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Abstract: This research work presents a particle swarm optimization (PSO) based dual mode fractional order
controller (PDMFOPI) to overcome the load frequency (LF) problem in two area interconnected hybrid systems
(TAIHS). The proposed controller provides a high degree of freedom in tuning the controller because of the way it
provides high control over the system. The fractional order controller, in combination with the dual mode scheme,
increases the performance of the system. The gains of the controller are fine-tuned by a meta-heuristic particle swarm
optimization algorithm in such a way as to minimize the error in the integral square error (ISE) criterion. To realize
the controller advantages, a comparison is made between the proposed controller and other controllers of the
conventional proportional-integral controller (PI), the PSO tuned dual mode proportional-integral controller (PDMPI),
and the PSO tuned fractional order controller (PFOPI), all tested for the same system for 1% step load perturbation
(SLP). Also, sensitivity and performance analyses are carried out. From the findings, it is clear that the suggested
controller is efficient and clears frequency error in a short time.

Keywords: Two area interconnected hybrid power system (TAIHS), Load frequency control (LFC), Dual-mode
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1. Introduction

Nowadays, our traditional system of electricity is
being upgraded by incorporating generation sources
of different types. Contrarily, demand will never be
constant. It may increase or decrease at any time. As
it is dynamic, it is essential to keep the generation and
demand of power in synch; otherwise, frequency
deviation may occur which leads to serious problems
like blackouts. Therefore, the power system must be
operated at a specified frequency all the time. For the
purpose of keeping a balance between demand and
generated power, load frequency control (LFC) is
implemented. Maintaining regulation using old
techniques is not feasible in the case of a large
interconnected power system. As a result, automatic
generation controllers are installed in each power
plant. Here, optimized parameters are given as inputs
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to the controllers to improve the system performance.
Thus, for a small load change, the controller will
operate and maintain the system with constant
frequency. A power system is robust when the
frequency and voltage remain constant regardless of
load fluctuations. LFC stands for active power and
frequency control. LFC is a major challenge for a
multi-area integrated power system. [1]. Different
types of microgrid systems have been developed and
their dynamic characteristics studied by various
authors. An isolated microgrid comprising a PV,
wind, biogas, and biodiesel generator is addressed in
[2]. The authors discussed the impacts of
inexhaustible energy sources of photovoltaic (PV),
hydroelectric plant and wind turbine generator after
integration with exhaustible energy resources [3].
The frequency control of a microgrid comprising of
the different generating system is studied, and a
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mathematical model for different generation sources
is also represented in [4]. Whereas in [5], an isolated
hybrid power system consisting of wind turbine, aqua
electrolyzer, diesel, electrical vehicle, PV, and
flywheel energy storage systems is simulated. Aside
from the many types of hybrid power systems
outlined above, adding a high-voltage direct current
(HVDOC) tie line to the system, as well as an AC tie
line, is a smart idea from both an economic and
technical standpoint. In [6], a parallel HVDC tie-line
is also modeled to mitigate the mismatched frequency
because of the incorporation of different generating
sources. A multi-terminal HVDC system for wind
farm-connected multi-source power systems is
modelled [7]. Moreover, different types of
optimization techniques are implemented for the LFC
problem. Different computational methods are being
used in research to improve the accuracy and
efficiency of LF management algorithms. In[8], the
Harris Hawk’s optimizer for solving the frequency
constrain issues are discussed. Even after the
development of many algorithms from the genetic
algorithm[9] to recent algorithms like the
Archimedes optimization [10], PSO is providing
better results with simple procedures. To optimize the
settings of the PID (proportional derivative integral)
controller in the micro-grid structure, PSO based on
an artificial neural network technique is utilized in
[11]. Nowadays, various control approaches have
been developed and are used for frequency control.
For LFC functionality, new control approaches and
