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An Optimal Controller for Load
Frequency Control in Multi-Area
Deregulated power system

In this paper, an optimal controller for load frequency control in multi area power system in
deregulated environment is suggested. The controller is designed and analyzed for LFC in multi-
area power system while each area consists of different multi-sources such as hydro, thermal
reheat and non-reheat. To solve LFC problem, a PID controller is designed while its parameters
are tuned using nature inspired Social Spider Optimization algorithm. For each area, local PID
controller is designed which minimize the frequency deviation of that area and tie line power
exchange while various contracts commitments are taken care. It is also observed that load
change, disturbance and uncertainty in system parameters have no effect on the performance of
the designed controller. The performance of suggested controller is studied and analyzed in all
possible contracts in  deregulated power market. The controller is simulated in
MATLAB/SIMULINK. The superiority of proposed approach has been shown by comparing
dynamic performance of designed PID using SSO with PSO and DE. The results are compared
for various performance measures like overshoot, undershoot, settling time, frequency deviation
and deviation in tie line power. The designed controller is also compared with existing fractional
PID and ANFIS controller. On comparison it is found that designed controller is robust and
gives better results in all aspects.
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1. Introduction

Power system generally face power mismatch between the scheduled generation and load
demand which leads to variation in frequency. The increase/decrease of load causes
decrease/increase the frequency from the nominal value. Under normal conditions, this
frequency deviation is small and is controllable while if this frequency deviation goes beyond
certain limits then it directly impacts the power system operation and system reliability. To
maintain frequency in an area within its specified limits, load frequency control (LFC) is
done in generating stations which makes a balance between load demand and generation. As
power system has several generators units which are connected to each other with the help
of tie lines for exchange of power between them in order to enhance fault/load tolerance. In
an interconnected power system, whenever load demand changes it results variation in both
frequency and tie line power exchange. Therefore LFC problem in an interconnected system
becomes more complex as in this case LFC is related directly with maintenance of frequency
and minimization of tie line exchange error between various generating units at scheduled
values so that frequency deviation in each area is maintained and it’s within its limits [1].As
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conventional electrical utilities moved from vertical integrated structure to a deregulated
power system which consists of generation, transmission and distribution companies and
independent system operator (ISO). In deregulated power system, power is exchanged
between GENCOS and DISCOs and contracts of power exchange are signed between them.
These contracts between GENCO and DISCO may be bilateral, poolco or sometimes there is
violation of these contracts. In bilateral DISCO can take power from any generator may be
some other area also while in poolco DISCO has to take power from generators of its own
area. In an interconnected deregulated power system with different energy sources and multi
region, sudden change in load demand in any area lead to change in power generation, which
changes the frequency and contractual energy exchange between different areas.For
successful operation of power System, frequency and contractual energy exchange between
various areas should be constant. During contract violations made by the DISCOs, LFC
reschedules the generations of each GENCO to re-establish the frequency and minimize the
unscheduled power flows [2]. So the main objective of LFC is to maintain the system
frequency at nominal value and contractual energy exchange between different areas [3, 4].

The transient deviations and steady state error is minimized to zero in advance. To meet
these objectives researchers developed various classical optimal [5, 6] and intelligent
controllers [7-11]. Authors solved LFC problem for single area [12], multi-area in
conventional [13-16] and deregulated environment [17-19]. Authors considered LFC
problem in deregulated environment for multi-source like non-reheat [20-23] reheat [20, 21]
and hydro [20] sources.

To solve LFC, most of the researchers used PID controllers because of its accuracy and
high speed. As the performance of PID is directly increased by its parameters tuning.
Therefore authors used Al based techniques like fuzzy [9, 24], GA[7, 8], PSO [9, 12, 25],
Honey Bee [26, 27], DE [28, 29], Firefly [24, 30, 31] and SSO [11] for tuning of parameters
in order to optimize the gain of controllers. Authors implemented PID[17], ANFIS [20] and
fractional order PID [21-23] to solve LFC problem.

In this paper SSO optimization technique is used to tune the parameters of PID controller
to solve LFC of multi area deregulated power systems. The superiority of the proposed
approach is shown by comparing the results with DE and PSO optimization algorithms in
deregulated power system. Deregulated power system contain seven units those are non-
reheat, reheat and hydro in three areas. In order to better demonstrate the proposed method,
the control system is evaluated for three models of existing scenarios. Poolco, bilateral and
contract violation scenario. Results are shown in tables and figures. Load changes,
disturbances and uncertainty in the system parameters are also considered.

