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Abstract

The prime initiative of execution of the proposed work gives light to the restructured scenario of the current power sector and its associ-
ated load following issues. The focus of the work is mainly directed towards the AGC on an interconnected power system under restruc-
tured scenario. Each area focuses on the incorporation of renewable energy sources and therefore consists of a solar unit and a thermal
unit as the generating sources. Three different structures of the conventional PID controllers have been taken into consideration for the
secondary controller in AGC. The controller gains are optimized by a newly proposed Lightning search Algorithm. The analysis of the
superiority of the system is done under two deregulated market scenarios i.e the base case and the bilateral transaction. The system is also
subjected to random load changes in area 1 and the system performances under various controller structures are observed and analyzed.
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1. Introduction

With a view on the modern power market scenario, maintenance
of the frequency is a delicate point of interest and needs to be
addressed without further delay. The unwanted variations in fre-
quency in the present day power system mainly arise due to the
mismatch between the load demand in a particular area and the
generation output. For proper and reliable functioning of the
power system, there is an utmost need to minimize the unwanted
frequency variations. This minimization is possible by bringing
the ACE (Area control error) to zero within the shortest span of
time. AGC basically acts as an ancillary service for any power
system network by bringing the ACE to zero and maintaining the
frequency and the tie line power flow within suitable limits [1-2].
The role of AGC for a unified power system been described in [3].
The age old power unit constitutes of the vertically integrated
utility (VIU) which owns mainly generation, transmission and
distribution and controls the electricity market be providing power
to the customers at regulated rates. However as far as the restruc-
tured market is considered, the concept of VIU does not hold
good. This implies that the generation, transmission and distribu-
tion are not restricted to ensure frequency regulation in a particular
area. They being independent participate in the frequency control
of adjoining areas too [4].In a nutshell, the restructured environ-
ment possesses a decentralized control and the primary job of
maintaining the frequency of the unit. Also, another important
aspect it acknowledges is the tie line power flow under trifling
levels which were entrusted on the Independent System Operators
(1SO). 1SO (Independent service operator) is an independent par-
ticipant in the electricity market entrusted with the responsibility
of performing AGC along with some ancillary services of the
power system.

A vast literature survey has been done in this field and has brought
to light many developments for interconnected power system with
various LFC issues addressed. Paper [7] incorporates the concept
of Automatic generation control in an interconnected power sys-
tem. After the process of deregulation, the process of AGC in an
interconnected power system was dealt in [8]. Paper [9] concen-
trates on the effect on an interconnected power system after de-
regulation. The participation of GENCOs and DISCOs in the elec-
tricity restructurement scenario was vividly explained in [10]. For
a reliable power flow, the inclusion of various FACTS devices was
incorporated in the restructured environment as in [11].

Detailed investigation of the aforementioned papers mainly focus-
es on the use of classical controllers like Proportional integral
controllers as the secondary controller to bring the ACE to zero.
The mentioned controllers have a great performance and are wide-
ly accepted all over the world but for a particular point. When the
operating point changes, the PID controllers fail to give desired
control action and the gains are again to be manually set using
manual hit and trial methods. This process being tiresome and
erroneous made the use of these controllers for varied operating
points less desirable. As a solution, there is a evolution of various
soft computing techniques which provide optimal values of the
controller gains under varied operating conditions. Paper [12]
deals with the addition of TLBO optimization technique for opti-
mizing controller gains for AGC of an interconnected power sys-
tem. Hybridization of various soft computing methods for obtain-
ing better controller output was first proposed for a deregulated
system in [13].

Paper [14] dealt with the application of craziness based PSO for
finding the optimal gains for the controllers for AGC of an inter-
connected power system. A brief comparison of the system per-
formance under the applications of Cuckoo search algorithm in the
proposed 2 DOF controller was proposed in [15]. Paper [16] pro-
poses an innovative quasi-oppositional harmony examining tech-
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nique that found its usage in Load frequency control of an isolated
hybrid power system. Paper [19] proposes a hybrid firefly-pattern
search optimization technique for the automatic generation control
of a multi area power system in [19].

