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Comparative Dynamic Performance of Load
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Abstract—This paper demonstrates dynamic performance
evaluation of load frequency control (LFC) with different intelligent
techniques. All non-linearities and physical constraints have been
considered in simulation studies such as governor dead band (GDB),
generation rate constraint (GRC) and boiler dynamics. The
conventional integral time absolute error has been considered as
objective function. The design problem is formulated as an
optimisation problem and particle swarm optimisation (PSO),
bacterial foraging optimisation algorithm (BFOA) and differential
evolution (DE) are employed to search optimal controller parameters.
The superiority of the proposed approach has been shown by
comparing the results with published fuzzy logic control (FLC) for
the same interconnected power system. The comparison is done using
various performance measures like overshoot, undershoot, settling
time and standard error criteria of frequency and tie-line power
deviation following a step load perturbation (SLP). It is noticed that,
the dynamic performance of proposed controller is better than FLC.
Further, robustness analysis is carried out by varying the time
constants of speed governor, turbine, tie-line power in the range of
+40% to -40% to demonstrate the robustness of the proposed DE
optimized PID controller.

Keywords—Automatic generation control, governor dead band,
generation rate constraint, differential evolution.

1. INTRODUCTION

FC is an important issue in power system operation and

control. Large power systems are divided into different
control areas. All such areas are connected, to be called as an
interconnected power system. Interconnected power system is
used to increase reliable and uninterrupted power supply.
Normally, in interconnected power systems, either thermal-
thermal or hydro-thermal type systems are considered.
Automatic generation control (AGC) is used to maintain the
scheduled system frequency and tie line power deviations in
case of normal operation as well as small perturbation. AGC
function can be viewed as a supervisory control function
which attempts to match the generation trend within an area to
the trend of the randomly changing load of the same and
different areas, so as to keep the system frequency and the tie-
line power flow close to the scheduled values. The growth in
size and complexity of electric power systems along with
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increase in power demand has necessitated the use of
intelligent systems that combine knowledge, techniques and
methodologies from various sources for the real-time control
of power systems. Kothari et al. [1] are possibly the first to
consider GRC to investigate the AGC problem of a hydro-
thermal system with conventional integral controllers. Many a
research has been done in AGC for two area thermal -hydro
systems with non-linearity as GRC [2], [3]. In [4], GDB is
considered as non-linearity, and the AGC problem is solved
by PI controller tuned with craziness particle swarm
optimisation (CPSO).

It is observed that, considerable research work is still going
on to propose better AGC systems based on modern control
theory [5], neural network [6], fuzzy system theory [7],
reinforcement learning [8] and ANFIS approach [9], etc. But,
these advanced approaches are complicated and need
familiarity of users to these techniques, thus reducing their
applicability. Alternatively, a classical proportional-integral
(PI) and proportional integral derivative (PID) controllers
remain an engineer’s preferred choice due to its structural
simplicity, reliability and the favourable ratio between
performances and cost. Additionally, it also offers simplified
dynamic modelling, lower user-skill requirements and
minimal development as effort, which are the major issues of
in engineering practice.

In recent times, new artificial intelligence-based approaches
have been proposed to optimize the PI/PID controller
parameters for AGC system. In [10], several -classical
controller structures such as Integral (I), PI, integral derivative
(ID), PID and integral double derivative (IDD) have been
applied and their performance have been compared for an
AGC system with BFOA. Nanda et al. [11] have demonstrated
that BFOA optimized controller provides better performance
than GA based controllers and conventional controllers for an
interconnected power system. In [12], a modified objective
function using Integral of Time multiplied by Absolute value
of Error (ITAE), damping ratio of dominant eigenvalues and
settling time is proposed where, the PI controller parameters
are optimized employing DE algorithm, and the results are
compared with BFOA and GA optimized based PI controller
to show its superiority. Anand et al. [13] have reported a
conventional PI controller with FLC for stabilising the
frequency oscillations of AGC with nonlinearities.

DE is a population-based direct search algorithm for global
optimization which is capable of handling non-differentiable,
non-linear and multi-modal objective functions with few
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easily chosen control parameters [14]. DE uses weighted
differences between solution vectors to change the population
whereas, in other stochastic techniques such as Genetic
Algorithm (GA) and Expert Systems (ES), perturbation occurs
in accordance with a random quantity. DE employs a greedy
selection process with inherent elitist features. Also, it has a
minimum number of control parameters, which can be tuned
effectively [15].