2. System Modeling and LFC in Deregulated Environment

In a deregulated power market in order to create balance between GENCOS and DISCOS,
contracts are signed between companies based on rules and relationships. These contract
could be bilateral, Poolco or a combination of both [6, 32]. In the Poolco contract, each
DISCO meets its power requirement only from the generators of its own area. But In the
bilateral contract, each DISCO can deal with any GENCO in any area [6, 33]. In the present
study, three areas are considered in deregulated power system. Area-1 consists of 3-thermal
generations, while Area-2 and 3 have 2 generations of type hydro and thermal respectively.
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GENCO1, GENCO2, GENCO3, DISCOI1, DISCO2 in area-1, GENCO4, GENCOS5,
DISCO3, DISCO4 in Area-2 and GENCO6, GENCO7 and DISCOS5 are located in area 3.
The relationship between GENCOS and DISCOS, is derived using DPM matrix. It can be

expressed as given below:

[cPfi1 CPfiz cPfis CPfia  CPfis]
Pfar CPfoz CPf2z CPf2a CDf2s
cpfs1 CPfs2 CPfsz CDfaa CDfss (1)
DPM = |cpfa1 CDPfar CDfas CPfas CPfas
cPfsi CPfsz CPfss CPfsa CPfss
Pfer CPfez CPfes CPfea CDfes
Lcpfr1 €Dfr72 cPf7z cpfra cDf7s]
In this matrix, the number of columns represent the total number of DISCO present in

multiple areas. The number of rows represent the total number of GENCO in all specified
areas. Each element of this matrix represents GENCO participation factor for DISCO power
supply. So cpfj is defined as GENCO 1 contract participation factor for DISCO j for total
power supply. In Matrix DPM, equation YN, cpf; ; = 1 should always be correct until each
DISCO receive its power requirement from generators in different areas. With the help of
DPM, Power produced and Power Planned of each generator, for transferring electrical
energy between various regions, can be obtained. Power Requirements of DISCO j can be
defined asAP; ;. Total power requirement of a DISCO in area i is the sum of contracted power
and contract violation.

APp; = APy + APy + =+ APy + APpyigiation (2)
Total power generated is given as:
n
j=1

Power committed between regions i and j as:

APy i scheaute = (Demand of DISCOs in Area j from GENCOs in Area i)
— (Demand of DISCOs in Area i from GENCOs in Area j) 4)

As in area-1, 3-Generators and 2 DISCOs are present while in area-2, 2-Generators and 2
DISCOs are present. To calculate the tie-line power scheduled between Area 1 and 2 can be
mathematically expressed as:

3 4 5 2
APtic 12 schedute = Z Z cpfijAP;; — Z Z cpfijAP;; %)
i=1 j=3 i=4j=1

Similarly, APyie 23 schequie@d APtie 13 schequle are calculated.
To control the power exchange between regions i and j, the difference between tie line power
scheduled and actual power is calculated as:

APtie,ij,error = APtie,ij,actual - APtie,ij,schedule (6)
In equation (6), APy ;j actuar 18 @amount of actual power transferred between regions i and |

that is given by:

T;; 2m
APtfie,ij,actual = UT (Afl - Af}) (7)

In order to control the frequency and the power scheduled between different areas, area
control error (ACE) signal is calculated. In each area it is specified and sent to the controller
for the same area. This signal can be represented as follows:
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ACE = ) (Pric jerror + Bibf) ®
j

In equation (8) B; is the base frequency coefficient area of i and Af;is the frequency difference

of area 1.

3. Design of Controllers

3.1. PID Controller

The PID controller is one of the easiest and, at the same time, the most reliable control
method in the power industry. Therefore, it has been widely applied in the industry. The PID
controller makes the system stable by adding zeros and poles to it. To improve the
performance of the PID controller, its parameters must be accurately calculated. The
deregulated power system that has been studied here includes three area and seven sources.
In this paper, each power deregulated area is controlled by a PID controller. Therefore, in
order to obtain optimal values for the parameters of the PID controller, the transmission
performance of each region must be calculated independently. The transfer functions
obtained from each area are connected to a PID controller and the frequency stability for step
function. The parameters of the PID controller are also compared with other evolutionary
algorithms like SSO, DE and PSO. After obtaining optimal parameters in each area. All three areas
are considered together in deregulated power system for frequency control and tie line power exchange.
The developed model is simulated in MATLAB environment under various contracts (Poolco, Bilateral
and violation). The model of PID controller parameters optimization is shown in Fig 1 [34, 35].

kd _> du/rlf
Ref. Fitness Controlled |7
P| function ky, object
of SSO !
ki [ s

Fig. 1. Optimization of the PID controller

3.2. Social Spider Optimization

Social spider algorithm (SSA) is proposed by Yu and Li [36] to solve optimization problem.
SSO is a swarm intelligence algorithm which is inspired from the behaviors of the spiders
(male and female). Following are the steps of the algorithm: [37].

Step 1: Choose N number of colony in search space and define the number of male Nyae and
female Nremale Spiders in the entire colony S based on Eq. 9.

Niaie = N = Neemaie Ntemate = floor[(0.9 — rand x 0.25)N] 9
Where rand stands for a random number which falls within the range of [0,1] and floor(.)
indicates the mapping between a real and an integer numbers.

