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ABSTRACT— This paper presents the analysis of load
frequency control (LFC) of a deregulated two-area power
system with Doubly Fed Induction Generators (DFIGS)
integrated into both the areas. The deregulation of power
system has led to develop the new companies for
generation, transmission and distribution of power. To
study the effects of the bilateral contracts of companies on
the system dynamics, the conventional two-area power
system is modified. The LFC becomes even more
challenging when wind generators are also integrated into
the system in deregulated environment and also creates
highly competitive and distributed control environment.
The overall inertia of the system reduces during
disturbances, as the wind unit does not provide inertia and
isolates from the grid. To provide inertial support to the
system through modified inertial control scheme and
arrests the frequency deviation after disturbance by
DFIGs integration. To improve the frequency response of
the system the kinetic energy of the wind turbine is drawn
as the inertial control responds to frequency variations.
The optimal values of the speed control parameters of the
DFIG-based wind turbine have been obtained using
Particle Swarm Optimization (PSO) technique used to
enhance the participation of the doubly fed induction
generator (DFIG) in the frequency control.

KEYWORDS- Frequency regulation, Deregulated power
system, doubly fed induction generator (DFIG)

|. INTRODUCTION

Load—frequency control (LFC) is important in electric power
system design and operation. The objective of the LFC in an
interconnected power system is to maintain the frequency of
each area within limits and to keep tie-line power flows within
some pre-specified tolerances by adjusting the MW outputs of
the generators so as to accommodate fluctuating load demands.
A well designed and operated power system must cope with
changes in the load and with system disturbances, and it should
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provide high level of power quality while maintaining both
voltage and frequency within tolerance limits. Subjected to any
disturbance, As a result the deviation occurs about the operating
point such as nominal system frequency, scheduled power
exchange to the other areas which is undesirable[1]. The LFC
issues have been tackled with by the various researchers in
different time through AGC regulator, excitation controller
design and control performance with respect to parameter
variation/uncertainties and different load characteristics.Several
control strategy such as integral control, optimal control,
variable control have been used to control the frequency and to
maintain the scheduled regulation between the interconnected
areas. One major advantage of integral controller is that it
reduces the steady state error to zero, but do not perform well
under varying operating conditions and exhibits poor dynamic
performance. An optimization of feedback controller and
Proportional-Integral-Derivative (PID) controller is focused in
[2].Due to non-linearity in various segregated components and
design of the controller. The further research in LFC has been
carried out by use of various soft computing techniques.
Artificial neural network controller (ANN) is implemented in
paper [3] which offers many benefits in the area of nonlinear
control problems, particularly when the system is operating over
the nonlinear operating range.

The controller parameters plays a vital role for its performance,
thus it should be tuned properly with suitable optimization
techniques like genetic algorithm (GA), particle swarm
optimization (PSO), simulated annealing (SA). In [4] several
kinds of machines are used in wind energy conversion system
(WECS), but variable- speed generators such as doubly fed
induction machines (DFIM) and permanent magnet synchronous
machines (PMSM) are prevailing among others. An important
feature of DFIM and PMSM is the possibility for their active
and reactive power outputs to be controlled as required by
system operators. A fraction of the kinetic energy stored in
rotational masses to be released in order to provide earlier
frequency support is discussed in [5].The dynamic contribution
of doubly fed induction generator (DFIG)-based wind turbine in
system frequency regulation is presented in [6]. Thus, wind
generators only provide primary frequency control while the
final generation has to be taken over by the conventional plants.
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Yajvender Pal verma [7] analyse the Load frequency control
(LFC) of a deregulated two-area hydro-thermal power system
using fuzzy logic controller, with doubly fed induction
generators (DFIGs) integrated into both the control areas.
Optimal values of the speed control parameters of the DFIG-
based wind turbine have been obtained using integral square
error (ISE) technique.