intelligent methodologies have been presented, such
as a linear quadratic regulator with an integral
controller and online tuning using the balloon effect
[12], the sliding mode controller [13], and coefficient
diagram methods implemented for frequency control
[14]. Although they are intelligent, due to some
limitations and complex computation, classical
methods are used for their simplicity. For instance,
[15] proposes optimizing a PID controller's Ziegler—
Nichols’s tuning. In terms of research, it appears that
advancements in design methodologies for integer
order control, particularly PID control, have hit their
limits. There are still some challenging issues to be
resolved [16]. The integral and derivative actions'
fractional-ordering results in the fractional order
proportional integral derivative (FOPID) controller,
which is an enhancement of the classical PID. As a
result, the controller has two additional parameters
than a traditional PID controller. As a result, two
more standards must be met in order to increase the
entire system's performance. Many engineering
control applications have employed the controller to
produce more robust and steady performance [17].
Various literature is available for the FO system in
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frequency regulation. FO controllers manage
frequency in a multi-area power system [18]. Also,
FO controllers are used for AC microgrid frequency
mitigation [19]. A fuzzy-logic-incorporated FO
controller is applied in [20, 21]. In the above-
discussed literature, it is understandable that various
types of power system with renewable energy is
modeled which is highly encouraged. But it is a fact
that systems incorporating renewable energy become
more complex systems due to their dynamic behavior.
Thus, for a complex system, a complex method of
control is not suitable. Like fuzzy systems, and neural
networks, they require experts to design the controller
and may be time-consuming. Also, older control
techniques of Conventional PI control not resolve the
issue between static and dynamic accuracy, the
closed-loop system's gain can be adjusted
significantly to improve transient response in the
absence of integral control. Also, in the above-
reported works of literature, various algorithms
implemented in tuning controllers have some
limitations of slow convergence, more settling time
and stuck in local optima. The motivation of this
work is to design a most effective simple controller
by overcoming above discussed drawbacks. The
problem can be handled by enhancing the dual-mode
control paradigm [22]. This dual-mode control does
not include any complex structure and it is easy to
implement [23]. These controllers are robust and less
sensitive to system variations [24]. For that purpose,
a facile and efficient dual mode fractional order
proportional-integral controller tunned by a simple
and uncomplicated PSO algorithm (PDMFOPI) is
proposed for tuning a complex two area hybrid power
system incorporating different renewable energy
sources. For the purpose of proving the efficacy of
the proposed controller it is compared with different
controllers of conventionally tuned PI controller and
PSO tuned dual PI and FOPI controller. The
organization of further work is, in Section 2 explains
the contribution of the article. Section 3 is associated
with the system investigated and its mathematical
modeling. Section 4 explains the fractional order
controller. Section 5 is associated with the dual-mode
scheme and the problem formulation of the work.
Section 6 deals with the PSO algorithm. Section 7 is
associated with the design of gain scheduling
controllers. And finally, Section 8 is associated with
observation and results obtained in the form of
waveform and numerical data and Results, and finally
Section 9 is the conclusion.
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2. Contribution of the article

All In this work a most advantageous design of
PSO-based dual-mode PI controller (PDMFOPI) is
proposed for the TAIHS. Along with its desirable
characteristics of design simplicity and ease of
implementation, the PSO-based dual-mode system is
implemented for fractional proportional integral (PI)
controller for the TAIHS.

The following are the work's aims:

+ TAIHS integrating different generation
sources is considered to be controlled.

+ A PDMFOPI is incorporated because of its
good performance and greater freedom in tuning.

« A PSO algorithm to tune the controller
parameter is implemented because it is simple to
understand, easy to execute, and cost-effective.

»  The system also contains an HVDC link in
addition to an AC tie line for frequency regulation.

«  Sensitivity analysis is performed by taking
into account various operational circumstances and
load disturbances.

