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KEYWORDS Abstract This paper proposes a Cascaded PIDA (Proportional-Integral-Derivative-Acceleration)
Load frequency control; load frequency controller (LFC) for interconnected power systems with Wave Energy Conversion
Cascaded PIDA; Systems (WECS). The proposed controller parameters are optimized using the Marine Predator
MPA; Algorithm (MPA), which is a recent optimization technique known to be robust. The Cascaded
Wave energy conversion sys- PIDA controller results are compared to the results of a single structure MPA based PIDA con-
tem; troller and other PIDA controllers whose parameters are optimized using various optimization
Two-area interconnected techniques presented in previous literature. Results show that the MPA-based PIDA-LFC has bet-
system ter results than other PIDA controllers optimized by other techniques, while the MPA-Cascaded

PIDA-LFC has proven to have the best performance where the frequency and the tie-line power
fluctuations, due to the connected Wave Energy Conversion System, are efficiently damped. More-
over, the results are presented in the form of time-domain simulation conducted via MATLAB /

SIMULINK.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction When a load disturbance occurs in one area, it causes
frequency deviations not only in the same area but in other

Maintaining the frequency and tie-line power at constant val- cpnnected areas, which makes it necessary to design an effec-
ues upon load and/or generation variations has been one of the ~ tive system controller capable of maintaining the system fre-

major problems of interconnected multi-area power systems. quency and the tie-line power ﬂOW_ within the desired limits
[1-3]. Such a controller exists and is known as the load fre-

quency controller [4,5]. Load frequency controllers are fed
by the area error which is the sum of both the frequency and
tie-line power deviations producing correcting signals that
change the governor settings of the area generators producing
more or less generation in a manner that would stabilize both
the frequency of the system and the tie-line power values [6,7].
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Various controller structures have been implemented in the
literature to improve the performance of the LFC. For exam-
ple, in [8.9], a Fuzzy logic controller was designed to keep the
frequency deviations within acceptable limits for a two-area
system with thermal power plants. Whereas a Model Predictive
load frequency controller was implemented in [10] to improve
the system performance under the uncertainties of turbine and
governor parameter variations. While, in [11] a decentralized
H-infinity based LFC was proposed to control the frequency
of a deregulated power system.

Although, the aforementioned techniques have proven a
good system response, the classical PI, PID and other similar
controllers were most widely used in LFC design due to their
simplicity [12]. For example, in [13], a Particle Swarm Opti-
mization based PI-LFC was presented to improve the response
of the studied system when subjected to different step load
variations (from 1% to 3%). Moreover, different optimization
techniques were proposed to adjust the PID based LFC
parameters such as the Genetic Algorithm in [14], Ant colony
optimization in [15], Particle Swarm optimization in [16], and
Harmony Search algorithm in [17]. Also, a Sine Cosine opti-
mization algorithm based adaptive PID controller was pro-
posed in [18] which provided better performance compared
to the conventional PID controller.

Other controllers derived from the PID controller have
been used as well. For instance, Fractional Order PID
(FOPID) controllers have been implemented by several
authors to solve LFC problems in multi-area systems [19-
21]. In [22], the FOPID parameters were tuned by fuzzy con-
trol for a four-area power system to improve the frequency
maximum overshoot and the settling time as well.

Moreover, recently a new type of PID controller known as
the PIDA controller where a double derivative (acceleration)
branch is added to the conventional PID controller was used
in higher-order systems to cope with large overshoots and set-
tling times [23]. Authors in [24] proposed the PIDA structure
for load frequency control in a two-area power system and
tuned its parameters using the Coefficient Diagram Algorithm
improving the overall system frequency stability. Whereas in
[25,26], PIDA parameters were tuned using three different
optimization algorithms which are the Sine-Cosine Algorithm
(SCA), Harmony Search (HS), and Teaching learning-based-
optimization (TLBO) methods where, the latest optimized con-
trol scheme succeeded in providing better frequency transient
response compared to the other techniques.