In this work, it is proposed to analyze the AGC system for two
area hydro-thermal power system in deregulation and related
issues concerning the integration of new renewable power
generation. It is aimed to minimize the frequency deviation and
tie line power deviation while integrating wind energy system.
For further improvement, the speed control parameters of
Double Fed Induction Generator (DFIG) based wind turbine
have to be optimized by using Particle swarm optimization
(PSO).The simulations will be done using MATLAB
SIMULINK.
1. DEREGULATED POWER SYSTEM

The electrical power system is quite complex and
dynamic in nature. This sector was largely in hands of vertical
integrated utilities (V1Us), which own generation, transmission
and distribution system that supply power to consumers at
regulated rates. After restructuring, new organizations viz.,
generation companies (GENCOs), transmission companies
(TRANSCOs), distribution  companies (DISCOs), and
independent system operators (ISO) have emerged. The
restructuring also encourages independent power producers
(IPPs) by making generation license free. Under deregulation the
first step was to separate the generation of power from
transmission and distribution, thus putting the generation on the
same footings as the IPPs.

Disco participation matrix (DPM) is used to express
the contracts between various Gencos and Discos in matrix form.
This helps in easy visualization of these contracts. Equation (1)
represents the DPM for the two-area system, each having two
Gencos and two Discos.

cpfin cpfio cpfis  epfia
cpfa1 epfn cpfn epfn
cpfin cpfn cpfn cpfu
cpfn pln Pl cpfu

)

Any entry cpfl2 in Eq. (1) corresponds to the fraction of the total
load power contracted by Disco2 from Gencol. The number of
rows in DPM matrix corresponds to Gencos and numbers of
columns equal to the number of Discos. Coefficients that

distribute ACE to several GENCOs are termed as “ACE
participation factors”.
Yicpfij=1.0 (2

Under steady state conditions the power flows on the tie-line is
given by

APEh, = cpfi24P; — cpfr1 APy €))
The actual power flow through tie-line is given as

act _ 21Ty
APtiElZ -

(4fi —4f) 4)

N
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Figure 1 Block Diagram of Two- area system for
deregulated market with DFIG integrated

The tie-line power error at any instant can be calculated as
AP, = APEY, — AP, ®)
The error signal is used to generate area control error (ACE) as
ACEy = B1Afi — APg;  (6)

ACE, = ByAf; — a124P1, (7)

I1l. DFIG MODELLING

Traditionally, the wind units do not participate in load frequency
control. But, now with advanced control, the Kinetic energy
stored in the mechanical system of the wind turbines can be
extracted with variable speed generators. The DFIG based wind
turbines can produce power with variable mechanical speed and
extract Kkinetic energy to support the primary frequency
regulation. Although, the steady-state active power delivered to
the grid by a DFIG depends on the wind speed, the power can be
dynamically controlled to a certain extent by utilizing the stored
mechanical energy. In this paper, the dynamic model of DFIG-
based wind turbine control based on frequency changedepicted in
Fig. 2 An additional control signal helps to adapt the power set-
points AP¢ as a function of deviation and rate of change of
frequency. The controllers try to keep the turbine at its optimal
speed in order to produce the maximum power. The controller
provides a power set-point AP, that is based on measured speed
and measured electrical power. The support to primary frequency
control depends on activation of this additional loop, as the grid
frequency exceeds certain limits. As the system frequency drops,
the set-point torque is increased, the rotor slows down, and
kinetic energy is released. APyc has two components: AP¢, the
additional reference point based on frequency change as given in
with conventional inertial control, AP;, which is based on
optimum turbine speed as a function of wind speed, discussed
here:

* df
APf = - Kor - Ko f (8)
Where Kgis a constant weighting the frequency deviation
derivative and Kweights the frequency deviation itself. fis the

frequency deviation behind a high-pass filter, which is
unaffected of permanent frequency deviation. A power reference
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point AP} -, forcing the speed to follow a desired speed
reference, is given as

APy = - Kyp (0% 0) + Kyif (0 * — w)t ©)

Where K,,, and K, are constants of the PI controller, providing
fast speed recovery and transient speed variation, which helps
non-conventional generators to supply the required active power
to reduce deviations. The total non-conventional power injection
is given by Py as under:
PNC :APf* + AP(:; (10)
The system inertia is controlled by Kg;, whereas K provides the
system damping, as given below

2H dAf

=+ Ko = AP — DAy

The contribution of the DFIG toward system inertia in modified
inertial control is given as

2H dAf

= AP, + APy — APy, — APD — DAf (12)
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Figure 2 DFIG-based wind turbine control based on
frequency change

The reference point APy is obtained from Eq. (13) and is given as
% 1
APf =2 (8Xy) (13)