Step 2: Initialize stochastically the female and male members and compute the mating radius
according to Eq. 10.

n high low
_ (0" = 0))
r= o™ (10)
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£ = pi*" + rand(0,1) (p;li‘gh - p]l-"w), mp ; = pi®” + rand (0, 1)(p]}.ligh -p°")
Once the new spider is formed, it is compared with the worst spider of the colony. If the new

spider is better, the worst spider is replaced by the new one. Where f;;is thejth parameter of
the ith female spider position.

Step 3: Calculate the weight of each spider in colony S through Eq. 11.

J(S;) — worstg
" bests — worstg (1D
Where/ (S;)denotes the fitness value acquired through the evaluation of the spider position S;
with regard to the objective function/(.).
Step 4: Move female spiders according to the female cooperative operator modelled as in
Eq.12. Since the final movement of attraction or repulsion depends on several random
phenomena, the selection is modeled as a stochastic decision. For this operation, a uniform
random number 1;,isgenerated within the range [0, 1]. If 7;,,is smaller than a threshold PF, an
attraction movement is generated; otherwise, a repulsion movement is produced.

i

( f+avibe(S. — £) + BV;bby(S, — f¥) + 8 (rand — 0.5) with probability PF

vt = (12)
' f¥ —aVibei(S, — f¥) — BVibby(S, — £¥) + 8(rand — 0.5)with probability 1 — PF

Calculate V;bc; and V;bb;

if (1, < PF)

= £k + avibe,(Se — ) + BVibbi(S, — fF) + (rand — 0.5)
else if

it =k — avibe;(S. — ) — BVibbi(S, — £¥) + 8(rand — 0.5)
end

end

Where a, fandd and rand are random numbers which fall within the range of [0, 1].
Step 5: Similarly move male spiders according to the male cooperative operator as expressed
in Eq.13.

(mf + aVibfl.(Sf — m{‘) + 6(rand — 0.5) if Wi omate T8> Wi T

k+1 __ Niale .k
mi - k h=1 thNfemale + h k

) (13)
-m; ifw t+is<W +m

Ninale i Nfemale Nfemale

Zh:l WNfemale + h

fori=1Li<N,+Li++)
calculate V;bf;
if (Wyy + i > Wys +m) then mf*! = m¥ + aVibfi(S; — mf) + 8(rand — 0.5)

N k
i Tl mEwy +h
else if m+t = m¥ + a< o Vfemale __ k
Zh:l WNfemale+h
end
end

Where Sy indicates the nearest female spider to the male individual.

Step 6: Perform the mating operation. Mating in a social-spider colony is performed by
dominant males and the female members. In the mating process, the weight of each involved
spider defines the probability of influence for each individual into the new brood. The spiders
holding a heavier weight are more likely to influence the new product, while elements with
lighter weight have a lower probability.

Step 7: Check again whether the stopping criterion is satisfied. If yes, the algorithm
terminates; otherwise, return to Step 3.
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Different to other evolutionary algorithms, in SSOA, each individual spider is modelled by
taking its gender into account. This design allows incorporating computational mechanisms
to avoid critical flaws and incorrect exploration exploitation trade-off. In order to show how
the SSOA performs [38].

4. Simulation and Results

The present system (Figure 2 in Appendix 1) is simulated in Sim/MATLAB for automatic
generation control in a three-area deregulated power system while thermal and hydro
generators are present. The simulation results for all possible contracts in the deregulated
power market is obtained using PID controller while PID parameters are optimized using
SSO. Parameters for three-area in deregulated power system are given in Table 3 (in
Appendix 1).epfy.is the k;, generator economic participation factor [39]. In this paper,
generators economic participation factors are assumed as:epf; = 0.3 <epf, = 0.32 <epf; =
(1—(epfy +epf)) =038 cepf, =0.7  «epfs = (1 —epf) = 03,epfe = 0.6,epf; = (1 -
epfe) = 0.4 respectively. In all contracts, power required by each DISCO is considered equal
to 0.05 pu.MW.

4.1. Scenario 1: Poolco Based Transactions

In this case, each DISCO meets its power demand only from GENCOS of its own area.
DPM matrix is built which shows the relationship between GENCOS and DISCOS for this
contract, as: In the present scenario three area system is studied.

[0.4 022 0 0 O 1
03 033 0 0 O

03 045 0 0 O |
DPM=]0 0 06 08 0
0 o0 0402 0
0 o0 0 0 06

l 0 o0 0 0 04 J

Figures 3 and 4 are related to change in frequency in three areas and tie lines power -
exchanged between different areas.The controller is designed using the SSO algorithms in
terms of undershoot (US), overshoot (OS) and settling time (ST).When load is increased in
three area with 0.05 pu MW. To meet increased load demand, generators of each area produce
more power as: AP; . = 0.031 <AP;,, = 0.0315 <AP;,, = 0.0375 «AP;,, = 0.07,AF;, =
0.03 «APg,, = 0.03 5 AP;,, = 0.02 respectively. Fig. 3, 4 are obtained for the simulated
model show the change in frequency in all areas and tie lines power exchange between
various areas. On analyzing the frequency deviation of each area it is clear from Fig.3 (a), (b)
and (c) that frequency deviation in each area settles to zero in steady state in less than 4 sec.
while actual tie line power deviation response for the three area system is zero as shown in
Fig.4 (a), (b) and (c) respectively.