Furthermore, some researchers have suggested recently the
use of cascaded control structures rather than the single struc-
ture controller for designing LFC in two-area systems such as
the PD-PI structure in [27,28] and the PD-PID structure in
[29,30]. The aforementioned cascaded control schemes proved
to have better performance by minimizing frequency devia-
tions upon load variation. Moreover, authors in [31] proposed
the cascaded PD-FOPID controller which improved the, over-
shoot, undershoot and settling time of the suggested power
system frequency under a load disturbance of 1%. Another
cascaded fractional order PI- fractional order PD controller
was proposed in [32] which minimized the tie-line power and
frequency deviations.

As can be seen, previous literature presented different load
frequency controller structures for controlling the frequency
of interconnected multi-area power systems. Here, we will
combine two recent control structures specifically the Cas-

caded control structure and the PIDA controller structure
to benefit from the advantages of both. Hence, an LFC of
a Cascaded PIDA structure is proposed whose parameters
(gains) will be optimized using a recent robust optimization
technique known as the Marine Predator Algorithm
(MPA). The proposed controller will be compared to the
MPA-PIDA structure and other structures present in previ-
ous literature, specifically the TLBO-PIDA, SCA-PIDA and
HS-PIDA controllers [25,26].

The aforementioned controllers will be applied to a two-
area power system subjected once to a 1% load variation in
area 1 and area 2 simultaneously followed by another study
where a fluctuating 15% wave energy conversion system is
connected to area 1 while a 1% load disturbance is applied
to area 2 simultaneously. Hereby, evaluating the performance
of the proposed cascaded PIDA-LFC in the presence of high
penetration of renewable energy resources.

Finally, the paper consists of seven sections: Section! intro-
duces the research topic, while Section 2 presents the case
study. Moreover, Section 3 discusses the structure, concept
and advantages of the proposed controller. This is followed
by the problem formulation and a summary of the proposed
optimization technique in Sections 4 and 5. Both results and
discussion are presented in Section 6. While, Section 7 con-
cludes the paper.

2. System case study

Our case study is shown in Fig. 1, which consists of two areas
interconnected together by a tie-line transferring power from
Area-1 to Area-2. Each area is represented by a governor, tur-
bine, generator, and load. All the system components are
assumed as linear models using the first-order transfer func-
tions as represented in Fig. 1. Moreover, each area is equipped
with a Cascaded PIDA-LFC to control the areas frequency
and maintain the system stability when subjected to step dis-
turbances and/or wave energy fluctuations.

3. The proposed controller

In this paper, the cascaded PIDA control scheme is proposed
which combines two recent control structures specifically the
cascade control structure and the PIDA controller structure
to benefit from the advantages of both.

The cascade control is an implementation that can allow
the system to be more responsive to disturbances and less sus-
ceptible to downtime by using multiple control loops which
monitor multiple signals for one manipulated variable [33].
This improves the system performance by achieving rapid
damping and/or elimination of the effect of disturbances
before it can propagate to other parts of the system. The sim-
ple cascade control system includes two control loops (inner
and outer) similar to Fig. 2. The outer controller G¢(s) is
the primary controller that minimizes the area error in our
case, while the inner controller G¢,(s) is the secondary con-
troller fed by a biased frequency signal to enhance the system
performance under the disturbance effect.

The inner control loop is closer to the disturbance and
designed to respond quicker than the outer loop which allows
the system to correct its response under different perturbations
and system parameters variations.
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Fig. 2 Block diagram of the cascaded control structure.

In this paper, G(s) and G.o(s) are designed as PIDA con-
trollers and each controller has six parameters that must be
optimized. The transfer function of the suggested PIDA model
is represented in Equation (1), where K, K;, K; and K, are the
acceleration, integral, derivative, and proportional gains,
respectively, while o and f are the filter parameters. The trans-
fer function can be alternatively expressed in the form of a
polynomial as given in Equation (2) with the following coeffi-
cients K,, K;, K4, K,,, x and y respectively [34].