All the above works has been done on the application of soft com-
puting methods on the Automatic Generation Control of multi area
interconnected power system. To the best of author’s knowledge,
no substantial amount of work has been done on the design of
Optimal PID controller for the AGC of a two area power system
consisting of a solar thermal unit and a thermal unit with reheat
turbines in each area and connected by a tie-line under the deregu-
lated market environment. In this work the main attention has
been given on the study of the control aspect of the PID controller
under deregulated environment. A total of three distinguished
constructions of the PID controller have been considered in this
paper and their gains are tuned by a optimization technique called
Lightning search optimization technique. The analysis of the pro-
posed deregulated system is done under two transaction phenome-

2. System Proposed

For the Automatic generation control studies of a renewable inte-
grated power system, a solar power integrated binary power sys-
tem interconnected by tie lines having a maximum power limit of
2000 MW is taken into consideration. Figure 1 depicts the linear-
ized transfer function model of the proposed system. Apart from
the renewable sources, each area consists of a traditional reheat
thermal plant as a major generating source. The aforesaid model
is developed in a restructured environment and therefore includes
four Distribution companies for analyzing the various contract
cases that exists in a deregulated environment. Figure 2 clearly
shows the arrangements of GENCOs and DISCOs in the proposed
power system. With an aim of simplification of understanding the
contract scenario, we have considered a Distribution Participation
Matrix (DPM) as mentioned in Equation (1).
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Figure 1: Transfer function model of the proposed system under deregulated environment
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Figure 2: arrangement of DISCOs and GENCOs

When analyzed in a deregulated system, the traditional tie line
power flow as in (2) is modified as (3) mentioned below:

AP _ 2nT,

tieactual —

(AF, — Af,) @

2 4 4 2
AI:)tiescheduled = zchfijAPLj _ZZCpfijAPLj ..... (3)

i1 j=3 i=3 j=1

= I: I:)exp1:| - |: I:)imp1:| """ (4)

J stands out for the exact power in area 1 that match-

AR

tiescheduled

where lPexp

es with the DISCO demand from area 2. lPimp
power flow in area 1 exactly matching the DISCO demand from
area 1.

Tie line error is expressed as:

J implies the net

AP,

tieerror

= AP,

tieactual ~ Al:?[iescheduled """"" (5)
Under this new restructured environment, the Area Control Error
(ACE) can be written as:

ACE, = BAf, + AP,y 1o eeeeereeeneeenns (6)
ACE, = B,Af, + AP, orrarpreeneenens (7)

where ., , stands for the area size error and 3, and [3, stands out

as the frequency bias constants of the respective areas. In the pro-
posed system two GENCOs are used and so the Area Control
Error has to be divided between all the GENCOs proportional to
the contributions for AGC. This sharing of the ACE is governed
by a factor termed as the ACE participation factor (apfs). The apfs
ensures that the ACE is shared by all the GENCOs and the
GENCOs participate on AGC depending on the values of their
respective apfs. In the proposed work all the apfs are ensured at a
fixed value i.e apfy=0.5, apf;,=0.5, apfi,=0.5, apf;,;=0.5.

When subject to small load perturbations, there is a change in
frequency and the ACE is triggered. PID controllers have been
used in both the areas to function as a secondary controller and to
minimize the Area control error to zero and to reduce the devia-
tions in frequency. In this case three different structures of the PID
controllers are proposed and their performance under various tran-
sient conditions is noted. The controller gains are tuned by Light-
ning search algorithm (LSA) for an improved performance

3. Controller Proposed

The role of the secondary controller is to bring the ACE to zero
with the minimizing of deviations in frequency and the tie line
power. In the proposed work a Proportional Integral Derivative
controller (PID) is used to act as a secondary control. Classical
PID controllers are of great importance to the industries because
of its simplicity, robustness and easy to understand nature. In spite
of the dynamic nature of the plants the control scheme provides
excellent performance. In this paper three different structure of
the PID controller are proposed. The PID controllers take the
Area Control Error (ACE) has its input and sends the output signal
to the governor.

STRUCTURE 1:

The first structure of the PID controller is depicted in Figure 3.

