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Analysis on Various Optimization Techniques used 
for Load Frequency Control in Power System 
Neelamsetti Kirn Kumar1, Vairavasundaram Indragandhi1 

Abstract: In a unified power system the Load Frequency Control (LFC) is taken 
for review looking at all aspects with various optimization techniques for 
optimizing the parameters of PI, PID and Fuzzy controllers. The power system 
with multi area consists of conventional, renewable and combination of both 
with some energy devices like SMES, battery sources is analyzed specifically in 
this manuscript. The controllers are designed for a deregulated environment of a 
power system for LFC. The Model Predictive Control (MPC) and some other 
control techniques are used to control LFC under various disturbances like GRC 
and dead band control. For the readers ease of understanding the time response 
comparison graph of the controller for single and multiple areas of power system 
is depicted. 

Keywords: Automatic generation control, Area control error, Load frequency 
control, Optimization, Controllers. 

1 Introduction 
Abbreviations: 

AGC – Automatic Generation Control 
ACE – Area Control Error 

DG – Distributed Generation 
FC – Fuel Cell 

LFC – Load Frequency Control 
MPC – Model Predictive Control 
PSO – Particle Swarm Optimization 

SMES – Superconducting Magnetic Energy Storage System 
TPS – Thermal Power System 

TCSC – Thyristor Controlled Series Compensators 
With increase in load demand of electrical power, the electrical energy is 

generated with various energy sources like wind, PV, geothermal and other 
renewable sources, which intern causes more complicated for control. The 
system operating with nominal frequency and voltage profile should be stable 
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and reliable to supply power. To operate the power system under different 
disturbance conditions like imbalance between supply and demand is controlled 
by a supplementary control AGC [1]. Modern power system is an interconnected 
system in which power is transferred from one area to other depending on the 
loading conditions.  

AGC plays a significant role in the unified power system as it controls the 
system with three major purposes such as (A) to maintain the system frequency 
to its standard value or to its limits, (B) to ensure a precise value of power 
exchange amongst the areas and (C) to ensure an appropriate value 
economically for each generating unit. With the increase in the system size 
there exists a complexity in control of LFC. Change in load demand in an area 
cause an imbalance in generation as well as the consumption which isn’t 
acceptable [2]. Basically a power system is an inter-connected subsystems. For 
each subsystem the load demand and losses should be balanced with generation, 
this is usually known as LFC. LFC is a part of AGC system, LFC aim is to 
reduce the change in frequency and tie line power exchanges. The real power 
mismatch between loads in addition to generation will lead to ACE in a system. 
Both change in frequency and tie-line power is acknowledged as ACE [3]. All 
the generating units in a particular area are expected to be coherent group. The 
frequency has to be continued to be constant possible for a stable as well as 
reliable operation of power system. Throughout the system, the frequency is 
same so the change in active power at one point will affect the entire system. 
From literature survey it is evident that several supplementary controllers are 
designed and considered in LFC for AGC in single area and two areas with 
same type of generation units or different type of units.  

In a contemporary power system, the combination of more than two 
generating stations in a control area with contribution factor is more natural for 
studying LFC. The control area may have mixture of hydro, thermal, nuclear, 
gas, renewable energy sources [4]. AGC is typically prescribed in three 
subsequent levels which are said as primary, secondary and tertiary controls. In 
primary control the speed governor of generating unit is controlled for change in 
load (frequency). The secondary control will alter the frequency to its standard 
value and keep the tie-line power interchange among the areas by fine-tuning 
the generation of the selected generators. In the third control the economic 
operation of different units is done and restores security levels if necessary. 
Deregulated environment gives an opportunity to generate power in the 
distributed level known as DG. In a DG level most of the non-conventional 
resources like wind energy and PV have gained importance due to their 
unlimited resource also, these are ecofriendly and rapid progress in the 
technology. Furthermore FC is also a different energy resource which supply 
both electricity and warmness to its customer [5]. The variation in wind velocity 
and solar radiation features pose a solemn operating problem, which leads to 
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stability of remote DG system, which is already a weak system. It is difficult to 
control the isolated hybrid power system consisting of renewable energy 
sources for stable operation unlike those with grid connected [6]. The variation 
in both wind velocity and solar radiation will change in real power generation 
and load demand will lead to change in system frequency and voltage from the 
standard value. So, in order to overcome this problem these sources are 
connected along with some auxiliary storage devices like batteries SMES, FC 
and electric vehicles.   

To control the power generation without any imbalance between generation 
and load demand a conventional controller like Proportional Integral (PI), 
Proportional Integral Derivative (PID) are used but due to complexity in system 
order and uncertainties it is not possible with it, so an intelligent controller like 
fuzzy, neural networks and optimizing techniques are designed with various 
control techniques for system dynamics. In this review a various optimizing 
technique are applied on interconnected power system includes various 
generating stations and different parameter variations are discussed. In 
following Fig. 1 the control classification is shown. 

2 Types of Optimizing Techniques for LFC  
in a Multi area Power System 

 
Fig. 1 – Classification of different control optimizing techniques. 

 

2.1 Optimization of PI Controller for multi area power system 
LFC is one of the significant control in the power system, usually PI 

controller is a conventional control which is tuned by trial and error approach. 
There are some modern control techniques like H∞ control optimization is 
applied to LFC problem, but there are some problems in selection of H-infinity 
weighting functions like the pole-zero fact linked with approach gives a closed 
loop poles, whose damping is directly depending on open loop system. The 
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order of the controller will increase as the system order is increasing which 
leads to complex in control. To overcome this a multi objective optimization is 
proposed and solved using Genetic Algorithm (GA) to design well-tuned PI 
controllers in multi area power system [7]. To have a robust analysis on 
parameter variations is made [Wen Tan, and Hong Zhou][4] on local area power 
system using singular value method and robust analysis against the tie line 
power change using eigenvalue method, PI controller optimization as a 
decentralized LFC using Eigenvalue method and singular value method the 
proposed method is applied to analyze a decentralized LFC for a multi area 
power system. A design of PI controller with PSO optimization was proposed  
for a decentralized LFC of inter connected power system with AC-DC parallel 
lines for better transient and steady response [8]. 

Δ A

G
yr u

v

+ +-

-
K

Controler Nominal Plant

Additive Uncertainty

 
Fig. 2 – Feedback system with inverse additive perturbation. 

 
An isolated hybrid diesel-wind power system was examined for several 

load changes by utilizing PI controller which is robust in operational point of  
view and is compared with design of the robust PI-based keen distributed load 
for the same power system for controlling the  frequency variation [5]. The free 
uncertainties in the design of a system are signified which is applied for additive 
perturbation inversely used in first order PI controller. The controller robustness 
is improved using inverse additive perturbation as show in the Fig. 2 where G is 
plant to be controlled, K is the plant controller: u, v are outputs of controller and 
additive uncertainty respectively, r is the input reference and y is the plant 
output. Additionally, the real part of the dominant mode and presentation 
condition in the damping ratio is used for framing the problem of optimization 
using GA. 