In view of the above, an attempt has been made in this
paper for the optimal design of DE based classical PI/PID
controllers for LFC of multi-area linear and nonlinear
interconnected power system. The design problem of the
proposed controller is formulated as an optimization problem
and DE is employed to search for optimal controller
parameters. Simulations results are presented to show the

effectiveness of the presented controller in providing good
damping characteristics to system oscillations over a wide
range of disturbances. Further, the superiority of the proposed
design approach is illustrated by comparing the presented
approach with recently published conventional as PI controller
and FLC [13] for the same AGC system.

II. SYSTEM MODELING

The block diagram model of two areas interconnected
hydro-thermal system with nonlinearities and boiler dynamics
are shown in Fig. 1. Thermal area comprised of reheat turbine,
GDB, GRC and boiler dynamics. The hydro area also
incorporated GDB and GRC.
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Fig. 1 Transfer function model of two area hydro-thermal system with boiler dynamics, GDB and GRC

In Fig. 1, By and B; are the frequency bias parameters; ACE1
and ACE; are area control errors; U; and U are the control
outputs form the controller; R; and R; are the governor speed
regulation parameters in pu Hz; Te: and Tg2 are the speed
governor time constants in sec; APg1 and APg; are the change
in governor valve positions (pu); Tt1 and Tt are the turbine
time constant in sec; Ky and Tr are the gain and time constant
of reheat turbine; APp; and APp; are the load demand changes;
APiie is the incremental change in tie line power (p.u); Kp1 and
Kpo are the power system gains; Tpy and Tpz are the power
system time constant in sec; Ti» is the synchronizing

coefficient and Af; and Af; are the system frequency deviations
in Hz,. The relevant parameters are given in appendix.

GDB is defined as the total magnitude of a sustained speed
change within which there is no resulting change in valve
position. The backlash non-linearity tends to produce a
continuous sinusoidal oscillation with a natural period of
about 2 s. The speed GDB has significant effect on the
dynamic performance of LFC mechanism. For this analysis, in
this study backlash non-linearity of about 0.05% for thermal
system and the dead band non-linearity of about 0.02% for
hydro system are considered. The system is provided with a
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single reheat turbine with an appropriate GRC of 0.0017MW
per sec for thermal area and 4.5% per sec for rising generation
and 6% for lowering generation for hydro area as shown in
Fig. 2.

Boiler is a device for producing steam under pressure. In
this study, the effect of the boiler in steam area in the power
system is also considered and detailed configuration is shown
in Fig. 3 which is adopted from [13]. This includes the long
term dynamics of fuel and steam flow on boiler drum pressure.
Representations for combustion controls are also incorporated.
This model is basically a normally used drum type boiler and
fuel used is oil/gas. The model can be used to study the
responses of coal fired units with poorly tuned (oscillatory)
combustion controls, coal fired units with well tuned controls
and well tuned oil or gas fired units.
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Fig. 3 Boiler dynamics

III. THE PROPOSED APPROACH

PID controller is the most popular feedback controller used
in the process industries. It is a robust, easily understood
controller that can provide excellent control performance
despite the varied dynamic characteristics of process plant. As
the name suggests, the PID algorithm consists of three basic
modes, the proportional mode, the integral and the derivative
modes. A proportional controller has the effect of reducing the
rise time, but never eliminates the steady-state error. An
integral control has the effect of eliminating the steady-state
error, but it may make the transient response worse. A
derivative control has the effect of increasing the stability of
the system i.e., reducing the overshoot and improving the

transient response. PI controllers are the most often used
controller today in industry. A control without derivative (D)
mode is used when: Fast response of the system is not
required, large disturbances and noises are present during
operation of the process and there are large transport delays in
the system. Derivative mode improves stability of the system
and enables increase in proportional gain and decrease in
integral gain which in turn increases speed of the controller
response. PID controller is often used when stability and fast
response are required. On the other hand, design of a fuzzy
based controller requires more design decision than usual, for
example, regarding the number of membership functions, their
shape, and their overlap for all inputs and outputs, rule base,
inference engine, defuzzification, and data pre and post
processing. Therefore, fuzzy logic based controllers suffer
from the requirement of expert user in their design and
implementation, and mathematical rigors and so are
vulnerable to the experts’ depth of knowledge in problem
definition. In view of the above, both PI and PID structured
controllers are considered in the present work. Design of PID
controller requires determination of the three main parameters,
proportional gain (Kp), integral time constant (K;) and
derivative time constant (Kp). For PI controller Kp and K| are
to be determined. The controllers in both the areas are
considered to be different and so that they are Kp1, Kp2Kj1, Ki2
and KDl, KD2.