Where R is the droop constant as used conventionally and AX,
is the frequency change measured where the wind turbine is
connected to the network. The frequency term

(AX3) used in Eqg. (9) is the result of a washout filter, the active
power injected by the wind turbine is Pyc. The power injected
is compared with Pycrer SO as to obtain the maximum power
output, which is obtained by maintaining reference rotor speed,
where maximum power is obtained. The mechanical power
captured by the wind turbine is given by Eq. (14):

(14)

o4
— [ =27 3
Pmech - < Sy Cp.opt>(‘)s

Copyright to IJIRSET

Where

pis the air density in kg/m3,

A, is the rotor swept area in m2,

Cp.opt is the maximum value of the Cp(A)curve at a pitch angle
B=0

Spwind speed rating in MW and oy is the wind speed

IV.PARTICLE SWARM OPTIMIZATION

In PSO algorithm, the system is initialized with a
population of random solutions, which are called particles, and
each solution is also assigned a randomized velocity. Each
particle is treated as a valueless particle in g-dimensional search
space and keeps track of its coordinates in the problem space
associated with the best solution and this value is called pbest.
The overall best value and its location obtained so far by any
particle in the group that was tracked by the global version of the
particle swarm optimizer gbest. The PSO concept consists of
changing the velocity of each particle toward its pbest and gbest
locations at each time step. As example, the jth particle is
represented as Xj = (xj,1 , xj,2 , . . . ,Xj,g) in thegdimensional
space. The best previous position of the jth particle is recorded
and represented as pbestj = (pbestj,1 , pbestj,2 , . ., pbestj,g).
The selection of best particle among all particles in the group is
represented by the gbestg.

The rate of the position change (velocity) for particle j
is represented as vj = (vj,1, vj,2, . . ., vj,0). The modified
velocity and position of each particle can be calculated using the
current velocity and distance from pbestj,g to gbestg as shown in
the following formulas:

t+1D) _ ® ®
Vig " =WV +C* rand( ) * (pbestj_g — xj_g) + Cy *

rand( )= (gbestj_g - xj(_;)) (15)
t+1) _ _(t+1) (t+1)
Nig T %ty (16)
j=1,2,...,n
g=1,2,...m
where

nnumber of particles in a group;
mnumber of members in a particle;
tpointer of iterations(generations);
Igf?velocity of particle j at iteration t;
winertia weight factor;

c1, c2 acceleration constant;
rand( ) random number between 0 and 1;

xj(;)current position of particle j at iteration t;
pbestjpbestof particle j;

gbestgbestof the group

In general the PSO algorithm can be given by the following
flowchart, in figure.3
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Figure 3 Flow chart for Particle swarm
optimization

A.Advantages of PSO

(1) PSO has no overlapping and mutation calculation. The search
can be carried out by the speed of the particle. During the
development of several generations, only the most optimist
particle can transmit information onto the other particles, and the
speed of the researching is very fast.

(2) The calculation in PSO is very simple. Compared with the
other developing calculations, it occupies the bigger
optimization.

(3) PSO adopts the real number code, and it is decided directly
by the solution. The number of the dimension is equal to the
constant of the solution

V. SIMULATION RESULTS AND DISCUSSION

The simulations have been conducted in a two-area hydro
thermal system in an open access environment to investigate the
role of the DFIG in system frequency control..The simulations
have been conducted in Simulink in MATLAB 7.0. The
interaction between the DFIG-based wind turbine and traditional
plants has been investigated for a load perturbation of 2% in
area-1 for wind penetration of 10 percent. In an open access
market scenario, the Gencos and the Discos have bilateral
contract agreements. In this case the DPM has been taken as
follow:

05 025 0 03
02 025 0 O

0 025 1 07 (n
03 025 0 O

A.  Frequency Deviation in Two-Area System with and
without DFIG

Frequency responses of the two-area deregulated power system
are presented in Fig. 4 for with and without DFIG in area-1.
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The results indicated that the frequency response has lower
excursions when the DFIG is participating in the frequency
control. However, without the DFIG, the overshoots (OS) and
the undershoots (US) are higher and the settling time also is
larger.

without DFIG
————— with DFIG

del fl

10 20 30 40 50 60 T0 80 a0 100
Time

Figure 4 Frequency deviations in area-1

Frequency responses of the two-area deregulated
power system with DFIG are presented in Fig. 5 area-2.The
DFIG reacts fast and provides active power support proportional
to frequency deviation. The inertial support is provided by the
DFIGs by lowering their rotor speeds and transferring more
kinetic energy into the grid and compensating the load
perturbation. It can be seen that frequency deviation is smallest
when DFIGs are providing frequency support.