Another strong PI controller is designed using Kharitonov's hypothesis, the 
goal is to expand the robustness and transient execution at the same time based 
diversions are performed for making the transient conduct of the LFC framework 
and the ITSE is utilized for evaluating the transient execution [9]. A cost control 
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work containing power control and transient execution is made and the GA is 
utilized to streamline the PI gains. The planned approach is tried on the system 
consisting three-areas and the outcomes are contrasted with different PI 
controllers. 

Modern power system is an interconnected system with several sub 
systems. The decentralized PI is used for controlling the classical controller. 
The system is divided into subsystem and two-stage control is applied due to the 
computational complexity and reliability of the system. A central MPC control 
as well as a local PI control is used to control the system uncertainties [10]. The 
two-stage control is utilized for LFC for a power system which is 
interconnected. In the first stage, PI controller is used to exchange the tie-line 
power and control the area frequency; in the second stage, MPC is used for 
optimizing the local PI controller to an optimal setpoint. Delaying and 
coincidence point knowledge is used to highlight the computational exertion of 
the MPC. A various two leveled ideal control technique for the control of 
frequency in multi-region control frameworks is displayed. The lowest control 
layer comprises of the PI controllers to be decentralized which are autonomous 
of each other. The highest control layer comprises of supervisory prescient 
controller to decide set-focuses for the lowest control layer so as to acquire 
framework coordination as shown in the Fig. 3. 

 
Fig. 3 – Two-level Supervisory MPC control technique for n- area power system. 
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BAT algorithm based double gain for PI controller in LFC of 
interconnected system is shown in the Fig. 4 [11] and applications of the 
controller for a two-region power system which is interconnected exhibits the 
viability of the anticipated controller. In addition, it has been watched that the 
given controller is much less touchy to framework parameter varieties. The 
proposed controller was contrasted and those from regular fuzzy pick up 
planning and PI controllers. 

The influence of distribution generation and its control over the smart grid 
to deviate from nominal values of frequency and power at the feeder has been 
classified [12]. The error values at feeder is taken as difference in deviation 
from nominal value of power at feeder. PI controller is utilized to approximate 
the change in value of Distributed Energy Resource (DER) units and are set to 
the reference value by each PI controller. The PSO is used to reduce the error 
estimation control by tuning the control parameters of PI controller. The 
proposed control is applied on small transmission system with a feeder under 
balanced loading conditions for IEEE 37 bus system. The total system alongside 
DER units is simulated in the MATLAB with the help of Power Analysis 
Toolbox (PAT) to perform time area investigation. 

 
Fig. 4 – Double mode gain scheduling for PI controller using BAT algorithm for area i. 

 
The different LFC management modes are analyzed in remote operation 

which contains different control opportunities for the steam turbine that is 
remotely controlled by LFC [13]. It enlightens the changes between the 
centralized concept of classic LFC and the decentralized concept of 
conventional speed control. The new thought of consolidating these two 
concepts is displayed and the usefulness of this thought is demonstrated on 
contextual analyses, utilizing dynamic model.  
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The delay signals inputs are given to PI controller to control the LFC for a 
guaranty cost. LFC for a group of unknown power systems considered with the 
help of Large Delay Periods (LDP’s) [14]. The typical LFC for power systems 
with LDPs have been primarily exhibited as a switched delay system which 
comprises of potentially uneven subsystem due to LDPs and a stable subsystem 
due to Small Delay Periods (SDP’s). Depending on the switching condition and 
under the constraint situations of the length ratio and the frequency of LPD to 
achieve guaranteed cost LFC, such that the closed-loop system is stable 
exponentially and a weighted definite cost upper limit is attained. 

2.2 Optimization of PID Controller for multi area power system 
Imperialistic Competitive Algorithm (ICA) for optimizing PID controller 

parameters of a load frequency control is used for continuous and rapid load 
disturbance which is problematic in LFC of power system [1]. A new method 
based on filtering technique is used to eliminate this problem. The frequency 
variations in each area and reduce in the power transfer between inter area 
effects the parameters of PID controller for extensive range of load variations 
by using ICA for better performance. A power system with three-areas is tested 
[15]. An multi objective optimization using GA is used to adjust the PID 
parameters the feedback interconnection of a plant and controller are to be 
designed to satisfy the requirements and is validated under different cases.   
A PID controller is designed with relay based Laurent series identification 
method which is used to identify the power system dynamics [16]. A reheat and 
non-reheat of turbines have been analyzed. The parameters are approximated by 
using a feedback with a relay which has been tested. 

A Decentralized MISO PID controller is used to tune with help of matrix 
eigen values and Lyaponov method [2]. A single input with multi output is 
considered for each control area. Each subsystem consists of a MISO PID 
which is to be designed. 

A PID control is designed by using Sequential quadratic method for 
optimizing the control parameters for system when it is containing non- 
linearity condition [17]. The vigorous performance of the controller is related 
with traditional PI and also with some methods like PID-MPRS and PID-PSO 
which use Simulink for a two-area power system. 
A decentralized PID controller is used and tuned with internal model control 
technique where this controller is used for a multi-area power system with and 
without AGC, and this is further tested in a deregulated system stability 
condition [18]. Simulation results are shown for the cases in order to achieve 
good performance results. 
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EA optimization based 2-DOF PID controller is designed and analyzed for 
degree of freedom [19]. A conventional objective function is optimized by 
Integral Time Squared Error (ITSE) and Integral Squared Error (ISE) to 
increase the effectiveness of the controller, the objective function is modified 
using Integral Time Absolute Error (ITAE). The output is compared with CPSO 
method for the above system at various non-linearity conditions and is detected 
that the given controller shows better response. 

A population-based teaching learning-based optimization in a multi area 
power system for LFC is applied to inter connected multi-input power system 
for with and without dc link between the areas [20]. This algorithm is applied 
for PID controller for dynamic performance and is compared with DE algorithm 
which is the best feedback controller at the output for the similar power system 
[21, 22]. The dynamic performance of the given controller by different cost 
functions such as integral of time weighted squared error, integral of time 
multiplied absolute error and integral absolute error is studied. The controller 
robustness with the variation in system and load parameters towards its output is 
shown. 

The application of fractional order PID controller technique is designed for 
LFC of isolated power system [23]. The parameter of the given controller using 
Integral Error Criterion (IEC) is optimized, and the controller robustness is 
tested by 50% ambiguity in each parameter and also optimal performance and 
robustness are evaluated on basis of IEC. 