K, Kys K,s*
G.(s) =K, +—+ 1
(s) = Ky s s+oa (s+ta)(s+p) M
K, + K8 + K,s + K;
Ge(s) = - 2

3+ xs2 4+ ys

The additional acceleration term of the PIDA adds two
extra zeros and filters to the system which helps in enhancing
the transient response and the settling time. When combined
with the cascaded structure, the system stability and transient
response would enhance further. Moreover, to show the robust
performance of the proposed Cascaded PIDA controller
design to wave energy uncertainties, an irregular wave power

Block diagram of the two-area case study system equipped with Cascaded PIDA controller.

signal shown in Fig. 3 will be applied to Area-1 while a 1%
load disturbance is applied simultaneously to Area-2.

The power fluctuation produced by the WECS (P,,) is
expressed in p.u. by Equation (3).

. [ 2mt . mt

4. Problem formulation

The main objective of the Cascaded PIDA controller design is
to minimize the frequency deviation in Area-1 (AF,), the fre-
quency deviation in in Area-2 (AF,), and the tie-line power
deviation between the two areas (APge_j,.) when certain

0.15

Wave power (p.u.)

0 5 10 15 20 25 30
Time (sec)

Fig. 3 The proposed WECS power fluctuations.
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Record the Final solution with the best fitness
function

Fig. 4 Flow chart of the MPA optimization method.

disturbances occur in the two areas. Hence, the optimization
problem can be summarized as finding the cascaded PIDA-
LFC parameters (Ka,Kd,Kp,Ki,x,y) that will minimize the fol-
lowing fitness function (FF):

I'Slm
FF = / (ACE,” + ACE,")dt (4)
Jo
where tg,, ACE, and ACE, are the simulation time in sec-

onds and the Area Control Error of Area-1 and Area-2,
respectively.

ACEI - APlie—line + BIAFI (5)

ACE; = APje_jine + B,AF, (6)

where B, and B, are the frequency biasing coefficients for
Area-1 and Area-2, respectively.

Moreover, the tuning of the PIDA parameters is carried out
using the MPA optimization method (discussed in the follow-
ing section) with the following constraints given in [26,35] sug-
gested for high order power systems and for the sake of a fair
comparison with previous work:

50 < K, <150, 200 < K; < 500, 200 < K; < 1000

500 < K, <1000, 300 < x < 800, 500 <y < 1500

5. Marine predator Algorithm (MPA)

MPA is an optimization technique inspired by the movement
of marine predators when searching for prey. Two popular
identified predator types of movements are, the Levy move-
ment and the Brownian movement. The Levy motion consists
of short steps followed by high jumps that enhance explo-
ration. Whereas the Brownian motion consists of fixed steps
in the same vacancy to optimize exploitation. Fig. 4 shows
the main steps of MPA technique which can be summarized
as follows; For more details, check [36]:

1. Initialization: Two matrices are constructed, the Prey
matrix which consists of the proposed variable random posi-
tions during the initialization process and the Elite matrix
which consists of the position vector with best fitness function
repeated.

2. Phase (1), the first third of iterations: The prey moves
using the Brownian movement, updating the Prey matrices
as follows:

step; = Rp ® (Elite; — (R—B> ® Prey;)) (7)
_— B —  —
Prey, = Prey; + (P.R ® Step,) (8)

Where P = 0.5, R is a vector of uniform random number
between [0, 1] and Rp is a vector containing random numbers
based on normal distribution of Brownian motion.

3. Phase (2), the second third of iterations: The predator
moves using Brownian while the prey moves using Levy move-
ment and the first half of the population is updated as follows:

step; = R, ® (Elite; — (E) ® Prey,)) 9)
_— — —-  —
Prey; = Prey, + (P.R ® Step;) (10)

Table 1 Optimized gains of the PIDA controller based on different optimization techniques for 1% step load disturbances in Area-1

and Area-2.

