17
5 10 15 0 S, 10 15
Time(s) Time(s)
(c) (d)
0 0
Nominal Nominal
e 425% of T, — — — . +25% of T,
s R 25%of T, 3 = 25% of T,
= 10 g -1
< T < _ '
14 ~ 1200
_14 4 i\
! 5 Vi cl4 "\ N
“LS e A\
03 —1.6 =2
0 0.1 02 .3 20 02 04
5 10 15 o 5 10 15
Time(s) Time(s)

(e) (f)

Figure 11. Comparison of robustness results under different load disturbances and system parameters
(a) Afy with change in loading condition, (b) A f; with change in B, (c) Af; with changein R, (d) Af;
with change in T, (e) Af; with change in Ty, and (f) Af; with change in Tp.
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6. Conclusions and Future Work

This paper proposes a cascaded 3DOF-FOPD-FOPI controller for the LFC problem
of a two-area interconnected power system integrated with DFIG. The parameters of
the cascaded controller are optimized under the objective function of ITSE using the
CPSOGSA algorithm. Simulation results show that the cascade controller optimized
with the CPSOGSA algorithm provides better control output performance in the LFC of
interconnected power systems than other controllers. The suggested cascade controller can
reduce frequency stabilization time and overshoot and undershoot for conventional load
disturbances and wind turbine output power variations caused by wind speed fluctuations.
In addition, the CPSOGSA algorithm effectively optimizes the controller gain. It can
converge quickly and find the optimal optimized gain even in a state with many cascade
controller parameters. The sensitivity analysis of varying load perturbations and system
parameters also illustrates the robustness of the cascade controller.

In future work, optimization of the control structure of the cascaded fractional-order
controller will be considered to reduce the number of controller parameters while ensuring
the control performance, as well as to analyze the impact of wind power entry on the inertia
aspects of the power system.
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Abbreviations

CC-FOC Cascade fractional-order controller

CPSOGSA Impr(?ved partic.le swarm optimization and gravitational search algorithm under
chaotic map optimization

DE Differential evolution

DFIG Doubly-fed induction generator

FOPI Fractional-order proportional-integral

GSA Gravitational search algorithm

ITSE Time multiplied squared error

LFC Load frequency control

PSO Particle swarm optimization

PID Proportional-integral-differential

2DOF-FOPID  Two-degree-of-freedom fractional-order proportional-integral-differential
3DOF-FOPID  Three-degree-of-freedom fractional-order proportional-integral-differential

Appendix A

Parameters of the two-area Interconnection system

TG = 0.08 S, TT =03 S, Tr =10 S, Kr =03 S, TGH =02 S, TRH = 28.75 S, TRS =5 S,
Tw =1s,Kp =16.5,Tp = 0.025s, Tp = 11.49 s, Kp = 68.9566 Hz/pu, R; = 2.4 Hz/pu,
Ky, = 0.543478, Kp,, = 0.326084, K;; = 0.130438, T = 0.0433s, By, B, = 043125,
N1y = —1.

Bi, By, frequency bias parameters; T, governor time constant of thermal unit; Tr,
steam turbine time constant of thermal unit; T,, steam turbine reheat time constant; K,
steam turbine reheat gain constant; Ty, governor time constant of hydro unit; Ty, hydro
turbine speed governor transient time droop constant; Trg, hydro turbine speed governor
reset time; Ty, water flow inertia time constant; Kp, the gain of the diesel generator unit;
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Tp, time constant of the diesel generator unit; Tp, power system time constant; Kp, power
system gain; Tj,, synchronization coefficient; R;, governor regulation parameter; ACE, area
control error.

Parameters of DFIG

Tr = 55, Teon = 0.02s, wp = 1.33 rad/s, Kyt = 3s, Kjy = 0.6, Vwr = 1pu,
HWT =5.19s, TRl =02s, TWl =6s,R=52m, OSPAr/SN = 0.00145.

Parameters of CPSOGSA

c1 =1.4962, c; = 1.4962, w = 0.7298, N = 50, Iteration = 100.
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