3. System investigated

To provide a robust design methodology for the
power system LFC, the PSO-based dual-mode
fractional order proportional-integral (PDMFOPI)
idea was applied. Fig. 1 depicts a one-line diagram of
TAIHS with a hydro plant, reheat thermal plant and
gas plants in one area and diesel plant, wind plant,
and solar plant in the other. Also, a nonlinear
Generation Rate Constraint (GRC) is added to the
thermal power; thus, it acts as real power system. For
small SLP the change in power of different

generation units is given below fromin Egs. (1) to (6).

And from Egs. (7) to (13) refers to power flow
equations of area 1, area2, AC and HVDC tie-line
power of TAIHS [25] and the nominal data of the
TAIHS is supplied in Appendix A.
Thermal plant:

In Eq. (1), Kre is gain constant of reheat turbine
whereas Ttr, Ter, Tre are the time constant of a
turbine, governor, reheat turbine.

(1+KReTRES)
(1+TGrS)(1+TReS)(1+T7RS)

APy (s) = 1)

Hydro plant:

In hydro turbine transfer function Eq. (2), Trsis
the reset time, Tw is the water flow starting time in
penstock, Trw is the hydro governor time constant.

(1+TgsS)(1-TyS)
(1+4THS)(1+TryS)(14+0.5TyS)

APpy(s) = 2
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Gas plant:

In Eg. (3), A, B, C are the constants of valve
positions. Tcp, Tcr and Tr are the time constants of
compressor discharge, combustion reaction and fuel.

_ A(1+Xs)(1—TcgS)
AFya(s) = (C+Bs)(1+YS)(1+TFs)(1+Tcps) ®)
Diesel plant:

In Eq. (4), Ko is the gain constant and Tpbs, Toz,
Tos, Tosare the time constants of the diesel plant.

_ KD(1+TD]_S)
APqi(s) = (1+Tp4s)(1+Tpys) (1+Tp3s) )
Wind plant:

In wind plat transfer function Eq. (5), Kwi and Kw:
are the gain constant and Tw: and Tw; are the time
constants of wind turbine.

_ Kw1Ky(1+TyyS)
APyi(s) = (1+Ty28) (1+25+5) (%)

Solar PV plant:
In Eq. (6), Kpy is the gain constant and Tpy is the
time constant of PV plant.

APpy () = —2 (6)

For change in generation due to load change, the
total power generated is given by

For areal
APgpny = APy + APy, + ARy, @)

For area?
APgpny = APy + APy, + ARy, (8)
Since in parallel to AC tie line, the HVDC line

also considered. Therefore, the total tie line power is
given by

APiio12 = APpgc + APrge 9)

APtac = (le)APtac + APl:dc (10)
Kedc

APpy. = 1+f;dc (AF1 — AF2) (11)

In AC tie-line, T12 is the synchronizing coefficient.
The disparity between scheduled and actual power is
mentioned as area control error (ACE). ACE
provided by this parallel AC and DC tie line is
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Figure. 1 One-line diagram of TAIHS

For areal

ACE4; = B1 AF1 (AP, + APy.) (12)
For area2

ACE,, = B2 AF2 (AP, + AP,y.) (13)

4. Fractional order controller

Podlubny first suggested the concept of fractional
order controllers in 1997. It states that it has a better
response compared with conventional PID controller.
The FO controller is an effective control method for
preventing unwanted instability and improving the
dynamic behaviour of the power system model. New
tuning methods are being developed and also the
applications of FO controller are being investigated
[26]. Fractional order differential equations are used
to access systems in fractional order control.
Fractional calculus is used by fractional order
controllers to extract their lineage. The controller's
transfer function is given by

u(t) = Kye(t) + ft;(—;e(t) (14)
0

In Eq. (14), u(t) represents the produced control
signal and e(t) denotes the error signal. As a result,
the controller includes a proportional component gain,
an integral component gain, and a fractional operator
A. The FOPI controller is derived from the integer
order PI controller. Similarly, a traditional PI
controller is created by changing the valueto 1. Asa
result, the controller includes a proportional
component gain, an integral component gain, and a
fractional operator A. By adjusting the value between
0 and 1, the design specifications can be changed [27].
5. Dual mode scheme
formulation

and problem

This section explains the dual mode concept
followed by problem formulation.
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5.1 Dual mode scheme Implementation

