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Abstract- The major concern for deviation of frequency in renewable energy penetrated power generating system is the
intermittent nature of the inputs in addition to variable load demand. This paper investigates load frequency control (LFC) of a
thermal-wind-thermal based hybrid power generating unit. A two-degree-of-freedom (2-DOF) fractional-order-proportional—
integral—-derivative (FOPID) controller is implemented to control the frequency of the proposed system. Cuckoo search
algorithm (CSA) is applied to optimize the gains parameters of the proposed controller. The results obtained from the proposed
CSA tuned 2-DOF-FOPID controller are compared with the traditionally well-known conventional controllers. MATLAB
simulation shows that, compared to the conventional widely applied PI and PID controllers, the presented controller reveals
superior response in terms of lesser transient time, less overshoot, wide robustness to limit the frequency deviation (FD) within
the acceptable range considering integral square error (ISE) as an objective function.

Keywords Cuckoo search algorithm (CSA), hybrid power system, load frequency control (LFC), robust 2-DOF FOPID

controller, wind energy infiltration

1. Introduction
Incorporation of renewable energy sources (RES) with

the thermal power generating system has become an
appropriate choice with the increased demand as per the
present scenario of energy sector. But the main concern in
generation of power from the RES is the fluting nature of
inputs which rules the output power and frequency of the
system [1]. Solar and wind are the most prominent renewable
energy sources due to their wide-spread availability.
Compared to solar energy, the wind is more prospective in
mega range generation due to high power intensity and
probable day-night generation [2]. Recent trend in the power
systems is to interconnect mega-power coastal wind-farms
with conventional thermal based power system for a
prospective power balance. In wind farms the rotor of the
induction generator rotates due to the speed of the wind
which is not steady throughout and the system frequency is
highly affected by the variable wind generation [3]. That is
why it is vastly required to regulate the power generation for
limiting the frequency deviation (FD). When wind energy-

based area is interconnected with the conventional thermal
based area(s), load frequency control (LFC) in such hybrid
system seems to be a very challenging task. Many researches
have been carried out in recent past for LFC in single and
multi-area electrical power systems [4].

The key objective of LFC is to control the deviation of
output frequency of entire power system and tie line power
within a patience range during the variation in both power
generation and demand of load [1]. To overcome the
limitations of open loop control system and to design closed
loop control system, conventional controllers such as integral
(I),  proportional-integral ~ (PI),  proportional—integral-
derivative (PID), are widely used in LFC [5]. PI control is
required for non-integrating measures in designing of system
for automatic generation and control (AGC) in power
systems. Authors in [6] designed a dual mode bat inspired
algorithm tuned PI control system for LFC in multi-area
generating system. However, there are many disadvantages
of PI controllers like greater maximum deviation, unsuitable
for slow moving process variables, higher response time and
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period of oscillation. Hybrid fuzzified integral control [7]
and PI with artificial intelligent [8] have also been explored.
But the dynamic responses of PI controllers are always with
additional oscillations and settling time. Whereas the PID
controller can be applied for regulating both the slow and fast
process variables with moderate peak overshoot and
constancy. A genetic-fuzzy tuned LFC system was proposed
for a multi-area thermal generating unit [9]. A unified PID
tuning [10] and an optimal multiple input-multiple output
(MIMO) [11] PID controllers were presented. Fuzzy based
particle swarm optimization (PSO) [12] and PID controller
optimized by cuckoo search method [13] were presented.
Two-degree-of-freedom (2-DOF) PI [14] and 2-DOF PID
[15] controllers were applied for LFC in power systems. The
conventional single-DOF PI, PID, and integral order (IO)
controllers are not capable enough for tracking of set point
and disturbance elimination of the power system. A radical
improvement is obtained in the area of designing of control
system with the introduction of fractional order (FO)
calculus [16]. The order of regular integrator and
differentiator parameters are replaced by non-integer values
with this method. Controllers with fractional mathematics
provide better performance. With improved computation,
fractional order (FO) controllers perform for complex
processes [17]. Differential evolution (DE) [15], genetic
algorithms (GA) [4], etc., have also been applied for optimal
setting of controller gains in 2-DOF PID based load
frequency controllers. 10 [18] and internal model control
(IMC) [19] based 2-DOF [20] control strategies gave
superior performance in LFC [18]. A 2-DOF controller has
high dynamic response in tracking of set-point variables and
regulation over 1-DOF controller. Implementation of
teaching learning-based optimization (TLBO) with parallel
2-DOF PID controller for LFC in two-area thermal power
system is presented [20]. Recent researchers on LFC with FO
based controllers [21] have found advantages such as
robustness, better dynamic response, etc. in thermal based
multi-area power system. Though FO based controllers have
many advantages, remarkably, rare initiative has been taken
to design FO based robust LFC controller for application
under  renewable  energy
environments.