A multi objective function is optimized for LFC using Artificial Bee Colony 
(ABC) with PID controller [24]. The combined objective function having the 
objectives considered by the presentation criterions – Integral of Time Weighted 
Squared Error and Integral of Time Multiplied Absolute Error, for actual 
compensation of the system response, PID controllers of both the areas are 
tuned at a time and this tuning control effectiveness is compared with traditional 
PI, PID controllers. The algorithm robustness is tested by changing the step load 
perturbations and load disturbances collectively changing up to 50%. 

Modified Harmony algorithm for searching is used to optimize the 
parameters of the PID controllers., LFC for two area hydro-thermal power 
system [25]. The problem cost function is proposed based on the Integral of 
Time-multiplied Absolute value of the error for optimizing along with the 
frequency bias factor so as to improve the system response to alter PID 
controller. The ITAE principle is selected in terms of time due to its good 
weight determination for error signal. This can decrease the settling time in less 
time and also decrease the dynamics quickly. 

Modified Integral Derivative (MID) [26] controller is used for multi input 
multi area LFC to optimize using hybrid differential evaluation and partial 
swarm optimization algorithm. The boiler dynamics, generation rate constant 
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and dead band non-linearity of power system is considered basing on the 
disturbance conditions, the controller is tuned with the proposed algorithm. The 
proposed technique is compared with Differential Evolution and Genetic 
Algorithm for the similar system. Further continuously system performance is 
tested using integral derivative and UPFC and RFB redox flow battery is used 
in the tie-line and in the firs area respectively for improving the system 
dynamics. 

A mouth flame optimization is utilized for designing a PID control gains 
along with Thyristor Controlled Series Compensators (TCSC), SMES for multi 
area multi source LFC [27]. TCSC is used for compensating the power 
exchange between inter area by reducing the power loss, by compensating 
reactive power. Similarly, a battery source SMES is also used to provide an 
additional load disturbance in the system as when there is a disturbance of load 
the governor of generator cannot act quickly to change the generation, to avoid 
this the power is supplied from the energy storage system. TCSC and SMES 
controllers are controlled and designed using mouth flame optimization. The 
results are compared with GA based optimization with TCSC and SMES. 

2.3 Fuzzy control optimization 
A method using Emotional Learning based Intelligent technique with GRC 

for a two-area interconnected power system is used [3]. A neuro-fuzzy 
controller with a power change error as an input to it is taken which also uses a 
fuzzy critic along with ELI to tune the fuzzy controller to give better response 
for the system and these responses are compared with the fuzzy, PI and hybrid 
neuro- fuzzy controllers. 

An optimal rule base fuzzy by means of c-means clustering algorithms 
method for LFC [28]. The rule-base for the fuzzy controller is obtained by 
inputs of phase plane plot in the linguistic form. It is applied to two area power 
system consisting GRC system with uncertain parameters and at various 
disturbances and finally, it is related with conventional PI and original fuzzy 
controller. 

A type -2 fuzzy controller for a two-area power system with SMES units of 
a two-area reheated thermal system [29] which also considers boiler dynamics, 
SMES and GRC. The benefit of this controller is having more sensitivity to 
large disturbances. The operation of the type-2 fuzzy controller is validated with 
PID controller optimally and fuzzy PI controller with considering GRC, BD and 
SMES. The settling time and peak overshoot of the different areas vary in tie-
line power in p.u. and frequency is shown in Fig. 5 and Fig. 6, respectively. 
Simulation analysis shows the high robustness of the planned SMES controller 
with less power availability against several changes and system disturbances 
related to SMES in the last research. 
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Comparative  study of Settling time

 
Fig. 5 – Comparative study of settling time for different control techniques. 

Comparative  study of Peak overshoot

 
Fig. 6 – Comparative study of peak overshoot for different control techniques. 

 

A fuzzy gain schedule for PI controller is used to control the frequency of 
the load for a multi-source multi area power system [30]. In general PI 
controller is used due to its various benefits, in recent trends various tuning 
methods are used like Ziegler Nichols method, genetic algorithm is used for PI 
gains, but these gain values are fixed to system conditions, but by using Fuzzy 
Gain Scheduling (FGS) which can tune for different system conditions. The 
LFC is analyzed for Z-N, GA, FGS, which gives better performance compared 
to all the control techniques. 

An Indirect Adaptive Fuzzy Logic control for an interconnected multi area 
power system with unknown parameters like wear and tear of equipment and 
unknown parameters of interconnected like variations in synchronous power are 
used [31]. The control parameters of the controller are obtained from 
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formulating by updating the procedures and also appropriating adaptive control 
law. The fuzzy controller will ensure the limits of all parameters in tracking 
error for a closed loop system. It is an auxiliary signal given to reduce the fuzzy 
estimate error and to reduce the trouble externally on following performance. 

A operational intelligent strategy to control interconnected area frequency 
control using SAMBA and Fuzzy PI controller is used for optimal tune 
parameters [32]. A continuous Modified bat algorithm-based PI controller for 
fuzzy tuning is used for fuzzy controller’s coefficients parameters of output and 
input membership functions of which are instantaneously optimized by 
SAMBA. Presentation of the proposed controller was assessed on a test case 
consisting four interconnected areas in the power system. Simulation results 
validate the advantage of the given controller related to optimized fuzzy PID 
and PID controllers. LFC for multi area power system using PSO PID controller 
and fuzzy PID is used for various disturbances and these responses are 
compared with conventional PID controller [33]. 

A type-2 fuzzy controller using feedback with error learning method for 
LFC which consists of intelligent feedforward controller like ANN along with 
conventional feedback control to advance the presentation of the FEL strategy, 
the type-2 fuzzy logic system with INFC is assumed in the place of ANN due to 
the capability for modelling worries, which may be present in rules and sensors 
measured data more efficiently [34]. This approach is related with type-1 fuzzy 
controller based on FEL and PID controller. The objective is to reduce the error 
signal to controller that is difference between the reference value r and output 
value y. The controlled output fbu  and a feed forward output of ( )wφ  are 
combined input to the plant. The FEL block structure is shown in the Fig. 7 
where fbu  is the training error which will be driven to zero. 

 
Fig. 7 – Feedback error learning controller. 

 

A neuro-fuzzy control for multi area thermal power system for automatic 
load frequency control [35] related with the ANN, fuzzy, traditional controllers 
is proposed. The performance estimation based on fuzzy, ANFIS and ANN 
control technique for multi area interconnected hydro-thermal power plant is 
planned. The controller efficiency over the other methods is shown which is 
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also applied to same power system and response of controller is verified using 
the simulation analysis, it shows that the above technique gives better response 
and also reduce the tie-line power, peak deviation in the frequency and time 
error. The analysis and comparison of all the control techniques of different 
areas overshoot and settling times are shown in the Figs. 8 and 9, respectively. 
It can be determined that ANFIS controller with sliding gain gives good settling 
time than ANN, conventional PI and PID and also fuzzy. 