0.015 + b.015 . . - . 0.01
S50 tuned PID controler
= = = DE uned PID controlier 0.005

PSO tuned PID conroller

S50 tuned PID controber
= = = DE wned PID controller | 7
PSO tuned PID controber

Frequency Deviation{Hz)
=4
& o ®
w
Frequency Dev

Frequency Deviation(Hz)
g 1. &
2

2 R e

N

<}J

a

ooel— o £ o3 2 | Q025 . . N 0.025
0 10 20 30 40 50 0 10 20 30 40 50 0 10

2 20 30
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(a) (b) (c)

Fig3. (a), (b) and (c) frequency deviation response of areal,2,3 in scenario 1
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On comparing the results with DE and PSO it is found that DE and PSO take more settling
time nearly 12 sec. and 20 sec. respectively as compared to SSO. The detailed transient
dynamic response using suggested PID controller is mentioned in Table 4 (Appendix). The
DPM matrix in this contract can be theoretically calculated using equation 3. Figures 5 is
related to generator power output response.

SSO tuned PID controller
= = = DE wned PID controlier

- o N

0.005 PSO tuned PID controller

Deviation in actual tie line1-2{pu)
K =
5 o

o
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’
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i
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°
8
&

Devation in actal tie lne1-3(pu)

o

o
3
=

© 5 10 15 20 2 30 35 40 45 SO 0 10 20 30 40 50 w015
Time(Sec) Time(Sec)

Time(Sec)
(a)

(c)

Fig4. (a), (b), (c) Tie line power deviation response between different lines in scenario 1

4.2. Scenario 2: Bilateral Transactions
In these types of contracts, each DISCO can get power from GENCOS of its own area or

from anotherarea. The DPM matrix for the given contract can be expressed as given below:

0.2 015 0.1 O 0.2

025 02 0 01 0415

01 0 0.3 0.25 0.15
DPM ={03 015 03 0.25 0.2

0 02 0 015 0.2

0.15 0.2 0.15 0.15 0
l 0 01 015 0.1 0.1 J

The results of designed controller and DE and PSO based are compared in terms of OS,
US and ST (by taking Bond 0.05%) which clearly indicates that suggested controller has
more appropriate response than DE and PSO algorithms.

For the increased load demand, the power output of each generator is calculated
theoretically in steady state which results areAP;, = 0.0325 «AP;, = 0.035 <AP;, = 0.04
APz, = 0.06 AP = 0.0275 «APg, = 0.0325, AP, = 0.0225 respectively.

On analyzing the frequency deviation of each area it is clear from Fig.6 (a), (b) and (c)
that frequency deviation in each area settles to zero in steady state in less than 12 sec. It is
clear from Fig.7 that in simulated model generators show the consistent results with
theoretical values. Using equation 4 and DPM Matrix, power exchanged between various
areas are calculated as AP, = 0.005¢AP;jpp3 = —0.0075 and AP;;13 = 0.0025.Again
simulated results coverage to the calculated values, as shown in Fig.8. On comparing the
results of SSO tuned PID controller, DE and PSO, it is clear from Fig.7 and Fig.8 that SSO
tuned PID has better accuracy. The detailed results of undershoot, over shoot and settling
time using SSO, DE and PSO mentioned in Table 6 and Table 7 (Appendix) respectively.

4.3. Scenario 3: Contract Violation

Sometimes, DISCOS demand more power than the committed in contracts. In such
situations this excess uncommitted power must be supplied from the GENCOs of the same
area. Suppose a DISCOS in area-2 demand 0.01pu more power than the committed contract
then total power demand of DISCOS in area-2 will be as given below:
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APy, = (load of DIsco3) + (load of DIsco4) + 0.01 = 0.05 + 0.05 + 0.01 = 0.11
Total DISCOS power in area-1 and area-3 will remain unchanged. So Apg, = 0.1, Apg, =
0.05, DPM matrix is considered as in scenario-1. Power produced by generators in first and
third areas remain unchanged. The amount of power demand by DISCOS in area-2 should
be provided by generators in the same area i.e. Area-2 as follows: [AP_G]
_(4,Violuton) = [AP_G] _4+ lepf] _4 x [AP] _violation = 0.077, [AP_G]
_(5,Violuton) = [AP_G)] 5+ [epf] _5x [AP] _violation = 0.033

0.07

°
3

SSO tuned PID controler
i = = = DE tuned PID controller
b PSO tuned PID controler