The error inputs to the controllers are the respective area
control errors (ACE) are given by:
(O]

e,(t) = ACE , = B,Af, + AP,

e,(t) = ACE, = B,Af, — AP, )

The control inputs of the power system U; and U, with PI
structure are obtained as:

u, =Ky ACE, + K, [ ACE, 3
u, =Ky, ACE, +K,, [ ACE, “4)

The control inputs of the power system U;and U, with
PID structure are obtained as

dACE,
dt ®)

u, = K, ACE, + K, [ ACE, + K,

dACE,

u, = Ky, ACE, +K,, [ ACE, + Ko, ©)

In the design of a PI/PID controller, the objective function
is first defined based on the desired specifications and
constraints. The design of objective function to tune the
controller is generally based on a performance index that
considers the entire closed loop response. Typical output
specifications in the time domain are peak overshoot, rise
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time, settling time and steady-state error. The following four
kinds of performance criteria are considered in the control
design namely the Integral of Time multiplied Absolute Error
(ITAE), Integral of Squared Error (ISE), Integral of Time
multiplied Squared Error (ITSE) and Integral of Absolute
Error (IAE). The objective function considered in this case is
given below:

ISlm

Ji=1SE = [(Af, ) +(af, ) +(aPy, ) -t ™

where, Af and Af,are the system frequency deviations;

APy, is the incremental change in tie line power; t; is the

sim
time range of simulation.

Minimize J

Subject to

KPmin < KP < KPmax and K|min < K| < K|max
As reported, the minimum and maximum values of

controller parameters are chosen as 0 and 3 respectively.

IV. INTELLIGENT TECHNIQUES
A.PSO

PSO method is a member of wide category of Swarm
Intelligence methods for solving the optimization problems. It
is a population based search algorithm where each individual
is referred to as particle and represents a candidate solution.
Each particle in PSO flies through the search space with an
adaptable velocity that is dynamically modified according to
its own flying experience and also the flying experience of the
other particles. In PSO each particles strive to improve
themselves by imitating traits from their successful peers.
Further, each particle has a memory and hence it is capable of
remembering the best position in the search space ever visited
by it. The position corresponding to the best fitness is known
as pbest and the overall best out of all the particles in the
population is called gbest. The modified velocity and position
of each particle can be calculated using the current velocity
and the distance from the pbest j,g to gbestg as shown in:

(t+

vf’gl):w*v(jt’)g+cl*r1()*(pbestj’g—x(jt’)g)Jr cz*rz()*(gbestg—x?’)g
®)

(t+1) _ (D) (t+1) 9

“t.90 TXie Vg ©)

with j =1, 2... n and g = 1,2...m where n =number of particles
in a group; m = number of members in a particle; t = number
of iterations (generations); vgtg) = velocity of particle j at

vmin <V(-“ <Vmax
iteration t, with "¢ = "o =%9 ¢, ¢2 = cognitive and social

acceleration factors respectively; rl, 2 = random numbers

()

ie Current

uniformly distributed in the range (0, 1); x

)

position of j at iteration t; Pbest j = pbest of particle j;gbest =
gbest of the group.

The j-th particle in the swarm is represented by a g-
dimensional vector xj = (xj,1, Xj,2, ...... ,Xj,g) and its rate of
position change (velocity) is denoted by another g-
dimensional vector vj = (vj,1, vj,2, ...... , vj,g). The best
previous position of the j-th particle is represented as pbestj =
(pbestj, 1, pbestj, 2... pbestj, g). The index of best particle
among all of the particles in the group is represented by the
gbestg.

In PSO, each particle moves in the search space with a
velocity according to its own previous best solution and its
group’s previous best solution. The velocity update in a PSO
consists of three parts; namely momentum, cognitive and
social parts. The balance among these parts determines the
performance of a PSO algorithm. The parameters cl & c2
determine the relative pull of pbest and gbest and the
parameters r1 & r2 help in stochastically varying these pulls.
In the above equations, superscripts denote the iteration
number. The computational flow chart of PSO algorithm is

shown in Fig. 2.