 
Fig. 8 – Comparative study of peak overshoot for different control techniques. 

 
Fig. 9 – Comparative study of settling time for different control techniques. 
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3 Model Predictive Control 
A MPC technique is used to a multi area power system which includes a 

wind generation [36] which also considers the physical restrictions of turbine 
and governors. A two-area power system comprising wind generation is 
validated with MPC. A comparison is made between the MPC and a classical 
controller with and without the contribution of the wind plants settling the 
dominance of the planned MPC technique in the presence of the contribution of 
the wind turbines. 

A MPC technique to a multivariable of multi area power system employed 
for multivariable LFC and also for uncertainty in the GRC, an unnatural MPC is 
used to calculate optimal control input including GRC [37]. The object of MPC 
is further garneted an economic generation in a multi system. The robustness of 
the system against various parameter variation based on a Linear Matrix 
Inequality (LMI) approach is employed. The efficiency of MPC time-based 
simulation on a three-area power system are tested and the results are then 
analyzed with PI controller. 

A DMPC technique is used for LFC to an interconnected power system 
[38]. The interconnected power system dynamic model is introduced with load 
reference setpoint constraint and GRC are considered. The system for overall is 
divided into several subsystems and system is controlled by MPC and these 
have communication with DMPC, and the system is also checked for various 
robust conditions and compared with cent-DMPC technique. 

A model predictive control along with a SMES is used to control the LFC 
using a Bat Inspired Algorithm (BIA), the system includes governor dead band 
non-linearity  GRC and time delay, to reduce the frequency deviations and 
power flow in an interconnected power system for load disturbance [39]. BIA 
algorithm is used for tuning the MPC and SMES at a time parallelly and these 
results are related with traditional PI controller and BIA algorithm without 
SMES is presented. 

MPC controller for LFC is used for improving the control performance in 
controlling the frequency [40]. The disadvantage of using MPC is 
computational burden and constraint action of multi area power system which is 
interconnected for online optimization. Distributed MPC with Laguerre 
functions are used for multi area inter connected systems to overcome these 
difficulties. This Laguerre approach can be carried out in two ways, one is 
Laguerre network or its modification version is replaced in the place of MPC 
controller as state predictor to improve the performance, it is established on the 
foundation of plant with impulse response. The second one leads to follow 
trajectory approximation for controlling with orthonormal property by using 
Laguerre functions. A fractional MPC-LFC using Laguerre on the basis of 
methodology is confirmed centrally that it is unrealistic for large scale power 
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systems, in order to overcome these problems, the Laguerre based MPC with 
augmented model which is utilized for predicting the future states of the system 
within the predicted horizon. a case study been conducted on distributed MPC 
controller on multi area system and a simulation test is conducted and compared 
with distributed PID results, centralized MPC and decentralized MPC. The 
simulation outputs had shown the improvement of the distributed MPC-LFC 
strategy and confirmed its importance over relative methods in characteristics of 
frequency fluctuations damping, as well as optimization feasibility in online. 

4 Other Optimization Controllers 
A multi-source generation with reheat turbine of thermal and hydro and a 

best feedback controller of output is used for LFC [41]. This system is tested for 
various cases with and without GRC and also for different %R regulation 
conditions and compared the results with state feedback control. The proposed 
control is also applied to the practical hydro power plant operational in 
Khozestan. 

A hybrid DG for LFC with H-infinity control PSO based parameter 
including wind energy diesel energy UC and SMES in two area power system 
[42] is proposed. The controller is checked for various parameter uncertainties 
for different disturbances and controller robustness is observed for various wind 
speed variations, during which the SMES will supply the energy to make 
frequency stable. The results are compared with GA based H∞ control, and it is 
observed that by using PSO based H-infinity control gives better results. 

A two-level optimization method for load frequency control for controlling 
the complexity of system and is reduced as well as optimum control is achieved 
[43]. In this method, an interconnected power system is divided into different 
sub-systems. In first level, the optimization is solved for each area according to 
its local conditions and then in the next level for optimum solution of local 
controllers, an iterative procedure is developed by changing the interaction 
signals. By using this approach, the algorithm’s computational time is reduced 
in comparison with centralized controllers. A three-area power system is tested 
to show benefits and optimality of two level approach. 

The LFC is done in an island mode of operation when disconnected from 
grid, in the microgrid a wind, solar, a diesel and SMES along with some 
variable load is connected, when there is a change in load the frequency 
deviations will occur, if it is connected to grid then the load can be compensated 
from grid, during islanding mode it is difficult to get compensate the load in 
short time, for this reason SMES is used to suppress the dynamics [44]. 

A novel robust control approach involving Coefficient Diagram Method 
(CDM) is used as a controller for LFC [45]. CDM controller design of HPs and 
EVs for the LFC in a remote has been presented for small area power system. 



Analysis on Various Optimization Techniques used for Load Frequency Control… 

263 

The parameters of system polynomials in CDM method have been planned 
depending on the model of the power system dynamically. The system with the 
proposed method was tested with different random parameters change, load 
change and unexpected controller outage situation cases. These responses were 
related with the responses of (PID + H2/H-infinity) control method. 

The decentralized LFC for an interconnected power system is established 
based on Coefficient Diagram Method (CDM) [46]. The parameters of system 
polynomials in CDM is considered depending on dynamic model of multi area 
power system, the outcome of speed governor dead band and GRC are 
considered. The technique is applied and has been established through the effect 
of uncertainties due to turbine and governor parameters difference, and load 
changes using MATLAB simulation. An evaluation is been made among the 
CDM and conventional integral controller approving the advantage of the 
proposed technique. 

The Linear Active Disturbance Rejection Control (LADRC) is designed 
and examined on LFC for an interconnected  power system in a deregulated 
environment [47]. The connection between the other systems and effects for 
possible inter contracts are considered as disturbance due to load change 
disturbance. It uses an extended state observer to estimate the disturbance to 
compensate rapidly. The benefits of proposed method are tuning of the control 
parameter is easy and anti-GRC is proposed to ADRC to compensate the GRC 
in turbine. 

The LADRC approach is used to control the LFC for multi area power 
system having DFIG wind farms [48]. The LFC objective is expressed as a 
decentralized multi-objective optimization control problem and PSO algorithm 
is used for optimizing the parameters of linear active disturbance rejection. 
Hybrid PSO is used to tune the controller and is applied to a complex power 
system comprising DFIG wind farms. The control parameters of the LFC issue 
is optimized by HPSO techniques based on ITAE. This approach is tested on 
different areas of power systems and the gained results are related with fuzzy PI 
and conventional PI controllers for robust analysis and anti-disturbance 
analysis. 