Very few literatures in the recent past have studied and
evaluated the performance of FO controllers in LFC in power
systems which need further investigations. The present work
investigates a robust 2-DOF FOPID controller in a multi-area
LFC problem which has not been explored properly before
under intermittent renewable energy penetrated environment.
This paper presents the dominance and benefit of FO
controller along with 2-DOF concept in AGC in a renewable

penetrated  challenging

energy penetrated multi-area power system. Step load
perturbation (SLP) is applied in this LFC study with full
accuracy.

2. Challenges Penetrated Power

System

in Wind Energy

In recent days, renewable energy sources (RESs) have
been emerged into a great attention [22]. Due to the
favorable economic policy and climate consideration, the
infiltration of RES in power systems is being rapidly
augmented throughout the world. Among the RES, the wind
energy is the most fortunate one in large-scale and day-night
generation [2]. Nevertheless, the rapidly increased
incorporation of wind power generating units has conveyed a
severe contest in real-time power system frequency
regulation. Maximum power tracking for a wind turbine
generator (WTG) is a dynamic operation causing for
indeterminate contribution. There may be a zero-spinning
reserve for exploitation in the frequency auxiliary amenities
during the functioning of the WTGs in maximum power
tracking mode. The augmented integration of wind power
generation and the necessities to follow grid codes essentially
call for advanced AGC technologies for present and future
interconnected power systems [3]. New and innovative AGC
technologies may be helpful for avoiding unnecessary shut-
down/re-starting and turbine over speeding to improve the
wind plant life [23]. Investigations show that the effects on
the system frequency due to the wind energy integration is
substantial, which become more at higher level of
penetration [24]. That is why, recently, instrumentation of
progressive AGC strategies to achieve a skillful frequency
regulation in renewable energy penetrated multi-area power
systems has been emphasized by the power system research
community [25].

3. System Description

The investigated multi-area power system includes
three-area thermal-wind-thermal generating systems with the
capacity of 2000MW, 600 MW and 2000 MW. The thermal-
wind-thermal system indicates interconnection of two steam
power plants with one wind turbine plant. The projected
power system is depicted with transfer function models in
Fig. 1. The speed regulation factor (SRFi) of the speed
governor is taken as 2.4 Hz/p.u MW. The frequency bias
(FBi) value is taken same as the frequency response

characteristics [23], bi=D; + 1/SRF;, where D,» = o

A

Per unit values of individual area parameters are assumed on
their relevant area bases. Therefore, for modeling the multi-

. _ P
area systems the parameters are considered as ai= —, ax=

rz

Pps . . .
-—= Where a2 and a3 are the area size ratios and P;iis the
ra3
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Fig. 1. Multi-area power system with transfer function model.

capacity of rated power of individual area i. The system is
also studied with the conventional single order classical
controllers, PT and PID. SLP of 0.1 p.u is applied to study the
dynamic response of the used controllers in each area. A
CSA tuned optimized 2-DOF FOPID controller is used for
making the deviation of output frequency of the entire
system constant under the application of step load. All the
generating areas are modeled in Matlab/SIMULINK
environment on basids of the transfer functions. A cost
function (J) is expressed in Eq. (1) in terms of integral
squared error of bus frequency and tie bus power.
Optimization is performed for the minimization of J given as

[5]:
J=ISE = [ {(Afi)* + (APue - ;)?} dt ()

The steps for the entire simulation is shown is Fig.2.