‘ Specify the parameter for PSO ‘

‘ Generate initial population ‘
4% Time-domain simulation ‘

‘ Find the fitness of each particle in ‘

the current population

Gen.=Gen+1

No

v
Update the particle position and
velocity using equation(13-14)

Fig. 4 Flowcharts of particle swarm optimization algorithm

B.BFOA

Application of group foraging strategy of a swarm of E. coli
bacteria in multi-optimal function optimization is the idea
behind BFOA. The foraging behavior of E. coli bacteria
present in our intestines includes the methods of locating,
handling and ingesting food, has been successfully mimicked
in BFOA. Each bacterium tries to maximize its obtained
energy per each unit of time expended on the foraging process
and avoids noxious substances. Further, individual bacterium
communicates with other individuals by sending signals.

The optimization technique consists of determining the
minimum of a function J(a) where the variables under
consideration constitute the high-dimensional vector o € Rp
and it is very difficult or almost impossible to determine dJ(a).
Here, o determines the position of a bacterium in high
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dimensional space. A negative value of J(o) indicates that the
bacterium is in nutrient-rich environment, a zero value
indicates a neutral environment and a positive value indicates
a noxious environment. The objective will be to try and
implement a biased random walk for each bacterium where it
will try to climb up the nutrient concentration and, try and
avoid noxious substances and will attempt to leave a neutral
environment as soon as possible. This optimization procedure
comprises of four basic steps: Swarming and tumbeling
Chemotaxis, Reproduction and Elimination and, Dispersal
[11], [15], [16].

1) Swarming and Tumbling via Flagella (Ny)

During foraging of the bacteria, locomotion is realized by a
set of tensile flagella. An E. coli bacterium can move in two
different ways; it can swim for a period of time or it can
tumble. When they rotate the flagella in the clockwise
direction, each flagellum pulls on the cell, which results in the
moving of flagella independently and finally the bacterium
tumbles with lesser number of tumbling. In a harmful place it
tumbles frequently to find a nutrient gradient. Moving the
flagella in the counterclockwise direction helps the bacterium
to swim at a very fast rate. The bacterium alternates between
these two modes of operation its entire lifetime. The cell-to-
cell signaling in E. coli swarm may be represented by:

Jc(a,P(j,k,l))=§Jc<a,a‘(j,k,l>>

‘Mz

(10)

Jc (o, P(],K,1))is the objective function value which is to be
added to the actual objective function to get a time varying
objective function, N is the total number of bacteria, P is the

. . _ T,
number of variables to be optimized, & =[&,2,...2p] isa

point in the P-dimensional search domain and
dat’Wat’hre’Wre are different attractant and repellant
coefficients.

1) Chemotaxis (N¢)

Chemotaxis process simulates the movement of an E. coli
cell through swimming and tumbling via flagella. Suppose

a'(j,k,1 represents i-th bacterium at j-th chemotactic, k-th
reproductive and I-th elimination-dispersal step, and then in
computational chemotaxis the movement of the bacterium
may be represented by:

a‘(j+1,k,|):ai(j,k,|)+5(i)L (11

ot () ()

where, S(i) is the size of the step taken in the random direction
specified by the tumble (run length unit) and J indicates a
vector in the random direction in the range (-1, 1).

P . N P .
[~ exp(-Wy X (o — arln)z)] + 2 [hre exp(—Wee X — arln
m=1 i=1 m=1
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Fig. 5 Flow chart of BFOA

2) Reproduction (Nr.)

In this process, the least healthy bacteria eventually die
while each of the healthier bacteria giving better objective
function values asexually split into two bacteria. These new
bacteria are placed in the same location to keep the swarm size
constant.

3) Elimination and Dispersal (Neq)

Gradual or sudden changes in the local environment where
a bacterium population lives may occur due to various
reasons. When local significant increase in heat kills a
population of bacteria that are currently in a region with a high
concentration of nutrient gradients is called the elimination
process. A sudden flow of water can disperse bacteria from
one place to another. Elimination and dispersal events may
destroy chemotactic progress, but they also have the effect of
assisting in chemotaxis, since dispersal may place bacteria
near good food sources. To simulate this phenomenon in
BFOA some bacteria are liquidated at random with a very
small probability while the new replacements are randomly
initialized over the search space. The flow chart of BFOA is
given in Fig. 5.