5 Comparative Analysis of Different Control Techniques 
In this review various control techniques are studied for multi area power 

systems where majority of systems are thermal, hydro and gas turbine plants 
and few number of non-conventional plants. As observed from the Figs. 10–12, 
the Comparative analysis for PI, PID and fuzzy optimized control techniques 
are considered. 
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Fig. 10 – Comparative study of settling time for different PI control techniques. 

 
The responses of four types of PI gain optimization techniques for LFC to a 

power system are shown in Fig. 10. Variable structure fuzzy (VSF) gain PI 
controller response is effective by means of settling time and peak overshoot 
with less number of damping when compared to other three techniques. 

 

Fig. 11 – Comparative study of settling time for different control PID techniques. 
 

The responses of three types of PID gain optimization techniques for LFC 
in a power system are shown in Fig. 11. DE optimized Two Degree of Freedom 
(2DOF) PID controller response is effective by means of settling time and peak 
overshoot with less number of damping when compared to other two techniques. 
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Fig. 12 – Comparative study of settling time for different control techniques. 

 
The responses of three types of fuzzy optimization techniques for LFC in a 

power system are shown in Fig. 12. Emotional Learning based intelligent 
control (ELI) and type 2 fuzzy have better response when compared to 
Feedback error learning (FEL) approach in terms peak overshoot, settling time 
and damping. 

At a whole, when PI, PID and fuzzy are taken into consideration, fuzzy 
gives an effective response when compared to PI and PID controllers with 
quicker settling and least number of damping. By literature survey it is observed 
that fuzzy optimization control techniques give less peak overshoot and settling 
time. It also observed that a smaller number of renewable generating stations 
are considered for LFC. There is a scope for researchers on renewable based 
power system with the help of soft computing-based control strategies. 

6 Conclusion 
The frequency variation control has become a challenge with increase in 

wind and solar electric generation and integrating to the grid as well as a stand-
alone operation. The various control optimizing techniques to control the 
frequency disturbance under various parameter variation and integration of 
wind/PV system to conventional energy systems.  In this paper a review is 
focused mainly on various control techniques and their optimizations, a 
comparison is also done for various system configurations which are tabulated 
in the below Tables 1 – 5. In the literature survey more, focus is done on 
conventional power system LFC and is discussed where less concentration is 
being ended on distributed generation, concentrating on distributed generation 
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from renewable energy sources with combination of electric vehicle can also 
participate in frequency improvement. 

 

Table 1 
Time response analysis of three area power system under  
different control techniques and Avg area control error. 

Undershoot in PU Settling Time [s] Overshoot [PU] 

Ref. 
System 

Configuration 
Control 

Approach 

∆F1 ∆F2 ∆F3 ∆F1 ∆F2 ∆F3 |ACE1| Avg |ACE2| Avg |ACE3| Avg 

Multi object 
optimization 

using GA 
-- -0.1 -0.12 -- 9 7 0.0103 0.0087 0.0114 

Linear Robust 
PI Control 
using GA 

-- -0.09 -0.08 -- 11 8 0.0104 0.0102 0.0103 [7] 
Three area 

thermal power 
system 

Linear Robust 
PI control 

Using LMI 
-- -0.09 -0.08 -- 12 9 0.0147 0.0129 0.0113 

[9] 
Three area 

thermal power 
system 

Robust PI 
control using 
Kharitonov’s 

theorem 

-0.06 -0.055 -0.06 52 55 56 -0.006 -0.015 -0.014 

 

Table 2 
Time response of single area power system under various  

control approaches for different power systems. 

Undershoot [PU] Settling Time [s] 
Ref. System Specification Control Approach 

∆F1 ∆F1 

PI controller with Large Delay Periods 0.0125 (overshot) 12 
[14] Single area power system 

PI controller with Small Delay Periods 0.0126 (overshot) 23 

FO-PID controller for Non-Reheat turbine 0.0062 (overshot) 6 

FO-PID controller for Reheat turbine -0.0052 5 [23] Single area power system 

FO-PID controller for Hydro turbine -0.0065 30 

[41] single area multi source 
power system optimal output feedback controller -0.052 15 

[42] 

Single area Distributed 
generation with wind, Diesel, 

AE, FC and other storage 
Devices 

Robust H∞ control using PSO -0.025 9 

[40] Single area multi source wind 
and other sources Fuzzy Logic based -0.11 39 
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Table 3 
Time response of two area power system under various  

control approaches for different power systems. 
Undershoot [PU] Settling Time [s] 

Ref. System Specification Control Approach 
∆F1 ∆F2 ∆pt1 ∆F1 ∆F2 ∆pt1 

Robust PID controller with SQP -0.032 -0.0011 -0.0013 23 31 31 
[17] Two area TPS Robust PID controller with SQP when 

considering GRC parameter -0.09 -0.025 -0.0055 19 22 23 

Emotional learning-based neuro fuzzy 
controller with -0.018 -0.005 -0.003 16 18 22 

[3] Two area  
Reheat TPS 

Hybrid neuro fuzzy controller -0.05 -0.041 -0.38 23 27 41 

[28] Two area  
Reheat TPS 

Optimal Fuzzy controller by C-means 
clustering Technique -0.015 -0.018 -0.00082 17 16 23 

[36] 
Two area power 

system with wind 
generation 

MPC -0.032 -0.022 -0.01 112 114 109 

[29] Two area  
Reheat TPS Type-2 Fuzzy controller 0.004 0.003 0.0002 12 12 15 

[19] Two area TPS  
with Dead band DE optimized 2-DOF PID controller -0.018 -0.05 0.005 6 7 9 

[30] Two area hydro-TPS variable structure Fuzzy controller -0.015 -0.009 -0.03 3 5 7 

[8] 

Two area TPS with 
AC-DC 

Interconnected tie 
line 

Decentralized LFC using PSO Algorithm -0.65 -0.09 -0.33 8 7 7 

TLBO based optimized PID controller 
with AC line -0.014 -0.005 -0.0017 12 15 14 

[20] 

Two area power 
system with 

Thermal-hydro and 
Gas plants in each 

area 

TLBO based optimized PID controller 
with AC-DC Parallel lines -0.008 -0.015 -0.009 7 13 12 

DE based optimized PID controller with 
AC line -0.026 -0.024 -0.042 19 21 28 

[22] 

Two area power 
system with 

Thermal-hydro and 
Gas plants in each 

area 

DE based optimized PID controller with 
AC-DC parallel lines -0.013 -0.023 -0.019 15 20 19 