Design the

entire system in Initialize the Set number of
SIMULINK > system » iterations and
platform as parameters population size

shown in Fig. 1

.

Generate random
values of initial
process and algorithm and «— population to pass
minimization of run the code through the CSA
J algorithm

Fitness

evaluation Call CSA

Iy

.

Call the simulink model
and fit the optimized
values of control
parameters to the
controller of Fig.1

Observe the responses

Fig. 2. Simulation steps.
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3.1. Modeling of Thermal System

The thermal power generation system comprises of
steam turbine, governor, re-heater and speed regulation gain.
The transfer function (TF) model of different units are
interconnected, as shown in the thermal areas of Fig. 1.
[51126]:

The governor system is represented as:

Gg(s) = 55T, 2
The representation of steam turbine system with TF as:
- 1
Ge(s) = 1+5T; ®)
The transfer functions for the re-heat system:
- 1+ SKrTr
- = — 4
Gy (s) 1+4sTy @

where, Tg is the time constant (TC) of the speed governor, 7
is the TC of the turbine, 7, is the TC of the re-heating
system, K is the gain of the unit of high-pressure stage.

3.2. Modeling of Wind Generation System

The wind generation system comprises of actuator,
pitch control, data fit pitch response and wind turbine. The
power delivered from wind turbine is dependent upon
various parameters like speed of wind (Vv), pitch angle (5),
blade radius (r), air density (p), and power co-efficient (Cp
(4, p)). The power generated from wind turbine is given as
follows [27]:

1 . :
Bn = Enpcp(ﬂ.ﬁ_)sz;g (5)

wR

4
Vw

A=

(6)

where, @ = speed of wind, A = speed ratio
The power coefficient is expressed as :

oA B) = Th o Ty ayy BH ™
where @;; = coefficient of C, .
The TF model of pitch actuator:

Kp1Kp2(1+5T,
Gy (s) = KpapeLeTo) ®)
’ (1+5)(1+5Ty5)
The TF model of data fit system:
g K
Gy(s) = —2 9
a(s) 1+5Tps ©)
The TF of the wind turbine is represented by:
;- 1
Gyw(s) = 14Ty, (10)

where T:= TC for pitch actuator, 7= TC for data fit system,
and T~ TC for wind turbine [28].

4. Optimization of Controller Parameters

In the recent past, numerous
techniques or algorithms have been applied in designing load
frequency controllers to solve the problem related to
regulation of power system frequency [3]. To design of an
advanced robust controller with accurately optimized
analogous parameters for optimal performance are the
challenges in LFC. Different heuristic and metaheuristic
optimization techniques or algorithms like PSO [29], Antlion
optimize [22], bacterial foraging optimization (BFO) [30],
Grasshopper Optimization Algorithm (GOA) [31], Firefly
algorithm (FA), artificial bee colony (ABC) [4], etc. were
practiced by researchers for designing of the load frequency
controllers. PSO based on metaheuristic algorithm that
mathematically models behaviors of swarms is presented in
[12]. Antlion optimize is used to optimize problems
iteratively simulating the interaction of ants and antlions in
environment [32]. BFO is a nature-inspired optimization
technique that emulates the foraging strategy of E. coli [30].
GOA is one that imitates the comportment of grasshopper
swarms in environment [31]. The Firefly algorithm (FA) is a
also a metaheuristic optimization motivated by the blinking
property of fireflies. ABC optimization algorithm
mathematically models and mimics the intelligent foraging
nature of honey bee swarm [4]. Recently, Cuckoo search
algorithm (CSA) has been applied by researchers in solving
optimization problems [33]. Yildiz [34] has applied CSA for
the deciding of optimal machining parameters in milling
processes, and also derived an advanced conclusion.
Research illustrates that CSA is a very efficient and could
perform much better than some other well-known
metaheuristic algorithms [5]. Few recent researches address

optimization

intelligent optimization practices like genetic algorithm (GA)
[25], Fuzzy logic [9], etc., for the LFC issue in the
interconnected power systems. Outcome of CSA is
comparatively better than metaheuristic algorithms in respect
of convergence, precision and robustness [33]. But still, it is
noticed that very few reports are available on the intelligent
frequency control design for wind generation penetrated
power systems.

