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ABSTRACT Nowadays, neural networks (NN) are being utilized in different control problems because of
their excellent ability to model any nonlinear process. NN is suitable for the process having a wide range of
operating conditions. In this work, the neural network-based internal model control (NN-IMC) scheme has
been considered as a secondary controller for the load frequency control (LFC) problem in the restructured
electricity market in order to meet Poolco and bilateral transactions. The proposed control scheme has been
implemented on a 75-bus, 15-generator power system. The test system is divided into four areas. It is seen
that area frequency errors have been eliminated at a steady state in all cases, and Gencos/Discos shared
the increase in demand as per their involvement in the frequency regulation market. The results show that
the NN-IMC control scheme has good performance and improves system responses effectively. Further, the
performance of the NN-IMC control scheme has also been compared with the fractional-order proportional-
integral-derivative (FO-PID) control scheme It is observed that the performance of the FO-PID controller is
superior to the NN-IMC scheme in terms of settling time and similar to the NN-IMC control scheme in terms
of maximum overshoots/undershoots. The compliance of the NN-IMC scheme has also been checked with
NERC standards. It is seen that the NN-IMC scheme also satisfied the CPS1 and CPS2 control standards.

INDEX TERMS BBBC, deregulation, FO-PID, LFC, NN-IMC, NERC, optimization.

NOMENCLATURE BBBC/GA/PSO/ICA Big Bang Big Crunch/Genetic
Abbreviation/symbol  Description. alorithm/Particle sworm
LEC Load Frequency Control. optimization/Imperialistic
AGC Automatic generation Control. competition algorithm.
NN Neural Network. Py/Pq Generated/demanded power.
NN-IMC Neural Network- G/D Genco/Disco.
Based Internal Model control. DPM Disco Participation Matrix.
FO/FO-PID Fractional Order/ Fractional-Order NERC North American Electric Reliability
Proportional-Integral-Derivative. Corporation.
CPS/CF Control Performance Standard/ P/PI/PID Proportional/ Proportional Integral/
Compliance factor. Proportional Integral Derivative.
ACE Area control error.
Ptie Tie-line power.
The associate editor coordinating the review of this manuscript and f/R Frequency/regulation(Hz/pu MW).
approving it for publication was Amjad Anvari-Moghaddam . DIC Direct inverse control.
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I. INTRODUCTION