[46] Two area TPS Decentralized LFC using CDM -0.02 -0.019 0.005 42 40 38 

BAT inspired Dual mode PI controller 
Optimization -0.017 -0.016 -0.0042 8 10 8 

[11] Two area TPS with 
reheat turbines 

Fuzzy PI Optimization -0.019 -0.02 -0.0069 11 14 13 

[48] 
Two area wind and 

thermal power 
system 

Linear Active Disturbance Rejection -0.0019 -0.0013 -0.0008 18 14 27 

[34] Two area TPS Type-2 Fuzzy controller using FEL -0.7 -0.15 -0.025 4 4.7 5 

HAS-PID control by ignoring FBF -0.02 -0.015 -0.038 8 7 10 
[25] Two area  

Hydro-TPS HAS-PID control by considering FBF -0.015 -0.008 -0.021 5 3 9 

[39] Two area  
Hydro-TPS BIA optimization for MPC controller -0.04 -0.03 -0.009 12 10 24 

[49] Two area  
Hydro-TPS 

Distributed MPC using Discrete -time 
Laguerre functions -0.018 0.017 -0.015 22 20 23 
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Table 4a 
Time response of three area power system under various  

control approaches for different Power systems. 

Undershoot [PU] 
Ref. System Specification Control Approach 

∆F1 ∆F2 ∆F3 ∆pt1 ∆pt2 ∆pt3 

[1] Three area TPS A Robust PID with ICA -0.012 0.0052 -0.0051 0.01 -0.003 0.018 

[37] Three area TPS LMI based MPC -0.05 x -0.06 0.018 x x 

[43] Three area TPS Two level optimal 
controller -0.005 -0.007 -0.011 x x x 

[38] Three area TPS Distributed MPC -0.0011 -0.001 -0.0012 0.04 -0.12 -0.05 

[31] Three area thermal and gas 
power system 

Adaptive Fuzzy logic 
controller -0.0068 -0.0028 -0.0022 -0.0156 0.0025 0.005 

[50] Three area multi area with 
wind source in all the areas

PSO based Fuzzy Logic 
controller -0.15 -0.16 -0.18 -0.003 -0.0018 -0.005 

 

Table 4b 
Time response of three area power system under various 

 control approaches for different Power systems. 

Settling Time [s] 

Ref. System Specification Control Approach 

∆F1 ∆F2 ∆F3 ∆pt1 ∆pt2 ∆pt3 

[1] Three area TPS A Robust PID with ICA 63 78 97 120 25 123 

[37] Three area TPS LMI based MPC 23 x 21 28 x x 

[43] three area TPS Two level optimal 
controller 4 5 3 X x x 

[38] Three area TPS Distributed MPC 82 84 83 62 59 60 

[31] Three area thermal and 
gas power system 

Adaptive Fuzzy logic 
controller 82 92 87 82 48 50 

[50] 
Three area multi area with 

wind source in all the 
areas 

PSO based Fuzzy Logic 
controller 48 49 55 49 52 55 
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Table 5a 
Time response of Four area power system under various  

control approaches for different power systems. 
Undershoot [PU] 

Ref. System Specification Control Approach 
∆F1 ∆F2 ∆F3 ∆F4 ∆pt1 ∆pt2 ∆pt3 ∆pt4 

Decentralized PID 
controller with IMC -0.012 -0.06 -0.013 -0.07 -0.02 0.021 -0.015 0.018 

[18] 
Four area reheat and 
non-reheat thermal 

power system 
Decentralized PID 

controller with IMC 
considering GRC 

-0.48 -0.41 -0.51 -0.28 -0.06 0.08 -0.041 0.03 

Decentralized PID 
controller with H∞ 

and structured 
single Value 

-0.2 -0.12 -0.21 -0.1 -0.018 -0.01 -0.008 0.006 

[51] 
 

Four area reheat and 
non-reheat thermal 

power system 
Decentralized PID 
controller with H∞ 

and structured 
single Value 

considering GRC 

-0.48 -0.41 -0.51 -0.28 -0.06 0.08 -0.041 0.03 

[47] Four area thermal 
Power system 

Decentralized LFC 
using Eigen value 

method 
-0.018 -0.003 -0.004 -0.008 -0.0023 0.0009 0.00083 0.00095 

[32] 
Four area hydro 
thermal power 

system 

Online MBA fuzzy 
tuning PI controller 0.001 -0.003 -0.005 -0.0002 0.0003 0.0002 -0.001 -0.0017 

[35] 
Four area hydro 
thermal power 

system 

Hybrid Neuro-
Fuzzy PI controller -0.061 -0.061 -0.054 -0.054 -0.052 -0.045 x x 

Table 5b 
Time response of Four area power system under various 

 control approaches for different power systems. 
Settling Time [s] 

Ref. System Specification Control Approach 
∆F1 ∆F2 ∆F3 ∆F4 ∆pt1 ∆pt2 ∆pt3 ∆pt4 

Decentralized PID controller with 
IMC 7 11 9 12 9 11 13 12 

[18] 
Four area reheat and 
non-reheat thermal 

power system Decentralized PID controller with 
IMC considering GRC 11 10 9 10 13 12 14 16 

Decentralized PID controller with 
H∞ and structured single Value 15 19 15 19 27 30 31 32 

[51] 
 

Four area reheat and 
non-reheat thermal 

power system 
Decentralized PID controller with 
H∞ and structured single Value 

considering GRC 
21 20 20 22 21 19 24 34 

[47] Four area thermal 
Power system 

Decentralized LFC using Eigen 
value method 25 28 22 21 29 35 26 23 

[32] Four area hydro 
thermal power system

Online MBA fuzzy tuning PI 
controller 12 10 12 17 32 26 29 38 

[35] Four area hydro 
thermal power system Hybrid Neuro-Fuzzy PI controller 18 18 17 17 15 27 x x 

 



N. K. Kumar, V. Indragandhi 

270 

6 References 
[1] H. Shabani, B. Vahidi, M. Ebrahimpour: A Robust PID Controller Based on Imperialist 

Competitive Algorithm for Load-Frequency Control of Power Systems, ISA Transactions, 
Vol. 52, No. 1, 2013, pp. 88 – 95. 

[2] A. Yazdizadeh, M. H. Ramezani, E. Hamedrahmat: Decentralized Load Frequency Control 
Using a New Robust Optimal MISO PID Controller, International Journal of Electrical 
Power and Energy Systems, Vol. 35, No. 1, 2012, pp. 57 – 65. 

[3] R. Farhangi, M. Boroushaki, S. H. Hosseini: Load-Frequency Control of Interconnected 
Power System Using Emotional Learning-Based Intelligent Controller, International Journal 
of Electrical Power and Energy Systems, Vol. 36, No. 1, 2012, pp. 76 – 83. 