HS [25] SCA [25] TLBO [25] MPA (proposed)
PIDA Area-1 Area-2 Area-1 Area-2 Area-1 Area-2 Area-1 Area-2
K, 130.5 138.5 139.3 139.7 143.8 138.2 150 150
K, 534.8 520.4 499.5 513.3 540.3 510.5 999.9 1000
K, 801.7 818.7 850 796.9 774.4 788.6 999.9 899.9
K; 429.4 369.2 384.3 445.2 415.2 408.3 499.9 499.9
X 597 626 574.2 603.4 551.7 573 300 300
y 934 957.5 994 997.2 981.1 932.1 500 500.01
FF 2.8738e-4 2.8938e-4 2.7810e-4 8.8257e-5
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, <107 CF = [1 — (Iter./ Max.Iter.)] >/ Mexier) (13)
4. Phase (3), the last third of iterations: The predator moves
= /_/—"7 using Levy motion, and the Prey matrix is updated as follows:
= —HS-PIDA N . .
e ] step; = Ri @ (R, ® Elite;) — Prey;) (14)
= —MPA-PIDA ||
a7 —_— = —
all | Prey, = Elite; + (P.CF ® Step;) (15)
-5 v w ‘ ‘ 5. Finalizing: After each iteration, the Elite matrix is
° s 10 15 20 25 30 updated with the best solutions and the final solution will be
Time (sec) . .
@ presented after the last iteration.
2
6. Results and discussion
ol
;;__2 —HS-PIDA |/ The simulation results are organized into 5 main sections as
i~ | _ifBA(')'TLEI’gA follows, where the MPA-PIDA controller is compared to other
% 4] —MPA-PIDA | optimization techniques followed by comparing our proposed
S I | MPA based cascaded-PIDA controller with the single MPA-
v PIDA discussed earlier. Then robustness of our proposed con-
-8 : : : : : troller will be discussed under different load step perturba-
o 5 10 15 20 25 30 . . . ) L
Time (sec) tions, changes in sy.stem parameters and with an irregular
(b) wave energy conversion system.
<1074 ) ) )
_ 5 —_HS.PIDA 6.1. MPA-PIDA model compared to previous applied techniques
S 41 ——SCA-PIDA |/
= TLBO-PIDA . .
S s —MPA-PIDA This section presents the results of the proposed MPA-PIDA
.'g 2 model to previous optimization techniques presented in [25]
2 such as the HS-PIDA, SCA-PIDA and TLBO-PIDA models
a1 for 1% step load disturbances occurring simultaneously in
; o both Areas 1 and 2. Table 1 shows the optimized gains of
= » | ‘ , , | the PIDA controller based on different optimization tech-
o 5 10 15 20 25 30 niques [25]. It can be observed that the proposed MPA method
Time (sec) gives the best (least) fitness function (FF) compared to other
(©) techniques. By applying these gains to the case study model,
Fig. 5 (a) Frequency deviation in Area-1, (b) Frequency

deviation in Area-2 and (c) Tie-line power deviation for 1%
simultaneous step load disturbances in both areas using PIDA
controller based on different optimization algorithms.

Where R; is a vector containing random numbers based on
levy’s motion normal distribution. While the other half of pop-
ulation is updated as follows:

step; = Ry ® (m}; ® Elite;) — Prey,)

(11)

— P — —
Prey, = Elite; + (P.CF ® Step;) (12)

Where the Elite matrix is multiplied by Rp and CF is as
follows:

Table 3 Optimized gains of the MPA-Cascaded PIDA
controller for 1% step load disturbances in Area-1 and Area-2.

Area-1 Area-2
Cascaded-PIDA Outer Inner Outer Inner

loop loop loop loop
K, 149.99 149.4 149.7 149.93
K, 996.4 999.64 999.27 999.72
K, 999.63 1000 1000 1000
K; 496.27 499.54 499.57 499.97
x 306.07 313.68 300.02 300.22
y 579.14 515.06 850.88 500
FF 1.2133e-5

Table 2 Transient response specifications of different optimization techniques based PIDA controller for 1% step load disturbance in

Area-1 and 2.