SSO0 tuned PID controller
= = = DE tuned PID controller
PSO tuned PID controler

= S5SD wned PID controller
= = = DEtuned PID contrller
PSD wned PID controller

o
]
o
o
&

o
o
&

-

o
8

; o
R
Ty

e
o
]

°
2

=)

Deviation in power output of GENCO1(pu)
o
2
f
Deviation in power output of GENCO2(pu)
&
\
3
1
1
L
Deviation in power output of GENCC3{pu)
&

°
2

0 10 20 : 30 40 50 0 10 20 30 40 50 10 20 30 40 50
Time(Sec) Time(Sec) Time(Sz¢)
(a) (b)

(c)

o
o

$SO tuned PID controlle
%08 ~ = = DE tuned PID controller
: PSO tuned PID controller

=850 tuned PID controller =550 tuned PID controller
= = = DE tuned PID controller — = = DE tuned PID controller
PSO tuned PID controller
-

PSO tuned PID controller

<)

o

S
2
&

Deviation in power output of GENCO4(pu)
o o
2 8
\\\
Deviation in power output of GENCOS5(pu)
&
o
Deviation in power output of GENCO6(pu)

0 10 20 30 40 50 20 30 40 50 V] 10 20 30 40 50
Time(Sec) Time(Sec) Time(Sec)

(d) (e) i

°
3

o
=
o

SSO tuned PID controler
= = = DE tuned PID controller
PSO tuned PID controler

o
4

o
Q
a3

°
e

o

&
2

Deviation in power output of GENCO7(pu)
°
8

5
5

o
=]

20 30 40 50
Time(Sec)

(g)
Fig5. (a), (b), (c), (d), (e), (f) and (g) generator power output response in scenariol

0.02 . 2 0.015]

SS0 tuned PID controller
= = = DE tuned PID controller
P3O tuned PID confraller

S50 funed PID controlier
= = =DE tuned PID contralier
PS0 uned PID contralier

S50 tuned PID controller
= = = DE tuned PID controllar
P30 tuned PID controller

Frequency Daviation(Hz)
o
Frequency Deviation{Hz)

Fraguency Deviation (Hz)

10 15 20 30 35 40 45 50 o 10 20 30 an 50 W g 10 20 30 a0 50

25
Time(Sec) Time(Sec) Tima{Sec)
(a) (b) (c)

Figb6. (a), (b) and (c) frequency deviation response of area 1,2,3 in scenario2

The controller dynamic response for this using the SSO is shown in Fig. 9 and 10 which
clearly indicates that there is no change in power demand in area-1 and area-3 as in scenario-
2 except in area-2. SSO algorithm based PID controller in terms of OS, US and ST (with
Band 0.05%) yields more appropriate response than DE and PSO algorithms. The complete
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transient dynamic response characteristics are tabulated in Table 4 (Appendix). The power
output of each generator is shown in the Fig.11. The value in steady state, is same as with the
calculated values. For better understanding evaluation of controller against sudden load
changes, system dynamic response is studied in detail as mentioned in Tables 5 and 6

(Appendix 2) respectively.
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Fig 10. (a), (b) and (c) tie line power deviation responses between different lines in Scenario-3

For this study tables 5 and 6 clearly show that OS, US and ST increases with increase in
load. It is assumed that DISCOs total power requirement in each region, change between -50
to +50% (with band+0.05).The results are also compared with DE and PSO in Table 5 and
4. It is clear from results that SSO performs better than DE and PSO in all scenarios. Hence
it is clear that designed controller has satisfactory performance against load changes.

4.4. Controller Performance against Changes in System Parameters

In order to evaluate the performance of the controller against possible changes to system
parameters tables 7 and 8 (Appendix 2) are provided. In accordance with the tables on the
parameters Tgu, Trs, Tru, Trand Tt at a rate of -25 to +25% have been changed and compared
to their nominal values. The tabulated results show that parameters Af;, Af, «Af5¢AP;jpq1 ¢
APijpr3 and APyjp13, OS, US and ST (by taking bond 0.05%) in each contracts are in an
acceptable range. When system parameters are changed, the controller has good dynamic
performance against frequency and tie line power exchanges.

4.5. Comparison with Existing Controllers

The performance of designed controller is compared with existing ANFIS [20], fractional
PID [21, 22] and fuzzy PID controllers [40] for scenario 3. The results are tabulated in Table
1 and 2 for undershoot, overshoot, tie line power exchange and settling time in two and three
areas systems respectively. On comparison, it is clear from Table 1 and 2 that proposed
controller’s performance is better than ANFIS, fractional PID and fuzzy controllers in terms
of undershoot, overshoot, frequency deviation, tie line power exchange and settling time
(Table 2) in all areas Hence it is clear from the results that suggested controller is better
performing in 2-area as well as in 3-area in all cases.
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Table 1.Comparison of US and OS for scenario 3*

