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Abstract- This paper introduces a novel control strategy of fractional order (FO) fuzzy (F) PID (FOFPID) controller optimized
with the latest soft computing technique of seagull optimization algorithm (SOA) for power system frequency regulation.
Initially, a simple and widely accepted power system of dual area photovoltaic (PV) and reheat thermal (RT) (PVRT) system is
perceived and named as test system-1 in this paper. The performance of FOFPID fine-tuned with SOA mechanism is tested on
PVRT system for a step load disturbance of 10% (SLD) on area-2 along with other controllers reported in the literature.
Dynamical analysis of the PVRT system reveals the potency of the proposed controller over others. Further, the SOA based
FOFPID controller is extended to frequency regulation of multi-area system with hybrid generating sources (MAHS) named as
test system-2 in this paper for 10% SLD on area-1. MAHS system is constituted with realistic constraints to conduct research
close to realistic practice. The potentiality of SOA based FOFPID is demonstrated by comparing it with traditional controllers
of PID/FPID/FOPID on MAHS system. Finally, robustness analysis is perpetuated to reveal the presented control scheme
robustness.

Keywords FOFPID Controller, Seagull Optimization Algorithm, MAHS system, Practical Constraints, 10% SLD.

1. Introduction one of the powerful tools of ancillary services. These

services maintain power quality and provide an uninterrupted

The reliability and security maintenance in  electric supply. Stabilizing frequency is the key measure for
interconnected modern power systems have been becoming  power quality. Load frequency control (LFC) takes part a
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Fig.1. Model of Dual area PVRT system (test system-1) [4]

triumphant role in the control and operation of the power
system to generate quality power. LFC tries to reduce the
deviations in system area frequency by altering the operating
point of the power generation unit to match the generation of
real power with varying load demands. For this, an
intelligent and advanced LFC control mechanism is
necessitated to revoke the effect of load fluctuations to hold
the generation, system frequency and line power flow within
a specified range [1].

Researchers have proposed several state of the art
control structures for LFC study like conventional
I/PI[2]/PID[3]/PIDN, fuzzy (F) FPI[4)/FPID[5])/FPIDF |,
modified (M) PID (MPID) [6], model predictive control
(MPC) [7], Tilt-Integral-Derivative (TID) [8], internal
model control (IMC) [9], degree of freedom (DOF)
2DOFPI1/3DOFPI/2DOFPID/3DOFPID [10], fractional order
(FO) FOPID [11], sliding mode controller [12], Traditional
PID with accelerator (A) (PIDA) [13], linear vector
quantization (LVQ) [14], fuzzy predictive PID [15], cascade
controllers like F-TIDF/FPIDF-(1+P1)/FFOPI-FOPD [16-17]
etc. are available.

However, the design of the regulator is not enough to get
the optimal LFC of the power system. Selection of suitable
optimization techniques to get the parameters of the designed
controller is having equal weightage in the domain of LFC.
Different optimization techniques that have been employed
by the researchers in the LFC domain are firefly algorithm
(FA) [2], population extremal optimization (PEO) [3],
Imperialist competitive algorithm (ICA) [4], grasshopper
optimization (GO) [6], water cycle algorithm (WCA) [8],
Modified JAY A optimizer [10], sine-cosine algorithm (SCA)
[11], Marine predator algorithm (CSA) [13], whale optimizer
(WO) [15], artificial electric field (AEFA) [18], grey wolf
optimizer (GWO) [19-20], frog leaping algorithm (FLA)
[21], harries hawks optimizer (HHO) [22], particle swarm
optimization (PSO) [23], craziness based PSO (CBPSO)
[24], bacterial foraging optimization (BFO) [25], water cycle

algorithm (WCA) [26], Cuckoo search optimization (CSO)
[27], atom search optimization (ASO) [28], Jaya
optimization (JO) [29] etc. but, most of the above-mentioned
algorithms possesses the drawback of complex computation,
premature convergence and parametric sensitivity.