A well-designed proportional or integral
controller can achieve 0% steady state error, but the
system's response becomes delayed as a result of the
high overshoot and undershoot and makes up time.
The notion of a dual-mode scheme can be used to
resolve this contradiction. In this technique, a dual-
mode switch is used to link one of two controllers to
the feedback loop at a time. The structure of
PDMFOPI controller is shown in Fig.3. The first
controller is driven by a linear feedback law, whereas
the second is driven by a state transition. Thus, the
PDMPI controller switches between proportional and
integral control according to the Egs. (15) and (16)
and for the PDMFOPI controller it works with respect
to Egs. (15) and (17). In Eq. (17) A is a fractional
operator which has a value between 0 and 1 for which
it acts as FOPI controller. When the A =1, then it will
act as a conventional proportional integral controller
as in Eq. (16). The modes of the controller depend on
the output signal level.

u(t) = Kpe(t) forle(®)| =ACE >¢ (15)
u(t) = Le(t) forle(t)| =ACE<e (16)

u(t) = f—;e(t) forle(t)| =ACE <e (17)

Where ¢ is the specified switching limit, which
must be greater than 0. That is, e> 0. When the
amplitude of the error e(t) is more than the defined
value, the proportional scheme is employed, and
when the amplitude of the error e(t) is less than or
equal to, integral control is used.

5.2 Problem formulation

To minimize (J) is the primary goal of LFC
problem. Here, Eq. (18) is the integral square error of
frequency change and tie line power change with
subject to constraints as in Eq. (19) which are the
minimum and maximum bounds of the variables to
be tuned.

Jise = [3 ((AF)? (APyie1,)?)dt (18)
with subject to constraints,

Kpmin < Kp < Kpmax
Kimin < Ki < Kimax
Amin < /11' < Amax

€min < & < €max

(19)
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Initialize PSO
Parameters

4

Initialize Bounds of the
variables to be tuned
A 4

u(t) = %e(t) for le(t)| = ACE < ¢
u(®) =5 e(®) forle(®)| = ACE < ¢

v
| Iter=iter+1 |

Evaluate the fitness
function in ISE
v

If iter>
iter max

Update particle Print the parameters of
position and ¢ PDMFOPI controller and
velocity minimum ISE

Figure. 2 Flow chart of PSO algorithm

The basic goal of the LFC problem is to keep the
frequency and power deviations as low as possible.
The integral square error (ISE) is a performance
metric that can be used to find the best controller
parameters [28]. A PSO is used to help with this. PSO
is a very simple algorithm that appears to work well
for optimizing a variety of functions. The technique
for adjusting the controller's gains is explained in the
following sections.

6. Particle swarm optimization algorithm

James Kennedy introduced PSO, which states a
group of flying birds or fish searching for food. In this
algorithm, the solution to be obtained is termed as a
particle. According to the Egs. (20) and (21) each
particle will have two vectors that determine its
position in the search space: a position vector and a
velocity vector. In search space, each particle moves
toward two points, namely Pxgest and Gkgest, Where
Pkeest is the optimum solution obtained by each
single particle, and Gkgesr, IS the optimum solution
obtained by all the particles. Each particle can be
thought of as a massless point in z-dimensional space,
indicated by z in a group of particles. Thus, particles
move with velocity toward the optimum solutions.
For j" iteration, the updated velocity of the particle x
is given by

v=Wv jpi + ClRal(PKBESTi - X j_lgz) +
CZRaZ(GKBESTi - X ]_11‘2) (20)

were,

xli =207, + v, (21)
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Figure. 3 Structure of PDMFOPI controller