C.DE

DE algorithm is a population-based stochastic optimization
algorithm recently introduced [14]. Advantages of DE are:

simplicity, efficiency & real coding, easy use, local searching
property and speediness. DE works with two populations; old

1028



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:9, No:8, 2015

generation and new generation of the same population. The
size of the population is adjusted by the parameter Np. The
population consists of real valued vectors with dimension D
that equals the number of design parameters/control variables.
The population is randomly initialized within the initial
parameter bounds. The optimization process is conducted by
means of three main operations: mutation, crossover and
selection. In each generation, individuals of the current
population become target vectors. For each target vector, the
mutation operation produces a mutant vector, by adding the
weighted difference between two randomly chosen vectors to
a third vector. The crossover operation generates a new vector,
called trial vector, by mixing the parameters of the mutant
vector with those of the target vector. If the trial vector obtains
a better fitness value than the target vector, then the trial
vector replaces the target vector in the next generation. The
evolutionary operators are described below [17], [18].

1) Initialization
For each parameter j with lower bound x.\ and upper

j
bound xﬁ" ,

selected uniformly in the interval | ij , x‘jJ ].

initial parameter values are usually randomly

2) Mutation

For a given parameter vector XiG» three vectors (><r1,G

Xr2G Xr3g) are randomly selected such that the indices i,

r1, r2 and I3 are distinct. A donor vector Vi gy 18 created

by adding the weighted difference between the two vectors to
the third vector as:

Vi,G+1 = Xrl,G + F(sz,e - er,e) (12)

where, F is a constant within the range (0, 2) and denotes
generation.

3) Crossover

Three parents are selected for crossover and the child is a
perturbation of one of them. The trial vector U;q,, is
developed from the elements of the target vector (X; 5 ) and

the elements of the donor vector ( X; ). Elements of the donor

vector enters the trial vector with probability CR as:
N ~ Vi,i,en if randjj<CR or j=lrng (13)
11,64 Xj,i,en if randjj>CR or j#lrang

where rand j § ~ U005 lgng is a random integer from (1,2,...0)

and Dis the solution’s dimension i.e. number of control
variables. 1, ensures that V; Gu*XiG-

4) Selection
The target vector X;;is compared with the trial vector
V, g4 and the one with the better fitness value is admitted to

the next generation. The selection operation in DE can be
represented by:

Uj if f(U;j < f(Xj
XiGag = i,G+l ( _|,G+1) (Xi,g) (14)
’ Xijc  otherwise.

where ie[1,Np].

The flowchart of DE algorithm employed in the present
study is shown in Fig. 6.

Start )

Y
| Specify the DE parametersl

| Initialize the population |
+Gen.=1

Evalute the population

vy

Y

Create offsprings and evalute their fitness

Is fitness of offspring better than
itness of parents ?

Discard the
offspring in
new population

Replace the parents by offsprings
in the new population

[
-

Gen. =

Yes

Fig. 6 Flow chart of DE

V.RESULTS AND DISCUSSION

A. Implementation of PSO, BFO and DE Algorithm

The model of the system under study has been developed in
MATLAB/Simulink environment and PSO, BFOA and DE
program has been written (in .mfile). The developed model is
simulated in a separate program (by .m file using initial
population/controller parameters) considering a 1% SLP in
area 2. The objective function is calculated in the .m file and
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used in the optimization algorithms. The process is repeated
for each individual in the population.

In this paper, the following PSO parameters are considered
to verify the performance of the PSO optimized 1 /PI
controller. Population size: 50; ® =0.9; c1=0.12; ¢2=0.12;
Iteration: 60; For the efficient performance of BFOA, these
parameters are selected carefully. In the present study, based

on the previous experience S= 6, Nc = 4, Ns =5, Nye=7, Neg =4,
Pp=0.25, da:=0.01, Wz =0.006, hre= 0.03, Wre=12.

In the present study, a population size of Np=50, generation
number G=100, step size F=0.8 and crossover probability of
CR =0.8 have been used. The strategy employed is:
DE/best/1/exp.