The power system is a large and complex engineering system
with multiple control areas. Using tie-lines, each control
area is connected to another. Therefore, keeping this system
in balance is not an easy task. Any disruption or change
in load demand may cause a change in system frequency,
which can have major effects if not addressed quickly. For
decades, load frequency control (LFC) has been claimed as
one of the most vital power system services to keep system
frequency and tie-line flow variations within limits [1]. The
responsibility of LFC has been increased after deregulation of
the power system, where the electricity sector is divided into
separate entities like Gencos, Transcos, Discos, and others
to balance generation and load demands. Although the core
responsibility of LFC remains the same in a deregulated
framework, the modifications associated with LFC in a dereg-
ulated environment have been addressed in [2]. The heart
of LFC is the control scheme, which serves purposes like
bringing back frequency to the nominal value, keeping inter-
change within limits to run the system at balance. In literature,
control schemes based on classical, modern, robust, intelli-
gent, etc., have been reported. Many researchers have also
reported fuzzy, neural, and optimization algorithms, i.e. Ant
colony, GA, PSO, ICA, etc., based control schemes [3], [4].
An adaptive load frequency control technique utilizing jay
and ballon effect in isolated microgrid power system and
two interconnected microgrids (MGs) has been presented
in [5]. It is seen that I, PI and PID [6] are popular among
researchers due to their merits, like simple construction, easy
implementation, good performance, etc. The effectiveness of
these control approaches has successfully been seen in many
areas, from power systems to other systems. The Grasshopper
optimization algorithm (GOA) based PID controllers are used
for load frequency control of the hybrid microgrid system [7].
However, it has also been reported that this technique is not
preferred when the number of parameters to be optimized is
high. It is seen that for a step load change, the NN-based
control scheme produces a better response than the conven-
tional Proportional Integral (PI) controller [3], [8]. Internal
model control (IMC) is one of the robust control methods and
is easy to implement [9]-[11]. Therefore, in this work, IMC
utilizing NN has been designed to take advantage of both NN
and IMC. Nowadays, researchers focus on fractional-order
(FO) control schemes as an alternative to classical control
schemes [12]. These control schemes are being used in sev-
eral engineering fields, including power systems [13], [14].
Disturbance Observer-based Fractional-order Integral Slid-
ing Mode Frequency Control Strategy for Interconnected
Power System has been implemented in [15]. Fractional-
order controllers utilizing Gate Controlled Series Con-
trollers (GCSC) to regulate the frequency in multi-area power
systems considering time delays have been implemented
in [16]. It is also evident that the performance of a control
system is determined by its parameters. Therefore, to design
a good control scheme, its parameters must be obtained
optimally [17].
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A Robust Control Scheme for Distributed Battery Energy
Storage Systems in Load Frequency Control is reported
in [18]. An MPC control scheme to regulate frequency in
the presence of electric vehicles has been implemented on
the isolated power system in [19]. The power system is
being changed from a regulated to a deregulated environ-
ment because of the many advantages of a deregulated sce-
nario. Therefore, the stability of the power system against
uncertainties, noise, disturbance, etc., is a point of prime
concern in this new environment. This increases the role
and responsibility of the control approaches used in power
systems [20]—-[22]. The changing environment requires more
efficient control schemes, which motivated authors to design
a neural network-based internal model control (NN-IMC)
scheme in order to investigate the LFC problem. The per-
formance of the NN-IMC scheme has been compared with
the FO-PID control scheme. The optimal parameters of the
FO-PID control scheme have been determined by the Big
Bang Big Crunch (BBBC) algorithm [23]. Indeed, there are
many search algorithms such as particle swarm optimization
(PSO), differential evaluation (DE), genetic algorithm (GA)
etc., available in the literature. Authors had already compared
three optimization algorithms for the problem of AGC, and
applied BBBC for finding the optimal parameters of FO-
PID controller on the basis of its comparison with other
search algorithms, namely ICA and GA [24]-[27]. In the
comparison, it had been found that BBBC algorithm gives
better results than other two search algorithms. The best
convergence (minimum cost versus iteration) results show
that BBBC convergence speed is better than ICA and GA to
provide optimal gains of the controller for the same design
parameter. A 75-bus, 15 generator system, divided into four
control areas, has been considered as a test system. The
traditional power system is undergoing numerous reforms
as a result of deregulation. A Disco can now have power
contracts with Gencos in its area or from another area, and this
type of power transaction is referred to as bilateral trading,
which is implemented using the Disco Participation Matrix
(DPM) [28]. The other mode of power contract is known as
the Poolco transaction. Therefore, a variety of load distur-
bances along with both (Poolco + bilateral) power transac-
tions have been simulated to check the performance of the
designed control schemes, which are calculated in terms of
settling time, oscillations in various time-domain responses.
A comparison shows that both control approaches are settling
the targeted parameters at their desired values at steady state.
The compliance with NERC has also been checked with both
the control schemes. The distinct features of this paper are as
follows:

o An NN-IMC control scheme is considered for frequency
control of the 75-bus, 15 generators (four-area) deregu-
lated hydro-thermal power system.

« Poolco and bilateral power transactions between Gencos
and Discos in different areas.
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FIGURE 1. Graphical abstract.

Tie-line A.P(fi

FIGURE 2. Block diagram of a single control area, i.

« Power transaction violation case has also been consid-
ered to check the robustness of the designed control
schemes.

o Compliance with NERC control standards has been
checked.

o A comparative study between NN-IMC and FO-PID is
carried out.