Seeing the recent scenario and the necessity for
integrating of renewable energy to the already existing
conventional electrical power system, an attempt is made to
use CSA tuned proposed controller. The responses are
compared with other optimization techniques like FA and
GA.

5.1. Cuckoo Search Algorithm (CSA)

CSA is nature-inspired meta-heuristic optimization tool
introduced in 2009 by Deb and Yang [35]. CSA is stimulated
by nature dependent on brood reproductive way of cuckoo
birds to enhance their population. It is influenced by the
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upbringing strategy of the species of some cuckoos in
connection with Lévy flight behavior of some birds. Lévy
flights are arbitrary walks in random directions whose step
lengths are derived from the Lévy distribution. Several
researches have presented that the flight behavior of many
species have demonstrated the typical behavior of Lévy
flights [36]. The bird is popular due to their reproduction
strategy and sound. The Cuckoo birds use to lay their eggs in
some other bird’s nest. Some species like, brood-parasitic
tapera, are often very particular in the imitation in color and
pattern of the eggs of a few selected swarm species. In this
way, Cuckoos have evolved to increases their reproductively.
Rules for CSA are [37]:
a. Randomly a nest is chosen to lay eggs.
b. High quality of eggs with the best nest is passed to
the subsequent generation.
c. For a particular number of nests, a swarm cuckoo
could find an extraneous egg with a probability P, =
[0,1]. In the situation, the swarm cuckoo could
either heave the egg away or build a new nest
somewhere else.
The last rule can be roughly applied with the probability
fraction P, of then host nests with new random nests
(solutions). Flowchart of CSA is shown in Fig. 3.

Initialization of Cuckoo search
variables

!

Generation started for host nest
popuation
I

'

Assess the fitness function for the generated
population

l

Alteration of nest location using Lévy

flight equation Cuckoos are moved

i towards a better
environment

Estimate the new result +

Verify if the condition is
fullfilled?

‘ Take the result ‘

End

Fig. 3. Flowchart of CSA [13].

6. 2-DOF-FOPID Controller

In a closed-loop control system, the degree of freedom
determines the command input response and the independent
disturbance rejection characteristics. The transfer functions
that can be attuned in dependently govern the DOF of a

closed-loop control system. Smoothly set-point variable
tracking and disturbance suppression are the key
considerations to select 2-DOF-FOPID controller by the
control engineers. 2-DOF-FOPID controller gives difference
with the single DOF FOPID controller by giving output
signal after comparing with the reference signal with the
measured signal [12]. The controller’s output is the
summation of proportional, derivative and integral actions of
the corresponding difference signals and the actions are
decided on the weight of the gain parameters. The used
controller improves the stability, gives fast response
compared to conventional PI and PID controllers. For PID
the derivative operator boosts turbulences radically that
sources instability for the system. Therefore, a filter is
generally included in the FO derivative term in order to
lessen the harmful effect of the high-frequency restrained
signal. The concept and advantages of 2-DOF controllers
over conventional controllers are described in [15].

The transfer functions of 2-DOF-FOPID controller are
presented as [38]:

K K, S*
C(s):Kp+—}{+D—S”
ST Kpst (11)
KN
K, K, ,S*

K,N

Where, N is the coefficient of derivative filter and ,B , O are
the parameters of set-point weight.
The fractional derivative can be expressed by the

commonly applied Riemann—Liouville (R-L) expression as
[38]:

n t

X _ 1 d_ _ \nx-1
D= j (=) f(e)de

(13)
Where n is an integer number, the range of integer x

ism—1<x<1 , and t(.) is called as Euler’s gamma

function.
The fractional integral function is expressed as:

D70 = S [0 fode b

where D", = fractional operator.

The fractional derivative expression of Riemann—Liouville
definition can be transformed in Laplace domain as [39]:
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LD f(0} =s'F(s) -3 57 £(0) s)

The extra tuning parameters: the non-integer order integer (1)
and the differentiator (u) enables the additional advantage of
tuning of system dynamics.2-DOF control scheme in Laplace
domain is shown in Fig. 4.