Optimization Techniques HS [25] SCA [25] TLBO [25] MPA (proposed)
Variables AFl AFZ APﬁe AF] AFZ APtie AF] AFZ APﬁe AF] AFZ APtie
Overshoot (p.u.) X10™ — 1.04 4.88 — 1.14 4.75 — 1.04 4.56 — 0.67 2.68
Undershoot (p.u.) X10* —4.9 —6.9 — —4.9 —6.9 —0.52 —4.89 —6.8 — —3.2 —4.7 —
Settling Time (sec) 15 15 30 15 15 30 15 15 30 10 12 15
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> 1 | =
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a a
2
=S o
@ 5L . s s . |
= 0 5 10 15 20 25 30
7o 5 10 15 20 25 30 Time (second)
C
Time (sec) ©
© Fig. 7 (a) Frequency deviation in Area-1, (b) Frequency
deviation in Area-2 and (c) Tie-line power deviation for different
Fig. 6 (a) Frequency deviation in Area-1, (b) Frequency SLP.

deviation in Area-2 and (c) Tie-line power deviation for 1%
simultaneous step load disturbances in both areas using MPA
based PIDA and Cascaded PIDA.

the system response can be improved as shown in Fig. 5 under
1% step load disturbance in Area-1 and Area-2
simultaneously.

As shown in Fig. 5, the PIDA based on MPA method has a
better transient response compared to other techniques. Also,
the performance of the MPA-PIDA model has the lowest set-
tling time of about 10, 12 and 15 sec for AF, AF, and APy jine,
respectively. Moreover, Fig. 5 (a) and (b), show that the MPA-

PIDA response has a lower undershoot than the other tech-
niques which is —3.2 x 10™*p.u for AF; and —4.7 x 10™*p.u
for AF,. Also, the MPA-PIDA case has a lower overshoot
than the other cases when considering the tie-line power devi-
ation (APye.jine) Which equals 2.68 x 10™*p.u (see Fig. 5 (c)).
Other techniques based PIDA have approximately the same
AF; and AF, responses but with different APge.jj,e response.
The transient response specifications (settling time, overshoot,
undershoot) of the PIDA design based on different optimiza-
tion techniques are summarized in Table 2.

Table 4 Transient response specifications of MPA based PIDA and Cascaded PIDA controllers for 1% step load disturbance in

Area-1 and 2.

Controller Structure MPA-PIDA MPA-Cascaded PIDA

Variables AF,; AF, APy AF, AF, APy
Overshoot (p.u.)x107* — 0.67 2.68 0.24 0.36 0.993
Undershoot (p.u.)x10~* —-32 — 4.7 e — 1.19 - 19 — 045
Settling time (sec) 10 12 15 10 12 21
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6.2. MPA-PIDA model compared to the proposed MPA-
Cascaded PIDA

Since the MPA method has proved its superiority over other
techniques, this section will compare the results of using
MPA with both PIDA and the proposed cascaded PIDA
LFCs. Table 3 shows the optimum values of the Cascaded
PIDA gains for inner and outer loops controllers based on
the MPA optimization method. It can be observed that the fit-
ness function (FF) of the cascaded PIDA is much lower than
that of the PIDA obtained in Table 1 which means that the
system response is greatly improved by using the cascaded
PIDA as shown in Fig. 6.

By applying 1% step load disturbance in both areas 1 and 2
simultaneously, the Cascaded PIDA model has a better tran-
sient response than single PIDA controller in terms of the
max. overshoot and min. undershoot. Both controllers have
approximately the same settling of about 10 and 12 sec for
AF| and AF,, respectively. For APje.jine, the settling time of
the MPA-PIDA is 15 sec which is slightly lower than the set-
tling time of the MPA-Cascaded PIDA which equals 21 sec.