Figure 1 depicts a graphical abstract of the research presented
in this article. Control schemes, optimization techniques,
test systems, environments, and findings are all shown in
the graphical abstract. The rest of this article is organized
as follows: The modelling of multiarea power systems is
introduced in section 2. Section 3 explains the considered
control schemes. The simulation results and discussions are
presented in Section 4. Section 5 deals with NERC control
standards. Finally, in section 6, the complete analysis has
been concluded.

Il. MODELLING OF MULTIAREA POWER SYSTEM IN
DEREGULATED ENVIRONMENT
The power system is an interconnection of several control
areas, which consist of their own generation, transmission
and distribution. Therefore, to model the LFC scheme for a
multiarea system, a single control area is considered( (e.g. i).
This control area consists of the governor, turbine, generator,
load, and a control scheme to keep the system at balance
by keeping frequency and interarea power at their scheduled
values. The block diagram representation of ith control area
is shown in Figure 2, where Af; is the deviation in system
frequency (Hz).

APi.—; Shows a deviation in tie-line flow (pu MW). APy
shows incremental change in load (pu MW). R; denotes
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governor regulation (Hz/pu MW). B; is frequency bias (pu
MW/Hz). u; is the control signal of i area.

Any deviation in load demand results in the formation of
an area control error (ACE;), which is the weighted sum of
tie-line and frequency deviations (1).

ACE; = B;AF, + APtie; (1)

In conventional power systems, the main role of the con-
trol scheme is to eliminate this ACE only. In a deregulated
environment, different transactions like Poolco, bilateral, and
combinations of both are being used for power transactions
under the supervision of ISO for successful operation of the
power system. These bilateral transactions have an effect
on tie-line power, such that the scheduled tie-line flow can
change as given in (2) [24]-[27].

n n
APtiejnew = APtiej + Z Dix — Z Dyi )
k=1 k=1
itk i#k

where n = total areas, Djx = Disco demand (kth area) to
the Genco (i* area), Dy; = Disco demand (i* area) to the
Genco (kth area). APy, is tie-line variation without bilateral
transaction. Eq. (2) further modifies the existing ACE as
given in (3).

ACE; = B;AF; + APtiejnew A3)

The LFC scheme regulates the output of generators to meet
deviations in load demand to nullify the ACE given in (3).
This change in generation for bilateral transactions can be
determined using (4)

APgi =) " cpf; APp; )
j

These changes and modifications in tie-line and ACE must
be incorporated into the control area structure in order to
simulate the deregulated environment. The complete block
diagram for a control area in a deregulated environment is
shown in Figure 3. It is shown from Figure 3 that the new
tie-line power has incorporated the demand of different discos
in the same and other areas to form ACE. Further, the control
scheme has to take care of different transactions within the
area as well as outside the area to regulate the Gencos gener-
ation.

162233
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FIGURE 5. Open loop control strategy.

Ill. CONTROL SCHEMES

In this paper, two control schemes, namely NN-IMC and
fractional order PID (FO-PID) have been designed. The per-
formance of both the designed control schemes has been
checked on a 75-bus, 15-generator (four-area) power system.

A. NEURAL NETWORK-BASED INTERNAL MODEL
CONTROL (NN-IMC)

The structure of IMC uses both a forward and an inverse plant
model. The forward model is placed in parallel with the plant,
and the difference between the plant output and the forward
model output acts as the feedback signal. This signal is used
by the controller, which is designed to be an inverse model
of the plant. The IMC structure is shown in Figure 4. In this
work, the NN approach is used to develop the forward and
inverse models of the plant.

1) MODELLING OF NN - IMC

Let Gplam(z) and Gplum @ H represent the forward and
inverse model of the plant Gp,,¢(z). Figure 5 represents the
open-loop control scheme of the plant known as direct inverse
control (DIC) scheme, where G¢;(z) is the controller used to
control the plant Gpj4;,/(2). In the DIC scheme, the controller

AN
is to be the inverse of the plant, i.e. Gow(z) = G (z7Y).
Plant
For the ideal control performance, complete knowledgé of the

plant is necessary.
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FIGURE 6. The basic structure of NN-IMC scheme.