Table 1. PSO parameters

Parameter value
No of population 30
No of iteration 50
Learning factor 2
Inertia coefficient upper and 0.9 and
lower limits 0.2

W is the inertia coefficient representing the search
ability, C; and C; are learning factors whose values
are greater than 1, Ra and Ra, are random values
between 0 and Fig. 2 illustrates the flow chart of a
PSO for the gain scheduling for an interconnected
hybrid power system. According to this, after
initialising PSO parameters and controller boundaries,
we can achieve our main goal of decreasing the
performance index J given in Eq. (18) by using
optimum values of controller gains achieved by
particle movement in the search space. The following
lines show a simple pseudocode for the PSO
algorithm based on the idealization presented above.

Initialize particles

For i=1 to max-iter

For each particle do
Evaluate fitness function
Find the Pxgest, Gkgest
end

end

for each particle do
update velocity & position
end

7. Particle swarm optimization algorithm

The controllers of conventional Pl controller,
PDMPI and PFOPI designed and compared with
proposed PDMFOPI for the same system considered
and simulated for 1% of SLP.

7.1 Design conventional PI controller

The output feedback ISE criterion is used in the
design of traditional PI controllers for hybrid power
systems. The obtained feedback gain values are kp =
0.95, ki1 = 3.26, ky2 = 0.91, ki = 3.8. The Pl controller,
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Figure. 4 Simulation model of TAIHS

PFOPI controller and PDMPI controller are used as a
bench mark in this research work.

7.2 Design of proposed PDMFOPI controller

For TAIHS, the proposed PDMFOPI controller is
constructed by incorporating the dual mode scheme
and a fractional order controller. The parameters
shown in Table | were initial parameters set for the
good operation of the PSO algorithm. Also, upper and
lower bounds for the controller gains to be tuned are
also pre-set. According to the pseudo code of PSO
algorithm, after initialization of particles, each
particle starts to evaluate the fitness function, which
is to find the controller gains in order to minimize the
steady state error, thereby reducing the frequency
deviation. Particles in the field look for the most
suitable global and personal answers. And next each
particle updates its position and velocity according to
the solution. In that way, it will find the optimal gain
values. The obtained optimal gain values, A and ¢
were found to be Ky =5.91, Kip = 5.19, Ky = 7.75,
K.z 77 7»1 071 7»2 072 81—035 82—038

7.3 Design PFOPI and PDMPI controllers

A PFOPI and a PDMPI were also constructed in
each area for TAIHS. For the PFOPI controller, the
fractional order controller in each area is tuned with
the PSO algorithm. Here, K1, Kz, Kit, Kiz, A1, A2 are
the 6 variables to be tuned. The best gain values and
A values are identified for PFOPI to be Kp= 0.33,
Ki= 1.20, Kpz = 0.2, Kiz= 1.58, 1,=0.89, 21,=0.58.
When it comes to the design of the PDMPI controller,
it is very similar to the PDMFOPI controller design.

The procedural steps are the same as for a
proposed controller. The main difference is that
tuning of the PDMPI controller involves six variables,
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which are: switching limits €1, €2, integral gains of
Ki1, Kiz and proportional gains of K1, Ky2. While for
the proposed PDMFOPI controller, there are a total
of eight variables due to the presence of FO controller
which are: switching limits &1, &, integral gains of Ki,
Ki. and proportional gains of K1, Ky2 and fractional
operator A1, A2. In short, the proposed PDMFOPI
controller has more control variables due to the
presence of a fractional order controller and it
produces a more precise output, therefore it has more
control over the system to be controlled, while
compared to the PDMPI controller, it has fewer
variables. The obtained parameters for PDMPI are &;
= 0.22, &2 = 0.27, Kpl = 09, Kip = 1.2, sz = 0.84, Kiz
=9, respectively.