[4] W. Tan, H. Zhou: Robust Analysis of Decentralized Load Frequency Control for Multi-Area 
Power Systems, International Journal of Electrical Power and Energy Systems, Vol. 43, No. 
1, 2012, pp. 996 – 1005. 

[5] C. S. Ali Nandar: Robust PI Control of Smart Controllable Load for Frequency Stabilization 
of Microgrid Power System, Renewable Energy, Vol. 56, 2013, pp. 16 – 23. 

[6] G. Shankar, S. Lakshmi, N. Nagarjuna: Optimal Load Frequency Control of Hybrid 
Renewable Energy System Using PSO and LQR, 2015 International Conference on Power 
and Advanced Control Engineering, 2015, pp. 195 – 199. 

[7] F. Daneshfar, H. Bevrani: Multiobjective Design of Load Frequency Control Using Genetic 
Algorithms, International Journal of Electrical Power and Energy Systems, Vol. 42, No. 1, 
2012, pp. 257 – 263. 

[8] S. Selvakumaran, S. Parthasarathy, R. Karthigaivel, V. Rajasekaran: Optimal Decentralized 
Load Frequency Control in a Parallel AC-DC Interconnected Power System Through 
HVDC Link Using PSO Algorithm, Energy Procedia, Vol. 14, 2012, pp. 1849 – 1854. 

[9] M. R. Toulabi, M. Shiroei, A. M. Ranjbar: Robust Analysis and Design of Power System 
Load Frequency Control Using the Kharitonov's Theorem, International Journal of Electrical 
Power and Energy Systems, Vol. 55, 2014, pp. 51 – 58. 

[10] M. Shiroei,  A. M. Ranjbar: Supervisory Predictive Control of Power System Load 
Frequency Control, International Journal of Electrical Power and Energy Systems, Vol. 61, 
2014, pp. 70 – 80. 

[11] M. R. Sathya, M. Mohamed Thameem Ansari: Load Frequency Control Using Bat Inspired 
Algorithm Based Dual Mode Gain Scheduling of PI Controllers for Interconnected Power 
System, International Journal of Electrical Power and Energy Systems, Vol. 64, 2015, pp. 
365 – 374. 

[12] V. Ravikumar Pandi, A. Al-Hinai, A. Feliachi: Coordinated Control of Distributed Energy 
Resources to Support Load Frequency Control, Energy Conversion and Management, 
Vol.105, 2015, pp. 918 – 928. 

[13] K. Máslo, M. Kolcun: Load-frequency Control Management in Island Operation, Electric 
Power Systems Research, Vol. 114, 2014, pp. 10 – 20. 

[14] R. Wang, X. Li, W.-Y. Zhou: Guaranteed Cost Load Frequency Control for a Class of 
Uncertain Power Systems with Large Delay Periods, Neurocomputing, Vol. 168, 2015, pp. 
269 – 275. 

[15] A. Herreros, E. Baeyens, J. R. Peran: Design of PID-Type Controllers Using Multiobjective 
Genetic Algorithms, ISA Transactions, Vol. 41, No. 4, 2002, pp. 457 – 472. 

[16] D. G. Padhan, S. Majhi: A New Control Scheme for PID Load Frequency Controller of 
Single-Area and Multi-Area Power Systems, ISA Transactions, Vol. 52, No. 2, 2013, pp. 
242 – 251. 



Analysis on Various Optimization Techniques used for Load Frequency Control… 

271 

[17] A. Khodabakhshian, M. E. Pour, R. Hooshmand: Design of a Robust Load Frequency 
Control Using Sequential Quadratic Programming Technique, International Journal of 
Electrical Power and Energy Systems, Vol. 40, No. 1, 2012, pp. 1 – 8. 

[18] W.Tan, H. Zhang, M. Yu: Decentralized Load Frequency Control in Deregulated 
Environments, International Journal of Electrical Power and Energy Systems, Vol. 41, No. 
1, 2012, pp. 16 – 26. 

[19] R. K. Sahu, S. Panda, U. K. Rout: DE Optimized Parallel 2-DOF PID Controller for Load 
Frequency Control of Power System with Governor Dead-Band Nonlinearity, International 
Journal of Electrical Power and Energy Systems, Vol. 49, 2013, pp. 19 – 33. 

[20] A. K. Barisal: Comparative Performance Analysis of Teaching Learning Based 
Optimization for Automatic Load Frequency Control of Multi-Source Power Systems, 
International Journal of Electrical Power and Energy Systems, Vol. 66, 2015, pp. 67 – 77. 

[21] K. P. Singh Parmar, S. Majhi, D. P. Kothari: Improvement of Dynamic Performance of LFC 
of the Two Area Power System: An Analysis using MATLAB, International Journal of 
Computer Applications, Vol. 40, No. 10, 2012, pp. 28 – 32. 

[22] B. Mohanty, S. Panda, P. K. Hota: Controller Parameters Tuning of Differential Evolution 
Algorithm and its Application to Load Frequency Control of Multi-source Power System, 
International Journal of Electrical Power and Energy Systems, Vol. 54, 2014, pp. 77 – 85. 

[23] S. Sondhi, Y. V. Hote: Fractional Order PID Controller for Load Frequency Control, Energy 
Conversion and Management, Vol. 85, 2014, pp. 343 – 353. 

[24] K. Naidu, H. Mokhlis, A. H. A. Bakar: Multiobjective Optimization Using Weighted Sum 
Artificial Bee Colony Algorithm for Load Frequency Control, International Journal of 
Electrical Power and Energy Systems, Vol. 55, 2014, pp. 657 – 667. 

[25] M. Shivaie, M. G. Kazemi, M. T. Ameli: A Modified Harmony Search Algorithm for 
Solving Load-Frequency Control of Non-Linear Interconnected Hydrothermal Power 
Systems, Sustainable Energy Technologies and Assessments, Vol. 10, 2015, pp. 53 – 62. 

[26] R K. Sahu, T. S. Gorripotu, S. Panda: A Hybrid DE-PS Algorithm for Load Frequency 
Control Under Deregulated Power System With UPFC and RFB, Ain Shams Engineering 
Journal, Vol. 6, No. 3, 2015, pp. 893 – 911. 

[27] M. Nandi, C. K. Shiva, V. Mukherjee: Frequency Stabilization of Multi-Area Multi-Source 
Interconnected Power System Using TCSC and SMES Mechanism, Journal of Energy 
Storage, Vol. 14, Part 2, 2017, pp. 348 – 362. 

[28] K. R. Sudha, Y. Butchi Raju, A. Chandra Sekhar: Fuzzy C-Means Clustering for Robust 
Decentralized Load Frequency Control of Interconnected Power System with Generation 
Rate Constraint, International Journal of Electrical Power and Energy Systems, Vol. 37, No. 
1, 2012, pp. 58 – 66. 