The limitations of DIC are high sensitivity to disturbances
and noise and the inability to control the unstable system. The
problems with the DIC approach can be eliminated using the
IMC approach. IMC is an extension of the DIC scheme. The
general scheme of IMC is shown in Figure 6.

Where d(k) = unknown disturbance and u(k) = input to
both the plant/model.

The plant output y(k + 1) is compared with the output of
the forward model, resulting in a signal d k).

A0 = [Griam (@) — Grran@luk) +d&) (5

If d(k) is zero, then d (k) is a measure of the difference in
behavior between the plant and its forward model. Thus, d k)
can be the missing information in the model Gpianm () and
can therefore be used to improve control. This is done by
subtracting d (k) from the setpoint R(k). The resulting control
signal is given as,

u(l) =R(K) — d()1Gen )
=R = [ Gpian @ = Gpran (D) | utk) =0} G (@

Q)
Thus,
u(k) = [R(k) —d (liﬂ Gen(2) N
L+ [Grian @ = Gpian@) | Gem(@
Since,
Y (k) = Gpian(2)u(k) + d(k) ®)
The output of the IMC scheme is
Y(k) = [R(k) — d(k)] GACnt(Z)GPlant(Z) LAk ©)
1+ [ Grtan(@) = Grtan ()| Gen @
Or

Gen@Gram @RE)+{ 1 = Gen@Gpian @) | d(k)

1+ [ Grian )= Gran @) | Gew @

Y(k)=

(10)

From the close loop expression, it is evident that if G¢y,,(2) =
Gpiant(z™"), and Gpiani(z) = Gpianm(2), then the perfect
desired point tracking can be achieved. The perfect imple-
mentation of the NN-IMC approach relies on the accuracy
of the forward and inverse models. The implementation of
NN-IMC is shown in Figure 7.

VOLUME 9, 2021
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FIGURE 8. Forward model of four-area AGC scheme.

2) DESIGNING OF FORWARD AND INVERSE MODELS OF
TEST SYSTEM

To design a forward model, inputs and outputs of a four-area
power system have been. The inputs of the forward model
are the present and time-delayed values of load perturbations,
area control errors, reference power setting, tie-line power
and frequency deviations from area-1 to area-4. The predicted
values of frequencies in area-1 to area-4 are the output of the
forward model. The architecture used for the training of the
forward model is shown in Figure 8.

Where, L(k) represents load perturbation, C (k) is change in
reference power, A(k) is the area control error, T (k) is the tie-
line power deviation and F'(k) is the frequency deviation. The
L-M algorithm is used for training. The number of neurons
in the input layer is 56. The number of hidden nodes is 20.
The sigmoidal and linear activation functions for the hidden
and output layers have been chosen. The learning rate and
the number of training epochs are selected as 0.01 and 500,
respectively. The predicted output of the forward model is
compared with the plant output in Figure 9. The error between
the predicted output and the actual output is shown in Fig-
ure 10.

The inputs of the inverse model are the error e(k), the
past values of load perturbations, reference power setting,
frequency deviations, area control error and tie-line power
deviations in area-1 to area-4. The output of the inverse model
is the present values of the reference power setting from area-
1 to area-4. The training of the inverse model has been done

VOLUME 9, 2021
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FIGURE 11. Inverse model of four-area AGC scheme.

in the same way as for the forward model. The number of
neurons in the input layer is 41. The number of hidden nodes
is 20. The learning rate is 0.01 and the number of epochs
is 500. The L-M algorithm is used for training the model.
The architecture of the inverse model network is shown in
Figure 11.