—  » K p
= +
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— K - -
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integrator
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— K4 —_—
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derivative

Figure 3: PID structure 3

It takes the ACE as its input and is mathematically expressed in its
general form:
t
ACE. (t
u,(t) = K ,ACE, (1) + K, [ ACE,(t)dt + K, dACE(®

0

The two output signals are divided among the two GENCOs de-
pending on their apf values.

STRUCTURE 2:

The mathematical model of the second PID structure is shown in
Figure 4.
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Figure 4: PID structure 4

The mathematical expression of its control scheme can be written
as:

u(t) = (K, +K,)ACE(t) + KijACEi ()t +K, dACE, (t)

0

.9)

The two output signals are divided among the two GENCOs de-
pending on their apf values
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STRUCTURE 3:
The mathematical model of the third PID structure is denoted in
Figure 5.
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Figure 5: PID structure 3

The mathematical expression of its control scheme can be written
as:

u; (t) = [KPACEi () + K, Mj

dt

K, ACE, (t) + KijAc:Ei (t)dt |..(10)

The two output signals are divided among the two GENCOs de-
pending on their apf values

4. Optimization Technique Proposed

Lightning search Algorithm (LSA):-

Inspired by Lightning principle, this algorithm is designed to
propagate the step leader. Lightning can be defined as the rapid
electrostatic discharge which takes place amidst a thunderstorm.
During  thunderstorm charge gets divided usually between the
two ends of charges. This process gives rise to an electric field
where the free electrons are produced by cosmic radiation are
related to oxygen molecules further giving rise to negative
ions. LSA uses the concept of lightning which creates fast parti-
cles referred to as projectiles. Three projectile types are developed
to represent the transition projectiles that create the first step lead-
er population, the space projectiles that attempt to become the
leader, and the lead projectile that represent the projectile fired
from best positioned step leader. Standard LSA has three different
search-methods. They are based on the exponential random behav-
iour of space projectile, the concurrent formation of two leader
tips at fork points using opposition theory and local search by lead
projectile. The first population magnitude of this algorithm is de-
noted by the projectiles. The following equation shows the veloci-
ty of the projectile:-

1
2
0
1—(\2] —(sFr/mcz) |

Where VO=initial velocity of the projectile

m=mass of the projectile

Fr=constant isolation rate

c=speed of the light

s=length of the path travelled

The projectile has lower amount of potential and occupies a large
space. Mass is inversely proportional to length. The projectile

V. =|1-

having lesser potential also has to occupy a large space only when
there is less mass and a long path. The algorithm is thus controlled
by the relative energy of the step ladder. This alln this algorithm
three types of projectiles are in together. These are

1-Transition projectile

2-space projectile

3-Lead projectile

The first population comprises the transition projectiles. The best
position is maintained by the space projectiles and lead projectiles
mainly determine the population best.

Transition projectiles can be represented by equation below:-

where

x=lower boundaries.

y=upper boundaries. Random number of the student = a'.
N=Random projectiles

The position of the space projectile is calculated from the proba-
bility density function as:-

S

ie‘x“;agxT <b

)7 @a3)
0;x*°<0

f(x*) =

| stands for the shaping parameter that determines the space pro-
jectile position.

The position of P®i called the space projectile can be represented
as:

P%i = Pi® £ gD (14)
Similarly the step leader travelling nearest to the ground does not
possess enough potential associated with the projectile. The nor-
mal probability density function is given by

F(X') = —t e ™ yog2 (15)

o2z

The result demonstrates that the LSA generally provides better
results compared with the other tested methods with a high con-
vergence rate.

5. Application of the Lsa Technique for Agc
Problem

The proposed work consists of three different structures of PID
controller acting as secondary controllers for AGC of the two area
system under restructured environment. The gain constants of the
PID controller are tuned by the newly proposed LSA technique.
The optimized values of the PID controller gains are given in Ta-
ble 1. The objective function considered in this case is the Integral
Time Absolute error (ITAE). The performance of the proposed
system under deregulated scenario is observed and the dynamic
performances of the system in terms of dynamic system parame-
ters.