R(s)

Y(s)
— F(s)

D(s)

Fig. 4. 2-DOF control scheme [38].
F(s) is the pre filter of the reference signal, C(s) is the single
degree of freedom controller, D(s) is the load disturbance,
R(s) is the reference signal and Y(s)is the feedback from the
measured system output

7. Simulation Results and Comparative Study

A simulation-based study is done on a thermal-thermal-
wind based multi-area hybrid power system to investigate the
response of the applied 2-DOF-FOPID controller.
Matlab/SIMULINK platform is applied to model the entire

system. The gains of the proposed controller are optimized
with CSA technique. Figure 5 shows the comparative study
of the responses obtained from CSA tuned 2-DOF-FOPID
controller with FA and GA tuned 2-DOF-FOPID controller.
Responses reveal that the settling time and overall responses
of the system with CSA tuned 2-DOF-FOPID controller is
much better as compared to FA and GA tuned controller.
Furthermore, the responses of the system obtained from 2-
DOF-FOPID controller are compared with the traditional PI
and PID controllers considering 0.1 p.u load disturbance for
each area; it is found that the proposed controller shows
superior outcomes. The optimized values of the gains of 2-
DOF-FOPID controller with CSA are represented in Table 1.
Table 2 represents the settling time, peak overshoot and peak
undershoot of the FD of the all the individual areas with
CSA, GA and FA tuned 2-DOF-FOPID controller. It is
clearly observed from the responses that the CSA tuned 2-
DOF-FOPID controller is superior compared to GA and FA
technique.

Table 1. Optimized values of the gains of 2-DOF-FOPID controller for three areas with CSA

Algorithm Area 2-DOF-FOPID Controller Parameters
Kpi Kii Kbpi i Mi
CSA Area 1 -0.002 -0.2401 -0.4366 0.9091 0.9509
Area 2 0.0027 0.2705 -0.2621 0.9582 0.7522
Area 3 -0.0054 -0.2826 0.0691 0.9155 0.1385
Table 2. Data of Settling time, peak overshot, and peak undershoot for CSA, FA and GA optimized system
Algorithm CSA FA GA
Parameter | Settling Peak Peak | Settli | Peak Peak Settling Peak Peak
(Hz) time (s) | oversh | unde ng oversh | undersh | time (s) | overshoot | undershoot
oot (s) | rshoo | time | oot (s) oot (s) (s) () (5)
te | ©)
Afi 21.9 0.020 | 0.015 | 27.1 0.020 0.013 30.1 0.021 0.010
A 25.1 0.0027 | 0.010 | 27.7 0.002 0.019 31.7 -0.0007 -0.013
Af; 20.9 0.002 | 0.009 | 253 0.002 0.014 259 0.002 0.0109
AP12 22.5 0.002 | 0.014 | 29.3 0.002 0.020 31.1 0.002 0.026
AP13 19.1 0.002 | 0.010 | 25.1 0.002 0.019 27.4 0.002 0.022
AP23 21.4 0.002 | 0.009 | 26.1 0.002 0.021 27.0 0.0021 0.010
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CSA
FA

GA

16 I I i i
1)

Time, t (s)

CSA
FA
; GA
30 40 50 60

Time, t (s)

(b)

Afs (Hz)

—(5A
—FA
—0GA

Time, t (5)

(©)
Fig. 5. Comparative study of responses of (a) Afi (b) Afz (c)

Afs with CSA, FA and GA.

Table 3 represents the Eigen values of the two connected
thermal and wind areas. From the results it is observed that
the real part of the Eigen values is having negative sign
which confirms stability of the system.