[29] K. R. Sudha, R. Vijaya Santhi: Load Frequency Control of an Interconnected Reheat 
Thermal System Using Type-2 Fuzzy System Including SMES Units, International Journal 
of Electrical Power and Energy Systems, Vol. 43, No. 1, 2012, pp. 1383 – 1392. 

[30] K. R. M. Vijaya Chandrakala, S. Balamurugan, N. Janarthanan, B. Anand: Variable 
Structure Fuzzy Gain Schedule Based Load Frequency Control of Non-Linear Multi Source 
Multi Area Hydro Thermal System, International Journal on Electrical Engineering and 
Informatics, Vol. 6, No. 4, 2014, pp. 785 – 794. 

[31] H. Yousef: Adaptive Fuzzy Logic Load Frequency Control of Multi-Area Power System, 
International Journal of Electrical Power and Energy Systems, Vol. 68, 2015, pp. 384 – 395. 

[32] M. H. Khooban, T. Niknam: A New Intelligent Online Fuzzy Tuning Approach for Multi-
Area Load Frequency Control: Self Adaptive Modified Bat Algorithm, International Journal 
of Electrical Power and Energy Systems, Vol. 71, 2015, pp. 254 – 261. 



N. K. Kumar, V. Indragandhi 

272 

[33] S. S. Dhillon, J. S. Lather, S. Marwaha: Multi Area Load Frequency Control Using Particle 
Swarm Optimization and Fuzzy Rules, Procedia Computer Science, Vol. 57, 2015, pp. 460 –
472. 

[34] K. Sabahi, S. Ghaemi, S. Pezeshki: Application of Type-2 Fuzzy Logic System for Load 
Frequency Control Using Feedback Error Learning Approaches, Applied Soft Computing, 
Vol. 21, 2014, pp. 1 – 11. 

[35] S. Prakash, S. K. Sinha: Simulation Based Neuro-Fuzzy Hybrid Intelligent PI Control 
Approach in Four-Area Load Frequency Control of Interconnected Power System, Applied 
Soft Computing, Vol. 23, 2014, pp. 152 – 164. 

[36] T. H. Mohamed, J. Morel, H. Bevrani, T. Hiyama: Model Predictive Based Load Frequency  
Control-Design Concerning Wind Turbines, International Journal of Electrical Power & 
Energy Systems, Vol. 43, No. 1, 2012, pp. 859 – 867. 

[37] M. Shiroei, M. R. Toulabi, A. M. Ranjbar: Robust Multivariable Predictive Based Load 
Frequency Control Considering Generation Rate Constraint, International Journal of 
Electrical Power and Energy Systems, Vol. 46, 2013, pp. 405 – 413. 

[38] M. Ma, H. Chen, X. Liu, F. Allgöwer: Distributed Model Predictive Load Frequency 
Control of Multi-Area Interconnected Power System, International Journal of Electrical 
Power and Energy Systems, Vol. 62, 2014, pp. 289 – 298. 

[39] M. Elsisi, M. Soliman, M. A. S. Aboelela, W. Mansour: Optimal Design of Model 
Predictive Control with Superconducting Magnetic Energy Storage for Load Frequency 
Control of Nonlinear Hydrothermal Power System Using Bat Inspired Algorithm, Journal of 
Energy Storage, Vol. 12, 2017, pp. 311– 318. 

[40] S. Zhang, Y. Mishra, M. Shahidehpour: Fuzzy-Logic Based Frequency Controller for Wind 
Farms Augmented With Energy Storage Systems, IEEE Transactions on Power Systems, 
Vol. 31, No. 2, 2016, pp. 1595 – 1603. 

[41] K. P. Singh Parmar, S. Majhi, D. P. Kothari: Load Frequency Control of a Realistic Power 
System with Multi-Source Power Generation, International Journal of Electrical Power and 
Energy Systems, Vol. 42, No. 1, 2012, pp. 426 – 433. 

[42] V. P. Singh, S. R. Mohanty, N. Kishor, P. K. Ray: Robust H-Infinity Load Frequency 
Control in Hybrid Distributed Generation System, International Journal of Electrical Power 
and Energy Systems, Vol. 46, 2013, pp. 294 – 305. 

[43] M. Rahmani, N. Sadati: Two-Level Optimal Load-Frequency Control for Multi-Area Power 
Systems, International Journal of Electrical Power and Energy Systems, Vol. 53, 2013, 
pp.540 – 547. 

[44] A.-R. Kim, G.-H. Kim, S. Heo, M. Park, I.-K. Yu, H.-M. Kim: SMES Application for 
Frequency Control During Islanded Microgrid Operation, Physica C: Superconductivity and 
its Applications, Vol. 484, 2013, pp. 282 – 286. 

[45] R. Ali, T. H. Mohamed, Y. S. Qudaih, Y. Mitani: A New Load Frequency Control Approach 
in an Isolated Small Power Systems Using Coefficient Diagram Method, International 
Journal of Electrical Power and Energy Systems, Vol. 56, 2014, pp. 110 – 116. 

[46] M. Z. Bernard, T. H. Mohamed, Y. S. Qudaih, Y. Mitani: Decentralized Load Frequency 
Control in an Interconnected Power System Using Coefficient Diagram Method, 
International Journal of Electrical Power and Energy Systems, Vol. 63, 2014, pp. 165 – 172. 

[47] W. Tan, Y. Hao, D. Li: Load Frequency Control in Deregulated Environments via Active 
Disturbance Rejection, International Journal of Electrical Power and Energy Systems, Vol. 
66, 2015, pp. 166 – 177. 

[48] Y. Tang, Y. Bai, C. Huang, B. Du: Linear Active Disturbance Rejection-Based Load 
Frequency Control Concerning High Penetration of Wind Energy, Energy Conversion and 
Management, Vol. 95, 2015, pp. 259 – 271. 



Analysis on Various Optimization Techniques used for Load Frequency Control… 

273 

[49] Y. Zheng, J. Zhou, Y. Xu, Y. Zhang, Z. Qian: A Distributed Model Predictive Control 
Based Load Frequency Control Scheme for Multi-Area Interconnected Power System Using 
Discrete-Time Laguerre Functions, ISA Transactions, Vol. 68, 2017, pp. 127 – 140. 

[50] H. Bevrani, P. R. Daneshmand: Fuzzy Logic-Based Load-Frequency Control Concerning 
High Penetration of Wind Turbines, IEEE Systems Journal, Vol. 6, No. 1, 2012, pp. 173 –
180. 

[51] H. Shayeghi, H. A. Shayanfar: Decentralized Robust AGC Based on Structured Singular 
Values, Journal of Electrical Engineering, Vol. 57, No. 6, 2006, pp. 305 – 317. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