0.06

without DFIG

————— with DFIG
004 —

del f2

0 10 20 30 40 50 60 70 80 30 100
Time

Figure 5 Frequency deviations in area-2

B. Tie-linePower Deviation in Two Area System

Fig 6 shows the power deviation response of the Two-
Area AGC System in Restructured Scenario

without DFIG

————— with DFIG
01f

tie line power

o} 10 20 30 40 50 60 70 80 S0 100
Time

Figure 6 power deviation of the Two-Area AGC System in
Restructured Scenario.

As the DFIG in area-1 provides higher active power
support, the decrease in its kinetic energy is slightly high. The
DFIG releases the kinetic energy stored in its rotating masses to
provide quick frequency support by decreasing its speed. The
presence of the DFIG in the system helps to reduce the tie-line
oscillations between the two control areas.
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C. Undershoot and Overshoot Performance of Frequency
Responses with and without DFIG

Undershoot

and Overshoot

values of obtained

frequency response and compared in Table 1.obviously the
values are reduced while adding with DFIG.

Table 1 Undershoot and Overshoot

with and Without DFIG

of Frequency Responses

Performance With DFIG Without DFIG

Hz
Af; | Undershoot -0.0709 -0.2067
Overshoot 0.0307 0.1022

Hz
Af, | Undershoot -0.0466 -0.0681
Overshoot 0.0384 0.0584

Hz

D.Optimization Results

A better performance obtained with the implementation of PSO-
based PID controller tuning. In the PSO-based PID controllers
(PSOPID), different performance index gives different results.
Furthermore, Fig.7 shows a sample of the trajectory of the PI
parameters during optimization to see the convergence of the
optimized solution. The PID parameters are obtained for 50

iterations.

=107
o

Fitness value

Y
T

L L L
o 5 10 15

L L L
20 25 30
lteration number

L L L
35 40 45 50

Figure 7 Convergence Graph for fitness value
After optimizing the parameter of DFIG using Particle
swarm optimization the frequency deviation in area-lis

shown in

0.04 v

fig 8

o;ry—i —
0.0z

delft

10 20 30

a0 50 &0
Time

70 a0 £ 100

Figure 8 Frequency deviations in area-1

Figure 9 and 10 shows the response of frequency deviation
in area-2 and tie-line deviation
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Tie-line power
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Figure 9 Frequency deviations in area -2

10 20 30 40

L
50 60 70
Time

80 30

Figure 10 Tie-line Power deviations

Optimized Values of PI controller after tuned using Particle
Swarm Optimization is shown in table 2.

Table 2 Optimized parameters of two —area system

Area-1 Area-2
Kwil KWpl KwiZ Kwp2
0.07726 0.41376 0.83077 0.6303

Table 3 shows the comparison values of frequency and tie-line
power deviation of two area system without DFIG and with
DFIG tuned using Particle swarm optimization.

Table 3 Comparison of step response performance

Settling Time in seconds

WithDFIG
Parameters Without DFIG tuned using
PSO
Afy 10.64 3.38
Af, 21.26 10.86
Tie —line power 104 83.41
deviations
1
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VI .CONCLUSION

This paper investigates the role of DFIG-based wind
turbine towards LFC in a two-area power system in an open
access environment. The modified inertial control scheme is used
for the DFIG which provides inertial support to the system
during transients and arrests the fall in frequency. The
parameters of the DFIG controller have been optimized using
particle swarm optimization (PSO) to enhance its participation in
the frequency regulation. The DFIG reacts during initial instants
and provides inertial support by decreasing its speed
momentarily. The final generation, however, is taken over by the
conventional units only. The peak frequency variations of the
control areas are reduced and the settling time is also improved
when the DFIG-based wind turbines participate in the frequency
regulation along with the conventional generators. The DFIGs
are also very effective in settling frequency excursions during
bilateral contract violation by companies.
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