6. Results and Analysis
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In the proposed work a two area system has been considered, each
area consists of a reheat thermal unit and a solar thermal unit. The
two areas are interconnected by a tie line. The PID controller is
considered as the secondary controller in this case. Three different
PID controller structure is proposed in this paper. The gain con-
stants of each PID controller are optimized with the help of a new-
ly accepted Optimization Technique called the Lightning Search
algorithm (LSA). The minimization function taken in this case is

the ITAE ( Integral time absolute error)
t

3 = [(|Af |+ A, | +]Apg ) dt. oo (16)
0

The performance of the system is observed under a deregulated
environment. Two different transaction scenarios are taken into
consideration. For each case the performance of the three different
PID structures are noted for a load perturbation of 0.01pu SLP.
The transient performance of the system in terms of settling time,
maximum and minimum overshoot is noted.

CASE 1: BASE CASE

Let us consider a case where all the GENCOs equally participate
in the Automatic Generation Control (AGC). This means that the
ACE participation factor is equally divided between all the
GENCOs. This fixes the apf value at 0.5 for each case. System is
subjected to an SLP of 0.01pu. The distribution participation ma-

trix can be written as.

05 05 0 0

05 05 0 0
DPM= 17

00

0 0 00

DISCOs of area 3 and area 4 doesnot demand any power from the
GENCOs of respective areas and hence the 3" and 4" column of
the DPM is kept empty. The DISCOs demand the power from
their local GENCOs which means the DISCOs 1 and 2 demand
the power from GENCOs 1 and 2 respectively. Figure 6 to Figure
12 clearly indicates the frequency deviation of each area, the tie
line power flow and the swing of the generated powers from each
GENCOs on account of a step demand in DISCOs 1 and 2. From
the figures the effectiveness of the PID structure 3 is well distin-
guished. The 3" structure of the PID controller minimized the
swing in frequency faster and brings them to a zero steady value
as compared to PID structures 1 and 2.
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Figure 12: Deviation in generation of GENCO 4

From the above figures (Figure 9,10,11 and 12) it can be clearly
inferred that as the load demand of area 1 (an SLP of 0.01) is to be
met by DISCO1 and DISCOZ2, the GENCOs of area 1 need to
supply 0.005 pu of the total demand. The above mentioned figures
clearly show that the LSA optimized PID structure 3 is capable of
bringing the GENCO demand to 0.005 pu after the shortest time
possible. As the GENCOs of area 2 doesnot participate in the cur-
rent transaction scenario, their deviations area minimized and

brought to zero at the shortest time possible by the PID structure 3.

The analysis is further extended by an application of a random
loading pattern in area 1 as shown in Figure 13. Figure 14 and
figure 15 depict the frequency deviations of area 1 and area 2 re-
spectively.
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Figure 13: Random load pattern
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Figure 14: variation in frequency in area 1 due to random load perturba-
tions in area 1
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The transient performance of the system is also studied in terms of
system dynamic performances. Table (1) clearly depicts that the
PID structure 3 has a better performance as the secondary control-
ler when employed for the AGC of a proposed two area system
under restructured environment. Figures 14 and 15 clearly show
that the response time of the PID structure 3 is much more faster
than structure 1 and 2. This establishes the effectiveness of the
PID structure 3 as compared to the other two.

CASE 2:

A bilateral market is considered in this case. The market contract
is expressed as:

05 025 0 03 (25)
02 025 0 O
DPM =
0 025 1 0.7
03 025 0 O

A load demand of 1 MW has been fixed for each DISCO. The
diagonal elements signify the self-contract between the GENCO
and DISCO of same area. The remaining members of the DPM
indicate the bilateral contract market. This case also considers the
system to be subjected to a slp of 0.01pu. Figure 16 to figure 22
depicts the frequency deviation of each area, the tie line power
flow and the swing of the generated powers from each GENCOs
on account of a step demand of all the DISCOs.
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Figure 21: GENCO 3 power output