Table 3. Eigen values of area 1 and area 2 with 0.1 p.u load disturbance in area 1

CSA

FA

GA

-9.87640+0.000001

-9.86391+0.000001

-9.847986+0.000001

-13.48657+0.000001

-15.69874+0.00000i

-15.678945+0.00000i

-0.0874985+3.84691

-0.63896+5.5679i

-0.76869+5.369481

-0.0874985+3.84691

-0.63896+5.5679i

-0.76869+5.369481

-0.748656+1.12561

-0.8647+2.287791

-0.87965+1.7569i

-0.748656+1.1256i1

-0.8647+2.287791

-0.87965+1.7569i

-0.68796+1.059871

-0.789466+1.98766i

-0.745896+1.069851

-0.59875+1.002676i

-0.698236+1.036451

-0.691278+1.0226i1

-1.56812+0.00001 -0.68945+0.00001 -0.81135+0.00001
-0.76488+0.00001 -0.21653+0.00001 -0.197889+0.00001
-0.26789+0.00001 -0.3652+0.00001 -0.3596+0.0000i

The optimal gains of each controller are determined and
dynamic responses subsequent to the optimal gains are
investigated. The critical parameters of all the dynamic
responses such as the settling time, peak overshoots and peak
undershoot under 0.1 p.u disturbance of load in area 1 are

observed and presented in Table 4. Figure 6 presents the
dynamic responses of FD and deviation of tie line power of
each area under 0.1 p.u load disturbance. From Fig. 5 it is
observed that the responses obtained from the 2-DOF-FOPID
controllers are better considering the settling time, peak
deviations and magnitude of oscillations.
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Table 4. Data of Settling time, peak overshot, and peak undershoot for 0.1 p.u load change in area 1

Settling time (s) Peak overshoot Peak undershoot (-)
Parameter Pl PID 2-DOF- PI PID 2-DOF- PI PID 2-DOF-
FOPID FOPID FOPID
Afy 30.6 27.5 21.5 0.0035 0.003 0.002 0.034 0.026 0.009
Af2 27.6 26.5 15.4 0.005 0.004 0.001 0.034 0.027 0.011
Af3 25.5 23.4 16.6 0.004 0.0038 0.001 0.035 0.03 0.022
AP 28.4 25.2 16.8 0.006 0.04 0.003 0.020 0.26 0.02
AP13 29.3 26.4 17.1 0.002 0.0021 0.0018 0.0217 0.014 0.010
AP23 271 20.4 12.3 0.002 0.002 0.003 0.021 0.011 0.009
b b “R5.00FFOPID
Af i1z 7 AP 2 (Hz) oo Sapp
| ) A g
0038 0 % Eq 0 50 . &0 Time, t ()
Time, t (s) (d)
(a) 0.005
0.008 r
0
. ' | -0.005
2.DOF-FOPID AP13 (Hz) o0
001 i
Afy (Hz) PID 0015
0015 i
Pl am ;ZDOF
) | _x -FOPID
0% ——2.DOF-FOFID e "E ?P' A
—FD Time, t (s)
—F
05 10 F £ o 50 60 ( e)
Time, t (5)
(b)
0 AP23(Hz) o1 |-\ S,
At i) 74 Awowopm_ | 0018 W \ .
i “App
-10 :;BOF-FOP\D Time, t (5
Time,t (s) (f)
(c)

Fig. 6. Comparative study of time responses of (a) Afi (b) Af2(c) Af; (d) A P12 (e) A P13 (f) A P23 with different controllers for
0.1 p.u load disturbance in area 1
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Table 5 presents the data of settling time, peak overshoot and
peak undershoot of the responses obtained from the multiarea
power system with PI, PID and 2-DOF-FOPID controllers
for 0.1 p.u load disturbance in wind area. Figure 6 shows the

controllers.

responses of the three connected areas with PI, PID and 2-
DOF-FOPID controllers. Comparative study from Fig. 7 as

Table 5. Data of Settling time, peak overshot, and peak undershoot for 0.1 p.u load change in area 2

well as the analysis of Table 5 show that, the proposed 2-
DOF-FOPID controller presents faster settling time and
acceptable transient response as compared to PID and PI