To get prevail of the aforementioned drawbacks, in
this paper a new intelligent controller named FOFPID
controller is presented with a new meta-heuristic approach of
seagull optimization algorithm (SOA). SOA is proved as one
of the best nature-inspired optimization techniques from the
behaviour of seagulls and is implemented in other
engineering optimizations [30]. In this paper, FOFPID using
SOA approach is implemented to MAHS system considered
with practical constraints of generation rate constraint (GRC)
and communication time delays (CTDs). Most of the work
contributed by the researchers in the LFC study is the power
system models without taking into account of CTDs.
However, a few contributions in LFC study with CTDs are
available but limited to conventional generation units only
[31-32]. This motivates the authors, to implement LFC
strategies to power system models with renewable energy
integration and perceiving CTDs. This is one of the most
significant contributions of this paper and the other
contributions are listed below.

a) FOFPID controller based on SOA algorithm is
implemented for LFC study.

b) SOA tuned FOFPID controller supremacy is
revealed by comparing with other controllers
implemented on the PVRT system reported in the
literature.

c) Performance of presented regulator is further
assessed by implemented on MAHS system with
realistic constraints and sovereignty is demonstrated
with PID/FPID and FOPID controllers.

d) The necessity of considering realistic constraints are
demonstrated and justified.

e) A robustness test is conducted to reveal SOA tuned
FOFPID controller robustness.
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Fig.2. Model of multi-area hybrid source system (test system-2) [19]

2. Power System under Investigation

Two power system models that have been examined in
this paper are dual area PVRT system as test system-1 is
shown in Fig.1, [4] and multi-area hybrid source system
(MAHS) as test system-2 is rendered in Fig.2 [19]. Test
system-1 consists of two areas, area-1 is comprised of a solar
photovoltaic system and area-2 is equipped with a reheat
thermal unit. Test system-1 is a widely accepted power
system model by the researchers with a total capacity of
2000MW that have been analysed in this paper for 10%SLD
on area-2. Test system-2 comprises two areas with unique
generation capacities; area-1 consists of traditional Hydro-
Thermal units along with Gas unit incorporation, area-2
comprises of Hydro-Thermal units along with wind power
units. The practical constraint such as generation rate
constraint (GRC) is considered for Hydro-Thermal units in
both areas. GRC of 10%/min is chosen for a thermal unit for
both lowering and raising as for the hydro unit is concerned
it is 360%/min and 270%/min for lowering and raising.
Despite that, communication time delays (CTDs) are the
other inherits practical constraints that affecting the modern

power system significantly. The interconnected system
employs a huge quantity of measurement and sensor devices
usually installed at faraway points. Data from measuring
devices will be transferred to the command control location
for appropriate command signal generation. The command
control signal from the control location will be transmitted to
generation units for appropriate action. The transmitting and
receiving of signals between different entities cannot be done
instantly, involves some delay that delay is coined as CTDs.
Because of these CTDs, there will be a delay in changing the
power system operating point which greatly affects the
power system and sometimes the system may lead to
unstable. To overcome the above condition, CTDs are
needed to be taken into count for the LFC study. The
transport type of CTDs is conceived in this paper and is
given in Equation (1).

e’s‘rd — 2 (l)
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3. Controller and Objective Function

In a study of LFC, researchers are rigorously
concentrated on traditional PID techniques due to design
simplicity. However, the traditional controllers are no longer
suitable for power system models with practical constraints.
On the other hand, fuzzy logic controllers (FLC) are befitting
for optimal frequency regulation of realistic power system
models. From the literature review, it has been revealed that
the FLC very comfortably change the power system
operating point subjected to load demands compared to other
control techniques. Area control error (ACE) and its
derivative have been given input to the FLC system.
Moreover, the FPI controller shows inferior performance,
especially at the transient phase. This urges the authors to
concentrate on FPID regulators and to further enhance the
regulator ability FO nature is added in this work. The
structure of FOFPID employed in this paper is displayed in
Fig. Membership functions (MFs) deliberated for FLC
interface are Zero (Z), big positive (BP), small positive (SP),
big negative (BN) and small negative (SN) shown in Fig.4.
[33]. The Centre of gravity method of defuzzification is
employed to calculate the output of FLC. The rule base of
FLC is noted in Table-1. Moreover, the error squared over
the integral (ISE) [34] index is chosen to optimize FOFPID
control parameters given in Equation (2).