For example, in Fig. 6 (a), the MPA-Cascaded PIDA has a
lower undershoot and overshoot which are —1.2 x 10™*p.u
and 0.24x10"*p.u for AF,. However, the PIDA controller
exhibits only higher undershoot in AF; that accounts for
—3.2 x 10~*p.u. Moreover, the system response with MPA
based cascade PIDA exhibits less oscillations. The transient
response specifications of the MPA-PIDA and MPA-
Cascaded PIDA controllers for 1% step load disturbance in
Area-1 and 2 are summarized in Table 4.

6.3. Evaluation of the system performance under different step
load perturbations (SLP) using the proposed M PA-cascaded
PIDA controller

This case study aims to evaluate the robustness stability and
performance of the proposed controller under various step
load disturbances. By applying different SLP ratios of 1, 3,
5,7, and 9% to the double area system, the dynamic responses
of AF,, AF, and APje.jne can be obtained as illustrated in
Fig. 7(a)-(c). The system exhibits some allowable overshoot

Table 5 Transient response specifications of MPA-Cascaded PIDA controller for different SLP.

SLP % AF, AF, APy
Undershoot Overshoot Undershoot Overshoot Undershoot Overshoot
(pu)x107* (pu)x10™* (pu)x10~* (pu)x10™* (pu)x10~* (pu)x107*
1(Design —1.19 0.243 -1.9 0.366 —0.458 0.993
value)
3 —4 0.728 —6 1.098 —1.373 2.978
5 -6 1.214 -10 1.83 —2.289 4.963
7 -8 1.700 —14 2.562 —3.205 6.948
9 —11 2.185 —18 3.294 —4.12 8.933

Table 6 Dynamic response specifications of MPA-Cascaded PIDA controller for system parameters change.

System parameter Percentage of change AF,

AF, AP

US (pu)x10™*  OS (pu)x10~* US (pu)x10~* 0OS (pu)x10~* US (pu)x10~* OS (pu)x10~*
Ty —25% —0.998 0.24 —1.969 0.3633 —0.4451 1.093
25% —1.364 0.2466 -1.972 0.3685 —0.4712 0.935
Ty —25% —1.189 0.2389 —1.672 0.36 —0.4753 0.905
25% —1.191 0.2467 —2.237 0.3761 —0.4499 1.297
T —25% —1.05 0.2434 —1.969 0.3649 —0.4519 1.011
25% —1.1322 0.2424 -1.972 0.367 —0.4638 0.977
Ty —25% —1.189 0.2408 —1.725 0.3656 —0.4654 0.961
25% —1.191 0.2448 —2.193 0.3667 —0.451 1.169
1/R, —25% —1.195 0.2577 —-1.971 0.3677 —0.4813 0.942
25% —1.186 0.23 —-1.97 0.3645 —0.4386 1.041
1/R, —25% —1.19 0.2453 —1.978 0.3908 —0.426 1.079
25% —1.19 0.2406 —1.963 0.3453 —0.4901 0.912
B; —25% —1.469 0.3229 —1.973 0.3524 —0.1799 0.517
25% —1.006 0.1943 —1.969 0.3752 —0.6306 1.371
B, —25% —1.91 0.229 —2.386 0.4797 —0.9551 1.774
25% —1.189 0.2528 —1.689 0.2957 —0.1946 0.49
M, —25% —1.268 0.2374 —1.974 0.3661 —0.459 1.009
25% —1.132 0.2484 —1.968 0.3658 —0.4569 0.978
M, —25% —1.194 0.2429 -2.13 0.3579 —0.4552 0.967
25% —1.187 0.2427 —1.852 0.3745 —0.4608 1.017
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and undershoot oscillations and these oscillations increase by
increasing the SLP ratio. However, these oscillations are still
within the acceptable range of the frequency and tie-line power
deviations. Also, it can be found that the settling time is not
affected by changing the load perturbation. The transient
response specifications for this case are given in Table 5 in
terms of undershoot and overshoot values. This confirms the
ability of the MPA-Cascaded PIDA controller to maintain a
stable system response with fewer oscillations for different load
disturbances.