TABLE 1
CONTROLLER PARAMETERS
controller parameters PSO tuned  BFOA tuned DE tuned
PI Proportional gain Kp| 0.0093 0.0694 0.0783
troll
controtier Kpy 0.9971 1.9306 0.8939
Integral gain K| 0.0295 0.0792 0.0295
K|, 0.0397 0.0438 0.03377
PID Proportional gain Kp| 0.5582 0.6584 0.3994
troll
controtier Kpy 0.9945 1.250 0.9995
Integral gain K| 0.071 0.1190 0.063
Ki» 0.035 0.04 0.0335
Derivative gain Kpi 0.3202 0.502 0.2522
Kpa 2.2993 1.693 2.6994

Here, the upper and lower bounds of the gains are chosen as
3 and 0 respectively. Simulations were conducted on an Intel,
core-2 Duo CPU of 2.4 GHz and 2MB RAM based computer
in the MATLAB 7.10.0.499 (R2010a) environment. The
optimization was repeated 20 times and the best final solution
among the 20 runs is chosen as proposed controller parameters
which are given in Table I.

B. Analysis of Results

A 1% SLP in area-2 is considered at t = 0 sec. The ITAE
and settling times (2% of final value) of frequency and tie line
power deviations with PSO, BFOA and the proposed DE
optimized PI and PID controller are given in Table II for the
system. To show the superiority of the proposed approach, the
results are compared with a recently published approach
(FLC) for the same interconnected power system [13].

TABLE II
ERROR CRITERIA, SETTLING TIMES, OVERSHOOT AND UNDERSHOOT WITH OBJECTIVE FUNCTION (J)

parameters PSO tuned PSO tuned PID BFOA tuned BFOA tuned DE tuned PI DE tuned PID FLC controller
PI controller controller PI controller PID controller controller controller [13]
ITAE 26.8964 19.1031 23.4719 18.4376 20.1239 18.4136 89.7002
Ts Afy 115.34 95.03 115.28 79.11 107.27 64.59 136.95
sec
(sec) Af, 114.08 93.04 116.55 78.8 105.96 63.26 150
APrie 87.68 78.21 98.26 32.05 57.03 45.63 147

It is evident from Table III that with the proposed DE
optimized PID and PI controllers; ITAE is improved by
79.47% and 77.57% respectively for PID and PI controller as
compared to FLC. In case of PSO and BFO algorithms; ITAE
is improved as compared to FLC. But, less value is obtained in
DE algorithm i.e. 18.4136. The improvements in settling time
of Afy are 52.84% and 7.07%, respectively, for PID and PI
controller as compared to FLC for DE algorithm. Similarly,
settling time of Afy is improved by 30.61% and 42.23%,
respectively, with PSO and BFOA tuned PID controller as
compared to FLC. The improvements in settling time of Af,
69.59% and 29.36%, respectively, for PID and PI controllers
for DE algorithm. Similarly, setting time of Af; is improved by
37.97% and 47.47%, respectively, with PSO and BFOA tuned
PID controller. APye also shows an improvement in settling

time of 60.22% and 61.2%, respectively, for PID and PI
controllers for DE algorithm.

Dynamic performances of area control error (ACE),
frequency deviations and tie line power deviation responses of
the system for a 1% SLP in area-2 occurring at t = 0 sec are
simulated by proposed PI and PID controllers and controllers
[13] shown in Figs. 7-11 and Figs. 12-16, respectively. For
both PI and PID controllers the performances of AACE of
both control areas are improved compared to FLC. From Fig.
7, the overshoot of AACE; is improved and found to be
22.12% and 39.42% for PI controller tuned with PSO and DE
algorithm, respectively. Similarly, from Fig. 8, the overshoot
of AACE; is improved and found to be 14.71% and 79.41% for
PSO and DE tuned PI controller, respectively as compared to
FLC. From Figs. 9, 10, it is clearly seen that overshoot of Af;
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and Af, is improved by 8.69% and 7.35%, respectively, for DE
optimized PI controller as compared to FLC [13]. But, with
PSO and BFOA tuned PI controller, no improvement is
observed in case of the overshoot of Af; and Af,. From Fig.11,
the overshoot of tie line power deviation is improved with
PSO, BFOA and DE tuned PI controller as compared to FLC.
It is clearly understood from Fig. 12, that the overshoot of
AACE; is improved by 48.75%, 72.12% and 38.46% with DE,
PSO and BFOA optimized PID controller, respectively.