.
Jise = I(A £+ APt%e,lZ +AfZ)dt 2
0
> F v AP
- K C
ACE J K S X
1 L » — > >
NER N s &
dt

ls_

Fig.3. FOFPID controller structure
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Fig.4. MFs implemented for FLC

Table 1. FLC input and output rules

AACE
ACE

BN|SN| Z | SP | BP

BN | BN |BN [BN|SN | Z

SN [BN|BN|SN | Z | SP

Y4 BN|SN| Z | SP | BP

SP |[SN| Z | SP | BP | BP

BP |BP| Z | SP | BP | BP

4. Seagull Optimization Algorithm

Dhiman and Kumar in the year 2019 [35], proposed the
bio-inspired meta-heuristic approach of the seagull
optimization algorithm. Seagulls come under the family of
sea hirds that usually live at the banks of sea and oceans can
be technically called Laridae. Seagulls are very smart and
intelligent birds normally feed on birds, earthworms, fish,
and insects. They feed on fish by trapping through the
spreading of bread crumbs that are gathered from the nearby
locality and can make rain sound to catch earthworms lying
beneath the earth surface. Seagulls can feed on both salt and
fresh water that no other animal or bird can do. The design of
this SOA algorithm mimics the intelligent searching
behaviour of seagulls for attacking the prey and migration
strategies. Seagulls usually migrate to abundant food areas
and their seasonal movement is so tactful. The behaviour is
formulated mathematically as follows:

Collision avoidance in SOA be induced among searching
particles by incorporating a special parameter ‘N’ and the

new agent position (IES) will be founded as
Fs =Ny Dg(k) @A)

The searching agent present position is indicated with f)s

and iteration with ‘k’. The modelling of parameter ‘N’ be
done as

N =E. — (k*(E./Max.lter)) 4)
The parameter ‘N’ is chosen as 2 in this paper. Later, the

searching agents try to move towards the positions of the
individually best solution which can be calculated using

Ms = Ay (Pys (k) Ds (K)) (5)
‘A’ is a random parameter utilized to impart the tendency of
balance between the nature of searching expedition and
effective utilizing of search space.

A=2*N2*rand() (6)
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Thereby, the positions of searching agents will be updated as
follows:

F}s="a:s+'\7|s‘ )

At the time of migration, the movement of seagulls is very
intelligent and smart as they employ spiral movement based
on experience while attacking the prey. In three dimensional,
that can be mathematically given as

P =r*Cos(x) (8)
Q =r*Sin(x) 9)
R =r*x (10)

The radius of spiral movement enacted by seagulls is
represented with ‘r’, and ‘x’ is a random number selected
from [0-2]. The position of the search agent which gives the
best outcome will be saved and based on that the position of
the remaining seagulls will be updated as

Ds(K) = (Mg *P *Q *R ')+ Py (K)
(11)

The procedural of SOA is depicted in Fig.5, and the
population of 100 for 100 iterations is employed to execute
the SOA approach in this paper to optimally retrieve
FOFPID controller parameters.

5. Simulation Results

5.1. Case-1: Analysis of PVRT system with various control
approaches

Initially, the presented SOA based FOFPID control
technique is implemented on rigorously accepted power
system model of dual area PVRT system shown in Fig.1.
PVRT system dynamical behaviour is assessed by inserting a
disturbance on area-2 with 10%SLD. Responses of the
PVRT model is analyzed because of frequency deviations in
area-1 (Afl), area-2 (Af2) and line power flow variations
(APtie12). Along with the proposed control technique, other
controllers such as Pl optimized with FA [2], PID tuned with
PEO [3], FPI fine-tuned using ICA [4] and FPIDF optimized
using ICA [5] that are reported in the literature are also
implemented to the power system model one at a time.
PVRT model dynamical responses under all these control
techniques for the same load disturbance are compared in
Fig.6. PVRT system responses are interpolated numerically
in terms of settling time (Ts) provided in Table-2 along with
the optimal parameters of various control techniques
employed for the system. Settling time of the responses in
Table-2 and responses in Fig.6, clearly demonstrated the
efficacy of SOA tuned FOFPID in bringing back the
deviations to steady-state and diminishing responses
under/overshoots compared to distinct techniques in recent
literature.