6.4. Sensitivity analysis to system parameters change:

Moreover, additional analysis is implemented to evaluate the
sensitivity of the proposed controller to system parameters
change. The transient response characteristics are shown in
Table 6 by changing all the system parameters by + 25%. This
analysis considers the effect of varying the turbines time con-
stants (T, Ty), the governor time constants (T, Ty»), the
speed droops (R, R,), the frequency bias coefficients (B,
B,) and the generator constants (M;, M,). When the system
parameters change, the undershoot (US) and overshoot (OS)
oscillations is found to vary slightly within an acceptable range
for AF |, AF; and APy jine. In addition, the settling time of the
system response doesn’t change significantly and hence not
included in Table. This confirms the robustness of our pro-
posed scheme.

6.5. Performance of controllers under irregular WECS
Auctuations

This section compares the results of MPA-PIDA and MPA-
Cascaded PIDA LFCs with the previously presented TLBO-
PIDA LFC [26] (best of previous literature) when applying a
fluctuating 15% wave energy conversion system to Area-1
and 1% step disturbance in Area-2, simultaneously. As illus-
trated in Table 7, the best fitness function (FF) under the effect
of WECS can be obtained by using the suggested MPA-
Cascaded PIDA model.

As shown in Fig. 8, the MPA-Cascaded PIDA controller
has a better transient response compared to the MPA-PIDA
and TLBO-PIDA controllers under the effect of WECS dis-
turbance. Furthermore, the Cascaded PIDA controller suffi-
ciently damps the effect of the wave system fluctuations
resulting in fewer ripples for AF; AF, and APycji,e When

—TLBO-PIDA
—MPA-PIDA
== MPA-Cascaded PIDA

N

Delta F1 (p.u.)
(=]

|
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al . . . . .
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Fig. 8 (a) Frequency deviation in Area-1, (b) Frequency

deviation in Area-2 and (c) Tie-line power deviation under WECS
in Area-1 and 1% step disturbance in Area-2 for different control
models.

compared to the other PIDA controllers. It can be seen that
the frequency and tie-line power deviations approach zero
by using the Cascaded PIDA controller indicating that the
system is nearly not affected by the wave energy
fluctuations.

Table 7 Optimized gains of different control models under the effect of WECS in Area-1 and 1% step disturbance in Area-2.

TLBO-PIDA [26] MPA-PIDA MPA-Cascaded PIDA
Area-1 Area 2 Area 1 Area 2 Area 1 Area 2
Outer loop Inner loop Outer loop Inner loop

K, 143.8 138.2 150 150 149.99 149.4 149.7 149.93
K, 540.3 510.5 999.9 1000 996.4 999.64 999.27 999.72
K, 774.4 788.6 999.9 899.9 999.63 1000 1000 1000
K; 415.2 408.3 499.9 499.9 496.27 499.54 499.57 499.97
x 551.7 573 300 300 306.07 313.68 300.02 300.22
y 981.1 932.1 500 500.01 579.14 515.06 850.88 500
FF 0.0594 0.00008 0.000012
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7. Conclusion

In this paper, the load frequency control of a two-area inter-
connected system is improved using MPA based Cascaded
PIDA-LFC. First, the MPA based single PIDA controller
has proven its superiority over other PIDA structures opti-
mized using previous optimization techniques specifically HS,
SC and TLBO. Next, the MPA based Cascaded PIDA con-
troller is proposed and shows a better transient response than
single structure PIDA controller in terms of overshoot and
undershoot percentages. Moreover, the robustness of the
MPA-Cascaded PIDA controller is verified at different step
load perturbations and +25% system parameters variations.
Finally, the system response has been improved using the Cas-
caded PIDA controller when subjecting to an irregular fluctu-
ating WECS where the system frequency and tie-line power
deviations are successfully minimized compared to other
structures.
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