Method US (109) 0S (107)
Afl Afz Af3 APTiel-Z APTieZ-} APTiel-3 Afl Afz Af3 APTiel-Z APTieZ-3 APTiel-}
ANFIS [20] 679 51 325 37 9 298 | 291 13 175 908 49 11.66
FOPID [21] 27 195 - 15 - - 76 18 - 55 - -
FOPID [22] 73 12 - - - - - - - - - -
2DOFPID [23] 6531 17.12 - 12.45 - - 0 0 - 0 - -
fuzzy-DE- PID [40] 246 142 - 16 - - 17 22 - 138 - -
Proposed oo pip 96 114 111 03 2.5 0.3 8 12 08 1 0.4 1.6
methods

Table 2.Comparison of Settling time for scenario 3

ST (Sec.)
Method Areas Af1 A2 Af3 APTielf APTieQ, APTiel—
2 3 3
ANFIS [20] 3 15 13 12 8 9 13
FOPID [21] 2 17 12 - 23 - -
FOPID [22] 2 6 8 - - - -
2DOFPID [23] 2 8.536 10.88 - 21.65 - -
Adaptive fuzzy-DE- PID [40] 2 4.39 7.56 - 5.13 - -
Proposed SSO-PID 3 10 861 728 268 243 276
methods

5. Conclusion

In this paper an intelligent controller in deregulated environment is designed. An extensive
analysis of proposed LFC system controller in the deregulated environment is done when
execution of the contracts Poolco, bilateral and contract violation are taken into account.
Results clearly show that PID controller adjust frequency deviation and Tie line power
exchange quickly.

In order to show superiority of PID designed controller using SSO algorithm, the results of
the dynamic behavior of parameters such as frequency and power tie line changes are
compared with the results of the DE and PSO algorithms. Results proved that SSO algorithm
has better overshoot, undershoot and settling time in all possible contracts as compared to
DE and PSO. Furthermore simulations results show that the proposed algorithm is not
affected by changes in load and uncertainty in the system parameters and the controller has
satisfactory dynamic operation. To validate the proposed controller the performance of SSO-
PID is compared with existing fractional PID, fuzzy PID and ANFIS controllers also. The
comparative results conclude the robustness and quick response of the suggested controller.
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Appendix 1. Parameters Values and System Model

Table 3. Power system parameters

Areal

Ty

Ty

24
1 =0.085,Tpy = 0.355,Ry = 03333 MW, kyy = key = 1

HZ
2= 08755, T, = 03755,k = 03113, T, = 10.65, R, = 032 MW, kyp = kp = 1

HZ
Tys = 0.085,Tps = 035, kyg = 0.5,T;3 = 105, Ry = 0.33—— MW, kyy = kg = 1

HZ
kp =20 — MW, Tp; = 1205, By = 0.532

pu
—.HZ
MW

Area 2

Az
Tons = 015, Toa = 105, Tysy = 0.513 5, Tyyy = 15, Ry = 0.32—— MW, kyy = ey = 1

HZ
Tys =0.0755,T;s = 0.38 5, Ry = 0.2963—— MW, kys = k5 = 1

HZ
kpz =20 — MW, Ty, = 120 5, B, = 0495

pu
— . HZ
MW

Area 3

HZ
Tys = 007 5, Ty = 0.36 5, krg = 033, Tyg = 105, Rg = 0.289——. MW, kg = kg = 1
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Tonr = 0.015'5, Ty = 875 5, Tpsy = 01513 5,Ty7 = 155, Ry = 03077 MW, kg7 = k7 = 1