5.2. Case-2: Analysis of MAHS system without taking CTDs

Further, the implementation of the presented SOA based
FOFPID technique is extended for the MAHS system to
assesses its performance. In this subsection, MAHS
dynamical behaviour is analyzed without taking CTDs into
account. Various regulators like PID/FPID/FOPID/FOFPID
controllers are enacted one after the other as regulators for
the MAHS system in both areas tuned with the SOA
mechanism. Analysis of the MAHS system is compassed by
inserting a disturbance of 10% on area-1. Responses for this
case are displayed in Fig.7, and the respective Ts are reported
in Table-3. After interpreting the data reported in Table-3,
very much clear that the responses of MAHS system
deviations are finely and effectively mitigated by the
presented control technique in bringing responses back to
steady condition. Moreover, with the presented approach the
ISE function value is enhanced by 75.34% with traditional
PID, 48.55 with FPID and 28.83% with FOPID techniques.

5.3. Case-3: Analysis of MAHS system with taking CTDs

Later, the MAHS system is conceived with CTDs and
dynamical analysis is carried out for the same disturbance
conditions. Controllers like PID/FPID/FOPID/FOFPID
optimized with SOA are implemented to the MAHS system
with CTDs to analyze the control techniques performance.
MAHS system responses for this case are rendered in Fig.8.

996



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
Ch. N. S. Kalyan et al., Vol.11, No.3, September, 2021

Af, (Hz)

o, (Ha)

W/ \
FOFPID:SOA -
FPIDF:ICA[S5]
FPIIICA[4] -
Time (sec) PID:PEO[3]
PI:FA[2] 7
1 1 1 1
(1] 2 4 6 8
Time (sec)
Fig.6(a)
10
1 = T T T
0.5 -

/\/\/\

N N
A e

—— FOFPID:SOA |

—— FPIDF:ICA[5]
FPI:ICA[4]
—— PID:PEO[3]
. ) . —— PI:FA[2]
15 2 6 8
Time (sec)
Fig.6(b)
x 107

—— FOFPID:SOA
—— FPIDF:ICA[S5]
—— FPLICA[4]
—— PID:PEO[3]
—— PI:FA[2]

4
Time (sec)

Fig.6(c)

Fig.6. Responses for case-1. (a) Afi, (b) APtie12, (¢) Af.
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Table 2. Optimal controller gains utilized for dual area PVRT system (test system-1) and settling time of responses.

Parameters Controller
FAPI[2] PEO:PID[3] ICA:FPI [4] ICA:FPIDF [5] | SOA:FOFPID
Area-1 Kp=1.404 Kp=1.5710 Kp=0.9193 Kp=1.1716 Kp=1.4332
K=0.0873 K=0.4262 K,=0.9087 K=0.9375 K,=0.4978
Kp=0.8931 Kp=0.4140 Kp=0.8391
N=129.786 2=0.2567
p=0.2717
N=141.76
Area-2 Kp=1.539 Kp=1.5227 Kp=0.9072 Kp=1.6510 Kp=1.4955
K=0.0521 K,=0.2862 K,=0.8955 K,=0.9863 K,=0.4590
Kp=0.3133 Kp=0.3294 Kp=0.3852
N=134.23 2=0.4140
1=0.2765
N=139.36
Afl 22.71 5.548 451 2.248 1.472
APtielZ 23.76 5.672 4.75 2.65 2.064
Afz 21.32 5.401 4.49 2.611 2.02
ISE*103 120.281 81.178 43.221 36.769 14.026
-3 -3
5x 10 _ ' _ _ o X 10
0 0 ==
~ <
T T |
Lo —FOFPID] N —FOFPID
[V
< —_—
< —FOPID 4l FOPID
-10 — EPID | —FPID
—PID
—PID 6 . . . :
-15 : . > . 0 4 8 12 16 20
Time (sec)
Fig.7
Fig.7(a) '97(9
3 Fig.7. Responses for case-2. (a) Af, (b) APtie12, (¢) Afa.
2X 10- . . . .
0.01
2
S O 0
3 )
S 2 —FOFPID| < 001
) —roro | ——a
2 i —FPID -0.02 — FPID
—PID
4 8 12 16 20 0.03 __A1b
Time (sec T 6 12 18 24 30
(sec) Time (sec)
Fig.7(b
'9-7(0) Fig.8(a)
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Table 3. Settling time of MAHS system responses for case-2 and case-3.