Settling time (s) Peak overshoot Peak undershoot (-)
Parameter PI PID 2-DOF- PI PID 2-DOF- Pl PID 2-DOF-
FOPID FOPID FOPID
Af 27.8 23.2 14.8 0.002 0.002 0.0001 0.02 0.009 0.013
AfH 26.6 23.5 15.8 0.0022 0.002 0.002 0.013 0.009 0.01
Af3 30.9 28.5 23.0 -0.009 0.003 0.002 0.035 0.03 0.01
(b)
005
000 - T o
ok -0.005
RN 8
-0.005
Afs(Hz) 0018
Afi (Hz) o b
o0H}- ] 0%
: 003 ++| =——2-DOF-FOPID
o0} - —F
——200F-FOPD —F"
: — 003 B &
002 | Il Il Il _P‘
0 10 n ki 0 a0 Fil
Time, t () (C)
(a)
0005 ‘ | ‘ | oot T ;
. —
[ | [ |
1 IR : —
| I | I | ‘
| I | I i3 e
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Fig. 7. Comparative study of time responses of (a) Afi (b) Afz2(c) Af; (d)A P13 with different controllers for 0.1 p.u load

disturbance in area 2.
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Table 6. Data of Settling time, peak overshot, and peak undershoot for 0.1 p.u load change in area 3

Settling time (s) Peak overshoot Peak undershoot (-)
Parameter PI PID 2-DOF- PI PID 2-DOF- PI PID 2-DOF-FOPID
FOPID FOPID

Af 30.8 | 27.5 20.1 0.002 0.003 0.0001 0.027 0.027 0.020

Af 31.8 | 28.8 22.2 0.0032 0.003 0.002 0.02 0.02 0.02

Af; 31.1 30.9 22.4 0.004 | 0.0004 0.002 0.022 0.02 0.02
Comparison is also done with 0.1 p.u load perturbation in
area 3 and the data of settling time, peak overshoot and peak 1
undershoot are noted in Table 6. From the responses R 1
obtained from Figs. 6, 7 and 8, it is obvious that CSA tuned 1
2-DOF-FOPID controller provides superior outcomes in 1
terms of lesser settling time and good transient responses as 2D0F-FOPID
compared to conventional PI and PID controllers as EY 5 = 2

mentioned in abstract. Whereas Fig. 5 demonstrates the
superiority of CSA for faster dynamic response as compared
to GA and FA.
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Fig. 8. Comparative study of time responses of (a) Afi (b) Afx
(¢) Af3 (d)A P13 with different controllers for 0.1 p.u load
disturbance in area 3.

Further the robustness of the system is investigated with
+50% and -50% loadings and the data of settling times, peak
overshoot and peak undershoots are noted as shown in Table
7. Figure 8 presents the responses of 2-DOF-FOPID
controllers with +50% and -50% loading compared to
nominal. From the responses of Fig. 8 and analysis of Table
7 it is found that the proposed controller gives robust
performance for wide range of load variations.
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Table 7. Sensitivity analysis at different loading on the area 1

Area 1 loading Deviations Maximum overshoot Maximum Undershoot Settling time (second)
(Hz/p.u) (Hz/p.u)
+50% loading Af 0.002 -0.024 23.9
Af 0.0019 -0.021 14.6
Af3 0.003 -0.015 19.6
-50% loading Afi 0.0022 -0.022 23.5
Af 0.002 -0.019 14.9
Af3 0.0029 -0.014 19.8

8. Conclusion

LFC in a wind energy penetrated unequal multi-area
thermal-thermal-wind system is investigated by using CSA
optimized robust 2-DOF-FOPID controller. From the
comparative study with conventional PID and PI controller,
it is found that the CSA tuned 2-DOF-FOPID controller
provides much better output in terms of dynamic response,
peak deviation of frequencies, tie-line power, and time error.
The outputs of GA and FA are also compared with CSA and
it also found that the CSA tuned system gives better curve.
The proposed 2-DOF-FOPID is also found to perform well
with the higher order of step load perturbation. Finally, it can
be concluded that CSA optimized 2-DOF-FOPID control
scheme is more robust and faster for LFC in complex wind
energy penetrated multi-area power system.

Appendix:

The nominal system parameters are f =50 Hz, 7,=0.08 s,
T=0.03 s, = 10 s, K= 0.5 s, Kpoi= 120 Hz/p.u, Tpo= 20 s,
Ty= 0.086 MW/rad, Kp1 =1.25, T, =0.6 s, Tw=4's, H=15s,
D= 8.33*102 p.u, B= 0.425 p.u MW/Hz, R=2.4 p.u /MW.
Tw=0.8s, Kw=1.
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