8. Observations and simulation results

The TAIHS is simulated in the MatLab simulink
platform as in Fig. 4 with the proposed PDMFOPI
controller and other benchmark controllers for 1%
SLP. The corresponding convergence curve and the
associated output of frequency change of each area
AF1 and AF2 as well as the tie line, which is displayed
in Fig. 5 and Fig. 6. The Table 2 shows the numerical
output data for the TAIHS with various controllers in
terms of undershoot, overshoot and settling time and
performance index produced by employing
benchmark controllers and the proposed controller.
The performance index obtained for the controllers
also displayed in Table 3 which is also compared with
the previous work by using algorithms of Differential
Evolution (DE) algorithm, Artificial electric field
(AEFA) and combinational of differential evolution-
artificial electric field (DE-AEFA).

It is obvious from the results that the suggested
PDMFOPI controller has a minimal ISE of 0. 0084
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Table 2. Numerical outcomes of controllers

Settlin

Controller | Undersh | Oversh | gtime

Type oot oot (Secs)*

102

PI -0.4385 | 1.2120 | 3.4468

AFL ""ppMPI | -04934 | 2.1260 | 2.4026
t, | _PFOPI_| -04507 | 0.7385 | 2.8903
PDMFOPI | -04322 | 0.1812 | 0.7783

PI 02934 | 1.242 | 3.2707

AF2 I""PDMPI | -0.2491 | 2132 | 2.3852
l'j‘z PFOPI -0.1538 | 0.7348 | 2.8185
PDMFOPI | -0.08501 | 0.1589 | 2.2580

PI -0.324 | 0.04297 | 2.2514

AI}” PDMPI | -0.4869 | 01007 | 1.4962
Mw |__PFOPI -0.3231 | 0.0248 | 1.0366
PDMFOPI | -0.3879 | 0.0230 | 0.8744

Table 3. Performance index (ISE) of different controllers

Revised: March 29, 2022.

Controller ISE Controller Type ISE
Type
Pl 0.4386 AEFA [25] 23.478
PFOPI 0.11062 DE-AEFA [25] 12.416
PDMPI 0.6057 PDMFOPI 0.0084
DE [25] 25.725

1072

Performance [ndex

(e ] 10 20 30 40
Iteration

Figure. 5 Convergence curve

than the other compared controllers. The results from
Table 2 shows that the suggested PDMFOPI
controller has reduced undershoot, overshoot, less
settling time and from the Table 3 it is clear that the
minimal performance index is obtained on comparing
the other controllers.

8.1 Sensitivity analysis with parameter variation

The characteristics of the hybrid system are
altered to confirm the proposed controller's
superiority and validity. A sensitivity analysis is
performed on a two-area hybrid system by varying
Kpy of the solar PV and the Tc¢p of the gas power plant
in area 2 and 1 by +25%. The corresponding
simulated results are given in Fig. 7 and 8. The
suggested PDMFOPI controller appears to be
impervious to parameter changes based on the
simulation results.
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8.2 Performance analysis by considering AC links
only

In the TAIHS, an HVDC link is built in parallel to the
AC tie line to improve the frequency regulation,
thereby improving the system performance. It is also
important to discuss the system in the absence of the
HVDC link due to technical faults. In that aspect, the
TAIHS is simulated and the associated output is
depicted in Fig. 9. From the result, it is clear that the
system not get affected with the proposed controller
with minimal variations.

8.3 Performance electric

governor

analysis with an

Mechanical regulators were once utilized in
several of the existing thermal power plants. As a
result of the faster growth of scientific study,
electrical governors are now utilized to accomplish
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activities such as speed detection and droop
correction. If the mechanical governor is replaced
with an electrical governor, it is necessary to
investigate the system's performance. In this case, an
electric governor is employed instead of a mechanical
governor, Transfer function of electric governor is
given in Fig. 10.