Settling time (Sec) PID FPID FOPID FOFPID
Case-2 Afy 18.57 15.95 10.772 7.132
APtie12 19.45 16.17 10.88 7.75
Af, 17.14 14.29 10.78 6.534

ISE*10° 22.665 19.202 16.653 12.926

Case-3 Afy 33.13 18.39 15.14 10.786
APtie12 32.99 18.32 15.73 11.28
Af, 32.34 21.19 15.94 10.95

ISE*10° 48.866 42.336 37.405 27.752

Table 4. Optimal controller gains utilized for MAHS system (test system-2) using SOA

Parameters Optimum values
Kp1 Kt Kbz M U1 Kp2 Kz Kbz A2 n2
Case-2 PID 2.092 | 1686 | 1.696 - - 2.074 | 1553 | 1.314 - -
FPID 1.263 | 1.819 | 1.121 - - 1.216 | 1.804 | 1.254 - -
FOPID 1078 | 1884 | 1.132 | 0.407 | 0.356 | 1.187 | 1872 | 1.291 | 0.518 | 0.278
FOFPID | 1.098 | 1588 | 1.183 | 0.162 | 0.388 | 1.307 | 1.597 | 1.316 | 0.239 | 0.247
Case-3 PID 1.793 | 1.889 | 1.061 - - 1.651 | 1.887 | 1.007 - -
FPID 1.192 | 1.945 | 1.057 - - 1.310 | 1.124 | 1.217 - -
FOPID 1102 | 1.699 | 1.027 | 0518 | 0.368 | 1.477 | 1.195 | 1.622 | 0.425 | 0.326
FOFPID | 1.089 | 1.689 | 0.899 | 0.247 | 0.268 | 1.237 | 1.786 | 1.786 | 0.329 | 0.357
0.02
Investigating the responses in Fig.8 demonstrates the
0.015 sovereignty of SOA based FOFPID in mitigating response
. deviations compared to others even when the system is taken
< 0.01 with practical constraints. Further, the ISE index value with
= ' FOFPID is enhanced by 75.08% with PID, 52.55 with FPID,
g_ 0.005 34.78% with FOPID approaches. Optimal gains of various
=, controllers tuned with the SOA mechanism are provided in
ke Table-4.
o~ 0 o
< _IESEIPEI)D 5.4. Case-4: Demonstrating the effect of CTDs on MAHS
-0.005 — FPID system performance
—PID Under the same loading conditions, MAHS responses
'O'OJO 6 12 18 24 30 with and without taking CTDs into account are compared in
Time (sec) Fig.9, to demonstrate its impact on performance. Responses
compared in Fig.9, are retrieved for the MAHS system under
Fig.8(b) the supervision of FOFPID tuned with SOA proved as best in
the above sub-sections. Analysing Fig.9, it is very much
X 10'3 clear that MAHS system responses are more deviated by
S considering the practical constraints of CTDs compared to
the case of not taking CTDs into account. This happens,
0 because of the delay in signal transmission and receiving
~ among the command control room and plant location. With
s 5 ! these delays, the altering of real power generation with
ek — FOFPID regards to the variations in load demand is unable to endure
< —FOPID comfortably. Hence, the mismatch of real power demand and
-10 —FPID generation develops deviations in system frequency. So,
—PID while constructing the regulator for LFC of interconnected
-15 : : : : power systems it is desired to adopt the practical constraints
0 6 Tli?ne (ség) 24 30 of CTDs with the system to avoid system instability. The
controller which had been designed with taking CTDs into
Fig.8(c) account may no longer handle the realistic power system.