B. FO-PID CONTROL SCHEME USING BBBC

The basis of the thought of FO-PID is the PID controller.
FO-PID is an extension of PID where one can design a
better control scheme in order to reduce steady-state error,
oscillation and settling time. The most common structure of
an FO-PID is shown in Figure 12 [25].
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E(s)

FIGURE 12. FO-PID structure.

Where,
u(t) = Kpey(t) + KD *en(t) + KpD*er(t) (11)

The Laplace form of the FO-PID controller can be repre-
sented as,

Gro-pip(s) = Kp + Kjs™* 4 Kps* (12)

where, Kp, Kj, and Kp = FO-PID parameters, A/u are frac-
tional integrator/differentiator.

For effective performance of FO-PID, its parameters
should be obtained optimally. Therefore, in this work, the
BBBC algorithm is used to determine parameters by mini-
mizing the fitness function, given in (13).

1 n
F==D I(ACE)’] (13)
i=1
o Steps to design FO-PID using BBBC [24]-[27]
Step 1. This step involves the generation of the population of
parameters as per (14).
)

i = Xi(min)

+ rand.(xi(z(r)na)o - xi(z;)mn) (14)
where, x = FO-PID parameters, k = total number of areas, i
= total parameters, j = total population size

Step 2. In this step, fitness function (13) is evaluated for
the population generated in step 1.

Step 3. This steps involves in creation of the center of mass
given (15).

.
T
_'Tll-:.xe

15)

Xcom =

e
T

1

-
Il

Step 4. In this step, a new population is created in the
vicinity of the center of mass determined in the earlier step

r.a(x%‘(max)-x%‘(min))
K

where, o = Parameter limit the size, r = Random number, K

= Iteration number.

Step S. This step involves the generation of the next best
parameters

(16)

k
Xij(new) = Xeom +

k . k k
Xij(next) = min {F(Xij (previous))’ 1:(Xij(new)) ] (17)
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FIGURE 13. General flowchart of BBBC algorithm.

Step 6. This step determines the best fitness function and its
associated parameters.

The genral flowchart of BBBC algorithm is shown in
Figure 13.

IV. SIMULATION RESULTS

The performance of both the designed control schemes has
been evaluated on a 75-bus, 15-generator hydrothermal power
system [26]. The modelling of the test system has been done
as per section 2. This test system consists of four control
areas. Area—1 has 3 Gencos and a total rating of 460MW.
Area-2 has 5 Gencos and is rated at 994MW. Area—3 has
a capacity of 400MW and 2 Gencos, whereas Area—4 has a
capacity of 4470MW and 5 Gencos. In each area, 3 discos
have been considered. In order to investigate various cases,
Poolco and bilateral transactions have been considered.

A. CASE 1: MIXED TRANSACTION

Mixed transactions are simulated by assuming that all Gencos
and Discos are participating in the market. The bids (price
and capacity) submitted by Gencos and Discos are given
in [26], [27]. In this case, a step rise load of SOMW (0.1087pu)
in area-1, SOMW (0.0503pu) in area-2, 0.125pu (50MW) in
area-3 and 0.0224pu (100MW) in area-4 has been assumed at
time t = 0. To meet this demand following bilateral transac-
tions have been considered.

1. Area-2’s Genco5 (G5) has a contract to deliver 10% of
area-1’s load requirement.

VOLUME 9, 2021
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TABLE 1. Participation factors(PF) of gencos (G).

Area-2 Area-3
G6/G8 G9/G10
.1429/.7143 317

Area-4
G11/G13/G15
.3571/.1429/.3571

Area Area-1
G G1/G2
pf .6667/.1111

TABLE 2. Participation factors of discos.