kyy =20 %.MW, Tp, = 120 s, B, = 0.542 %.HZ , Ty, = Tys = Ty3 = 0.543 pu/HZ
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Appendix 2.
Table 4. Comparison of transient characteristics for scenario 1, 2 and 3
Peak overshoot (OS) Peak undershoot (US) Setting time (ST)
Ctrl.  Par. Scenario Scenario Scenario
1 2 3 1 2 3 1 2 3
SSO Afy 0.0007  0.0017 0.0008 -0.0094 -0.0083 -0.0096 7.67 9.97 10
Af, 0.0010  0.0036 0.0012 -0.0108 -0.0226 -0.0114 8.38 11.37 8.61
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Af; 0.0007  0.0078 0.0008 -0.0106 -0.0167 -0.0111 7.14 9.85 7.28
AP;ip1, 0.0008  0.0034 0.0010 -0.0003 -0.0020 -0.0003 12.23 8.91 2.68
AP;;.55 0.0003  0.0124 0.0004 -0.0022 -0.0059 -0.0025 591 8.05 243
AP,,.; 0.0019  0.0030  0.0016 -0.0003  -0.0011  -0.0003 451 823 276
Afy 0.0021 0.0020 0.0022 -0.0154 -0.0138 -0.0156 11.10 11.17 11.28
Af, 0.0022  0.0029 0.0023 -0.0138 -0.0222 -0.0144 10.79 12.37 10.81
Afs 0.0023  0.0053 0.0024 -0.0163 -0.024 -0.0169 11.57 14.01 11.56
DE AP, 00001 00009 7.9x10-5 0.0013  -0.0017  -0.0018 1555 748 176l
AP;;53 0.0008  0.0124 0.0008 -0.0029 -0.0066 -0.0033 7.49 10.48 10.04
AP;q5 0.0038  0.0060 0.0037 -0.0005 -0.0011 -0.0005 10.80 10.46 10.16
Afy 0.0135  0.0154 0.0139 -0.0186 -0.0190 -0.0188 26.81 31.62 31.56
Af, 0.0132  0.0135 0.0135 -0.0225 -0.0253 -0.0231 26.90 31.39 31.36
PSO Afs 0.0070  0.0077 0.0071 -0.0229 -0.0236 -0.0233 25.55 25.82 25.59
APy, 0.0019  0.0095 0.0021 -0.0016 -0.0030 -0.00159 10.76 12.16 10.80
AP;p5 0.0140  0.0155 0.0145 -0.0074 -0.0080 -0.0076 21.64 21.48 21.71
AP,.13 0.0079  0.0092 0.0081 -0.0128 -0.0131 -0.0131 22.13 22.04 22.17
Table 5. Comparison of frequency deviation for different loading conditions
Cl.  %change Afy Af, Af
"~ inload OS US ST OS US ST OS US ST
50% 0.0002 -0.0061 7.46 0.0003 -0.0065 732 0.0002 -0.0067 7.75
SSO -25% 0.0004 -0.0077 7.93 0.0007 -0.0085 7.86 0.0005 -0.0085 8.31
+25% 0.0010 -0.0111 10.59 0.0014 -0.0129 10.36 0.0010 -0.0125 10.95
+50% 0.0012 -0.0128 10.79 0.0018 -0.0152 11.07 0.0013 -0.0145 10.87
-50% 0.0011 -0.0100 9.66 0.00117 -0.0087 10 0.00116 -0.0108 11
DE -25% 0.00163 -0.0127 10.31 0.00168 -0.0112 10.44 0.0017 -0.0135 8.91
+25% 0.0026 -0.0179 11.81 0.0027 -0.0164 11.32 0.0028 -0.0191 11.72
+50% 0.0031 -0.0206 12.18 0.0032 -0.0191 12.27 0.0034 -0.0219 11.83
-50% 0.0073 -0.0120 23.31 0.0071 -0.0145 23.18 0.0032 -0.014 24.50
PSO -25% 0.0104 -0.0152 30.94 0.0101 -0.0184 30.74 0.0051 -0.0186 25.27
+25% 0.0167 -0.0218 31.83 0.0163 -0.0266 31.63 0.0088 -0.0272 30.15
+50% 0.0199 -0.0252 32.06 0.0194 -0.03088 31.86 0.0107 -0.0315 30.70
Table 6. Tie line power deviation for different loading conditions
Ci]. echange APyje 17 APyje 33 APyic 43
in load OS US ST OS US ST OS US ST
-50% 0.0004 -0.0001 4.95 0.0001 -0.0013 4.52 0.0012  -0.0002 4.63
SSO -25% 0.0006 -0.0002 3.25 0.0002 -0.0017 3.11 0.0014  -0.0002 3.20
+25% 0.0011 -0.0004 4.28 0.0004 -0.0027 6.97 0.0020  -0.0004 7.47
+50% 0.0014 -0.0005 5.03 0.0005 -0.0031 7.60 0.0022  -0.0005 7.35
-50% 000011 -00011 72 00004 -00017 543 00027 -000032 564
DE -25% 6.8x107 -00012 742 0.0006 -00023 729 00033 -000042 5380
+25% 0000120  -00013 766 0.00097 -00035 1032 00043 -0.00063 1041
+50% 0000123  -00015 775 000114 -00041 1050 00048 -0.00073 1063
-50% 00012 -0.00098 1053 00087 -000413 186 00043 -0.0080 189
PSO -25% 00015 -00013 1068 00113 -0.0057 1861 00060 -00104 2144
+25% 000231 -00019 1088 00166 -00091 2221 00096 -00151 2512
+50% 000273 -00022 1098 00194 -00108 2926 00115 -00175 29.68
Table 7. Overshoot, undershoot and setting time of Af;, Af,, Af; for different values of system
parameters in scenario 1,2 and 3
System scen Afy Af, Afy
par.  echamge ., 0S US 0S US ST 0S US ST
T 259 1 00021 -0014 1143 00017 -0013 1151 00016 -0015 12
t ? 2 00019 -0013 1151 00016 -00203 1144 00056 -00202 12