Fig.8. Responses for case-3. (a) Afi, (b) APtie12, (c) Afa.

Thus, this paper recommends adopting CTDs with a power
system while designing the LFC controller.

999



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Ch. N. S. Kalyan et al., Vol.11, No.3, September, 2021

5 X 10°
O va
— [
N
T
\/H _5
<
-10f — With CTDs
r _ _—Wi_thout CTDS
0 4 8 12 16 20
Time (sec)
Fig.9(a)
o X 10°
S
()
ﬂ;“ -4t —With CTDs
6 _ | —V\/_ithout _CTDS
0 4 8 12 16 20
Time (sec)
Fig.9(b)
-3
2x 10
N \/
T |
2 o
—With CTDs
_ | —V\/_ithout _CTDs
N 4 8 12 16 20
Time (sec)
Fig.9(c)

Fig.9. Responses for case-4. (a) Afy, (b) APrtie12, (¢) Af.

5.5. Case-5: Robustness analysis

To check the withstanding capability of the LFC
controller for uncertainties, one needs to perform a
robustness analysis. In this test, the MAHS system with
practical constraints under the supervision of FOFPID using
the SOA approach has been targeted with different loadings
like 10%SLD on area-1 only, 10%SLD on both areas and
30%SLD on both areas. Responses for this case are
displayed in Fig.10 and evoked that the presented control
technique is capable of handling the system performance
even it is subjected with loading uncertainties. Thus, the
FOFPID controller parameters are need not to be changed
even the system loading is greatly varied. Hence, the
presented control technique is robust.
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= |
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\_/H _5
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Fig.10. Responses for case-5. (a) Af, (b) APtie12, (¢) Af>.

6. Conclusion

A new control strategy of FOFPID controller based on
soft computing methodology of SOA approach is
implemented successfully for maintaining the stability of
MAHS realistic power system under fluctuating load
demands. Presented regulator efficacy is validated on dual
are PVRT system prevalent in literature. SOA tuned FOFPID
regulator outperforms the performance of FA based PI, PEO
based PID, ICA based FPI and FPIDF techniques that are
proposed for test system-1 by the researchers in literature.
Further, the presented regulator is also applied to the MAHS
system with realistic constraints and again the performance is
validated with PID/FPID/FOPID controllers. Later, the
importance of considering practical constraints and their
significance on power system performance is vindicated.
Finally, the robustness test revealed the presented controller
robustness even the system is targeted with different
loadings.
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Appendix

Test system-1 [3-5]: PV Unit: Grid parameters- a=800, b=-
18, ¢=100, d=50. Power system: Gain constant= Kps=120,
time constant=Tps=20sec. Thermal unit: bias
constant=B=0.8puMW/Hz, Thermal
regulator=R,=2.4Hz/puMW, reheat gain constant=Kr=0.33,

reheat  time  constant=Tr=10sec, = governor  time
constant=Tg=0.08sec, turhine time constant=Tt=0.3sec.

Test system-2: Thermal: Tg=Governor time
constant=10.2sec,  Tr=reheat time  constant=0.08sec,
Tt=Turbine  time  constant=3sec,  Kr=reheat gain
constant=0.3. Hydro unit: Tgh=governor time
constant=0.3sec, Tw=water starting time in

penstock=0.025sec, Trs=governor reset time=5sec. Gas unit:
Xc= lead time of governor=0.6, Yc=lag time of
governor=1sec, Ts= time constant of fuel=0.23sec, Tcp=
compressor discharge time=0.2sec, b and c are valve position
parameters= 0.05 and 1sec respectively. Wind unit: Kp=wind
turbine gain=1.25, Tp=wind turbine time constant=0.041sec.
Bi=bias parameter=0.0425, Rt=Rny=Rg= speed regulator
constant=2.4Hz/puMW. T1,=synchronizing
coefficient=0.545pu.
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