‘\~l,:'\_l\(~.;;v;-:.;_w.r~y,\. o,

and 10.31% respectively, DE, PSO and BFOA optimized PID
controller as compared to FLC [13]. For the same contingency
the tie line power deviation is shown in Fig. 16. It is seen from
Fig. 16, both the overshoots and undershoots of DE, PSO and
BFOA optimized PID controllers are improved as compared to

FLC.
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From Fig. 13, the overshoot of AACE, is improved by
93.02%, 79.14% and 55.88%, respectively, for DE, PSO and
BFOA optimized PID controller as compared to the FLC [13].
From Fig. 14, it is observed that overshoot of Af; is improved
by 73.13%, 92.55% and 13.83%, respectively for PID
controller tuned with DE, PSO and BFOA techniques. From
Fig. 15, the overshoot of Af; is improved by 72.06%, 92.78%
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TABLE III
SENSITIVITY ANALYSIS

Parameter % change ISE ITAE ITSE IAE Settling time
variation Af, Af AP,
Tai +40% 0.1368 18.8612 0.9411 1.8978 103.0 98.9 50.71
+20% 0.1387 18.5976 0.9589 1.9132 69.66 68.2 48.09
-40% 0.1378 20.2373 0.9465 1.9131 64.95 66.05 50.93
-20% 0.142 18.4817 0.993 1.9443 59.79 58.52 43.27
Tn +40% 0.1322 18.7403 0.9084 1.8653 108.52 101.72 53.44
+20% 0.1367 18.4267 0.9405 1.8951 7232 68.35 48.27
-40% 0.146 19.1162 1.0308 1.9819 54.82 55.97 40.76
-20% 0.1435 18.6963 1.0063 1.957 59.62 58.29 43.07
Ty, +40% 0.1425 19.6926 1.0009 1.9956 96.28 88.25 47.31
+20% 0.1414 19.055 0.9883 1.9436 66.09 64.81 46.34
-40% 0.1388 26.1097 0.9543 1.9537 63.3 61.68 45.52
-20% 0.1396 18.1352 0.966 1.9181 63.5 62 45.14

Especially, the overshoot of tie line power deviation is
improved by 98.43%, 96.85% and 96.06%, respectively, with
DE, PSO and BFOA optimized PID controller as compared to
the published result of FLC [13]. As, PID controller tuned
with DE algorithm gives better response than PI controller and

other two algorithms, so PID controller tuned with DE is
considered for further analysis.

To study the robustness of the proposed PID controller
obtained by optimizing J, variations in the system parameters
are deliberately introduced. For testing the controller
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performance with parameter variations, governor time
constants and turbine time constants of both the areas and the
synchronizing power coefficient are varied in the range of -
40% to +40% from their respective nominal values in steps of
20%. At each of these changed operating points, further 1%
perturbation was introduced at area-2. The results of the
sensitivity analysis obtained are provided in Table III.

The frequency deviations are obtained with the variation of
turbine, governor and synchronizing time constants. The
dynamics of system remain only marginally affected. These
responses are highlighted in Figs. 17-19. It can be
demonstrated from these figures that there is negligible effect
of the variation of system time constants on the frequency
deviation responses with the controller parameters obtained at
nominal values. So, it can be concluded that, the proposed
control strategy provides a robust and stable control
satisfactorily. However, the optimum values of the proposed
controller need not be reset for wide changes in the system
parameters for the nominal loading.

VI. CONCLUSION

This paper presents the design and performance evaluation
of PSO, BFOA and DE optimised PID and PI controllers for
nonlinear AGC system considering boiler dynamics, GDB and
GRCs. The dynamic performances of the proposed controllers
with PSO, BFOA and DE are compared with FLC for the
same system under study. The frequency deviation of areas
and tie line power deviation responses are studied for 1% SLP
in area-2. The proposed DE optimized PI and PID controllers
able to provide better responses for frequency deviation and
tie line power deviation with relatively smaller peak overshoot
and lesser settling time as compared to PSO , BFOA and FLC.
Further, the sensitivity analysis is carried out, which
demonstrates the robustness of the proposed DE optimized
PID controller to wide variations in system parameters.

APPENDIX

All the notations carry the usual meanings
Nominal system parameters of two-area hydro-thermal
system with boiler dynamics, GDB and GRC:

B,=B,=0.425p.uMW/Hz; R, =R, =2.4Hz/p.u.; T5,=0.2s;

Tri 2036 T,, = 48.75; T, = 0.513s; T, = 10s;
T,=1s;T, =10s; K, =0.333;
Kps; = Kpg, =120Hz/p.uMW; Tp =Tp,=20s; T,, =0.0707
pu; App=-1.

Boiler Data
K, =0.85, K, =0.095, K;=0.92, C, =200, T, =0, T, =10s,

Kin=0.03, Tio=26s, Trb=69s.
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