Figures 16, 17 and 18 clearly shows that the deviations in the fre-
quency and the tie line power are brought to zero much more fast-
er by PID structure 3 as compared to structure 1 and 2. The analy-
sis is also extended by an application of a random loading pattern
in area 1. Figure 23 and Figure 24 depicts the frequency deviations
of area 1 and area 2 respectively. Table 1 clearly portrays that the
settling time, maximum and minimum overshoot values are the
minimum for PID structure 3 and hence the PID structure 3 can be
inferred to have a better performance as the secondary controller
in the AGC of the proposed two area system.
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Figure 24: Variation in frequency of area 2 due to random loading pattern

Table 1: Optimized System parameters

CASE 1(BASE CASE)

Kpl Kil Kdl Kp2 Ki2 Kd2
PID Structure 1 0.9701 1.4968 1.1644 1.0298 15488 0.5816
PID Structure 2 1.1547 1.9556 0.9443 0.3941 0.4548 1.3041
PID Structure 3 1.3969 15813 1.2304 1.8152 1.8477 0.8163
CASE 2 (BILLATERAL TRANSACTION

Kpl Kil Kdl Kp2 Ki2 Kd2
PID Structure 1 2.000 1.6078 1.8699 1.3282 12112 0.5040
PID Structure 2 1.1716 2.0000 0.963 0.3996 0.4952 1.3667
PID Structure 3 1.9193 1.6052 1.3454 1.9054 1.4478 1.2120

Table 2: Transient performance data of the system under the two cases of deregulation when subjected to a SLP of 0.01 pu in area 1

CASE 1: BASE CASE

PID STRUCTURE 1

SETTLING TIME

MAXIMUM OVERSHOOT

MINIMUM UNDERSHOOT

Afl 20.6013 0.0564 -0.0139
Af2 21.6754 0.0417 -0.0104
Aptie 17.2410 0.0154 -0.0031

PID STRUCTURE 2

SETTLING TIME

MAXIMUM OVERSHOOT

MINIMUM UNDERSHOOT

Afl 22.9594 0.0893 -0.0161
Af2 19.2775 0.0794 -0.0151
Aptie 30.7871 0.0319 -0.0056

PID STRUCTURE 3

SETTLING TIME

MAXIMUM OVERSHOOT

MINIMUM UNDERSHOOT

Afp

9.8333

0.0504

-0.0080
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Af2 9.6844 0.0405 -0.0052
Aptie 11.2555 0.0224 -0.0022

CASE 2: BILLATERAL TRANSACTION

PID STRUCTURE 1

SETTLING TIME

MAXIMUM OVERSHOOT

MINIMUM UNDERSHOOT

Afl 21.9708 0.0304 -0.0139
Af2 22.1338 0.0300 -0.0104
Aptie 17.7396 0.0064 -0.0031

PID STRUCTURE 2

SETTLING TIME

MAXIMUM OVERSHOOT

MINIMUM UNDERSHOOT

Afy 21.3252 0.0668 -0.0161
Afp 195839 0.0623 -0.0151
APtie 30.9801 0.0139 -0.0044

PID STRUCTURE 3

SETTLING TIME

MAXIMUM OVERSHOOT

MINIMUM UNDERSHOOT

Afy 9.6507 0.0407 -0.0080
Afo 9.4959 0.0363 -0.0052
APtie 11.0756 0.0086 -0.0022

7. Conclusion

The proposed work considers a binary system integrated with
renewable sources of energy and connected together by a tie line.
The system is made to operate in the deregulated energy structure.
Three different structures of the PID controllers are employed and
Lightning Search algorithm is used to calculate the optimized
controller gains. Simulation of the proposed system has been done
under different deregulated market environment and the results
significantly indicate the PID Structure 3 is very efficient and
forces the deviations in the frequency and the tie line power to
zero in a comparatively shorter time to the other two. The robust-
ness of the PID controllers is also indicated in terms of dynamic
system performances under a load disturbance of 0.01 pu. The
robustness of the system is further strengthened by applying a
random load pattern in area 1. A proper observation of the values
will clearly give us an idea about the supremacy and robustness of
the PID structure 3 as compared to structures 1 and 2.
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