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3 00021 -00149 1153 000176 -00137 1156 000174 -0015 1210
1 000209 -00160 1232 0.0035 -00145 1909 00043 -0017 2855
+25% 2 000301 -00143 1558 00059 -0023 2877 00112 -00279 3683
3 00021 -00163 1238 00036 -00152 1917 00048 -00182 3017
1 0.0020 -00153 1042 00023 -00138 1036 00024 -00162 113
T, -25% 2 00019 -00137 1020 0.0030 -00221 998 00055 -0024 1398
3 00021 -00155 1058 00024 -00144 1035 00026 -00169 1132
1 000212  -00153 1154 000203 -00138 1107 00021 -00163 1172
+25% 2 000197 -00138 1179 000262 -00221 1054 00051 -0023 1164
3 00021 -00156 1167 000207 -00144 1113 00023 -00169 1175
1 000211 -00153 1115 00021 -0013 1075 00022 -00163 1153
Teu -25% 2 00019 -00138 113 00028 -00222 1025 00053 -00239 14
3 000217 -00156 113 000221 -00144 1077 00024 -00169 1156
1 000214 -00153 1108 00022 -00138 1082 000229 -00163 1159
+25% 2 000197 -00137 1104 000274 -0022 1034 00052 -0023 1152
3 00022 -00156 1127 000223 -00145 1085 00024 -00169 1162
1 00022 -00153 1104 000221 -00138 1099 000224 -00162 117
Tgs -25% 2 000197 -00137 11 00025 -00215 1053 00051 -00233 1167
3 00022 -0015 1121 00022 -0014 1098 00024 -00160 1173
1 000206 -00153 1124 000219 -00138 1057 00023 -00163 1139
+25% 2 00019 -00138 116 00031 -00227 1257 00054 -0024 1407
3 00021 -00156 1139 00022 -00144 1059 00025 -0017 1143
1 00021 -0015 970 00029 -00139 1017 00032 -00166 1579
Tru -25% 2 00025 -00138 973 00049 -0023 1752 00074 -0025 2099
3 00022 -0015 976 00029 -0014 1257 00035 -00173 1744
1 00020 -0015 1223 00018 -0013 1198 00019 -0016 1208
+25% 2 00018 -00137 1226 00019 -0021 1245 00053 -00228 1169
3 00020 -0015 1236 00018 -0014 1213 00020 -0016 1216
Table 8. Overshoot, undershoot and setting time of APyje 12, APyje 23, APyje 13 for different values of
system parameters in scenario 1,2 and 3
System %change SN APie 17 APyie 33 APyi¢ 13
par. ario oS US ST (ON US ST oS US ST
1 875x10° -00011 777 00005 -00026 770 00036 -00004 621
T, -25% 2 00003 -0001 742 0001 -0.0053 757 00051 -0.0005 6.13
3 781x10°  -000094 782 000056 -0003 795 00035 -0.00041 625
1 0.0004 -00014 757 00017 -00032 1668 00040 -000116 1361
+25% 2 000143 -00026 1215 00048 -00078 2787 00066 -00031 2612
3 000034 -000148 759 000185 -00036 1811 00039 -00012 1655
1 495x10° 000122 752 00009 -0.0029 1005 00038 -000055 1002
T, -25% 2 0.0008 -00015 735 00025 -0.0065 1039 00059 -00012 1032
3 649%x10°  -000109 755 000096 -0.0033 1014 00037 -000057 1007
1 989x10°  -000132 764 000073 -00029 745 00038 -0.00049 603
+25% 2 000085 -00017 758 00025 -0.0064 1046 00058 -0.0009 1051
3 984x107 -00012 768 000079 -00033 752 00037 -000051 101
1 777%x10° -00013 754 000079 -00029 745 00038 -000052 1005
Teu -25% 2 0.0008 -00018 746 00026 -0.0065 1039 00059 -0001 1043
3 782x107 -00012 759 000085 -0.0033 1004 00037 -0.0005 10.14
+25% 1 803x10°  -000125 760 000081 -0.0029 750 00038 -0.0005 1013
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2 000085 -00017 749 00025 -0.0065 1047 00059 -0001 1050
3 803x107 -00011 764 000087 -00033 1005 00037 -00005 1022
1 885x107 -00011 772 000081 -0.0029 767 00038 -000051 1016

Tgs -25% 2 00007 -00014 756 00022 -00055 1049 00058 -0001 1057
3 838x107 -000101 775 000086 -00033 770 00037 -000053 1028

1 791x107 -00014 742 00008 -0.0029 995 00038 -0.0005 1001
+25% 2 0001 -0002 741 00029 -00065 1037 00084 -00011 1034

3 818x107 -000135 748 000087 -00033 101 00037 -0.0005 1008

1 000043 -00015 734 00013 -0003 1055 00038 -00008 1053
Try -25% 2 00013 -00028 1191 00043 -0.0065 1678 00062 -000208 1374
3 00004 -00016 734 00014 -00034 1056 00037 -00009 1055

1 375%107 -00012 776 000061 -00028 739 00038 -00003 578

+25% 2 00005 -00012 750 00018 -00055 1011 00057 -00007 576

3 521x1073 -0.0009 786 000066 -00033 751 00037 -00003 584
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