Were Kgd, Kgi, Kgp derivative, integral and
proportional gains of the electric governor. And the
corresponding output is displayed in Fig. 11. From
these outputs, it is very clear that the system is well
performed even with the replaced electric governor.

9. Conclusions

In this article, the PDMFOPI controller is
described for the load frequency control of TAIHS.
The proposed controller can handle complex system
with good transient and steady-state performance
because it combines two control schemes: the dual-
mode and fractional order control. The performance
analysis and sensitivity analysis also carried out for
the TAIHS with the controller and compared with
some other controllers. The conclusion points are as
follows.

International Journal of Intelligent Engineering and Systems, Vol.15, No.4, 2022

Revised: March 29, 2022.

94

e In the TAIHS, the proposed PDMFOPI
controller tuned by the PSO algorithm
achieved the minimum ISE value of 0.0084 for
1% of SLP in both areas of the hybrid system.

e The proposed PDMFOPI controller achieved
the least settling time, undershoot, and
overshoot when compared with other
controllers of the conventional PI controller,
the PDMPI controller, and the PFOPI
controller.

e From the sensitivity analysis, it is proven that
the controller worked in an excellent way even
with the parameter variation in the system.

e The system's performance is unaffected by the
presence of an electric governor or the absence
of an HVDC line due to a fault.

Finally, in terms of frequency change in each area
and tie-line, the obtained waveforms and tabulation
results confirmed the superiority and soundness of
the PDMFOPI controller over the other compared
benchmark controllers for the TAIHS.
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Appendix

In TAIHS [25], thermal plant: Tcr=0.08 s; Tre =
10 s; Kre=0.3; Trr= 0.3 5; RT = 2.4For hydro plant:
Th=0.3s; Trs=55s; TRu=0.35s; Tw=0.025s; Ry =
2.4For gas plant: Tecp=0.2; Te =0.23 s5; Tcr= 0.01;
Rc=24A=1;B=0.05C=1; X=0.6; Y =1; diesel
plant: Toi=1s; To2=25s; RD =2.4; Tp3=0.025s;
Toa= 3 s; Kp = 16.5.wind plant: Tw1=0.6 s; Tw2 =
0.041 s; Kwz=1.4; Kw1=1.25; Rw= 2.4For solar PV
plant: Kpy = 1; Tey = 1.8 .power system: Pr Rated
power = 2000 MW, Tes, = 2 *(5/60*0.0145); Kps1=
(1/0.0145); Kpsz = (1/0.0145); B1=0.425; B, = 0.045;
T1,= 0545 s; D = 0.0145, H =5;f = 60 Hz; Kps =
1/D;Tps = 2H/fD; DC tie-line: Kpc = 1; Tpc = 0.5;
ACtie-line:T12 = 0.545 .Electric governor: K =1.0;
Kiei=5.0; Keei = 4.0; R =2.4 Hz/p.u.MW.
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Notation
ACEaq, .
ACE s Avrea control error in areal and area2
PSO Particle swarm optimization
PDMPI PSO based proportional integral controller
PFOPI PSO based fractional order controller
PDMEOPI PSO based dual mode fractional order
controller
TAIHS | Three area interconnected hybrid system
APrie12 Change in tie-line power
U(t) Control signal
e(t) Error signal
AP, Change in Ac tie line power and DC tie line
APigc power
APcent Power generated in area 1
APcen? Power generated in area 2
B1, B2 Biasing coefficient in area 1 area 2
A Fractional operator
€ Switching limit
AF1, AF2 | Frequency change in areal, area2
Ki, Kp Integral gain and proportional gain
SLP Step load perturbation
AP, (s) | Change in Thermal power for small change
in SLP
APy, (s) | Change in Hydropower for small change in
SLP
AP,,(s) | Change in Gas power for small change in
SLP
AP,,;(s) | Change in Wind power for small change in
SLP
APpy(s) | Change in Solar power for small change in
SLP
AP, (s) | Change in diesel power for small change in

SLP
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