Area Area-1  Area-2  Area-4
Discos(D) DI D6 D11
pf 0.2222  0.1429  0.1429

2. Area-4’s Gencol1(G11) has a contract to deliver 20% of
area-2’s load requirement.

3. Area-2’s Genco4 (G4) has a contract to supply 10% of the
demand.

4. Area-2’s Genco5 (G5) has been contracted to deliver 10%
of area-4’s load.

5. Area-4’s Gencol2 (G12) has a contract to supply 20% of
the area’s load requirement.

After following bilateral contracts, the powers demanded in
the each area are as: Area-1/45MW, Area-2/35MW, Area-
3/0MW, Area-4/70MW. To satisfy this additional demand, the
Poolco contract has been simulated. To implement the Poolco
transactions, the participation factors of Gencos and Discos
are calculated and given in Table 1 and Table 2 respectively.

After implementing the above transactions, participation
factors, load demands, and the following results have been
obtained using MATLAB simulation. Frequency deviation in
different areas is shown in Figure 14. It is seen that on a
load perturbation, the frequency of each area deviates from its
scheduled value. However, by that time, it settles to its desired
value at a steadystate. It is also evident from Figure 13 that
the frequency of each area has a shorter settling time with
the NN-IMC control scheme than with the FO-PID control
scheme.

The net change in Gencos and Discos of each area can be
calculated in the following manner:

In area-1: Gencos (G1 G2 and G3) do not engage in bilat-
eral transactions and change their generation as per Poolco
transactions. As per bilateral transaction, 10% i.e. SMW of
the total load (50 MW) of area-1 is supplied by G5 of area-2.
Therefore, the remaining load (45MW) of area-1 is supplied
by G1, G2, and D1 as per their Poolco participation. In order
to fulfill the remaining requirements of area-1, G1 and G2
regulate their generation by 30MW (0.6667%45) and SMW
(0.111*45). Therefore, a total of 35 MW out of 45 MW is pro-
vided by Gencos G1-G2. To provide the remaining 10 MW,
Disco D1 reduces its load by 10MW (0.2222*45). The change
in the Gencos and Discos of area-1 is shown in Figure 15.

In area-2: Gencos (G4, G5) have bilateral whereas Gencos
(G6, G8) have Poolco transactions. To meet the bilateral

VOLUME 9, 2021
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contract of 10% (SMW) of total load (SOMW) of area-2, G4
regulates its generation by SMW. G5 regulates its generation
by 15MW in order to provide 10% (SMW) of area-1 total load
(50MW) and 10% (10MW) of area-4 total load (100MW).
The remaining load of 35MW of area-2 is supplied by G6,
G8, and Disco D6 as per their participation. G6 regulates its
generation by SMW (0.1429*35), G8 by 25MW (0.7143*35)
and Disco D6 reduces its demand by SMW (0.1429*35).

In area-3: Gencos G9 and G10 only have a Poolco contract
to satisfy the demand of SOMW of area-3. Therefore, G9
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FIGURE 16. Change in gencos-disco of area-2 (MW).

regulates its generation by 1SMW (0.3*50) and G10 increases
its generation by 35MW (0.7*50).

In area-4: The Genco Gl1 of area-4 provides 20%
(10MW) of area-2 load (SOMW) using bilateral transactions.
A total of 30% (30MW) of the load (100MW) of area-
4 is provided by the Gencos (G12-20%, G5-10%) using
bilateral transactions. Therefore, G12 changes its genera-
tion by 20MW and G5 changes its generation by 10MW.
The rest of the load (70MW) of area-4 is shared by Gl1,
G13, G15, and D11 of area-4, as per their Poolco factors.
To satisfy this demand, G11 changes to 25MW (0.3571*70),
G13-10MW (0.1429*70), G15-25MW (0.3571*70) and D1-
10MW (0.1429*70).

The change in Gencos from area-2 to area-4 is shown
in Figure 16 to Figure 18, respectively. The tie-line power
deviations are not settled to zero because of bilateral transac-
tions. Figure 18 shows the tie-line deviations in the respective
areas.

The performance of NN-IMC and FO-PID control
schemes has also been checked in terms of maximum over-
shoot/undershoot and settling time of frequency deviation of
area-1 and area-4 and is given in Table 3.
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B. CASE 2: CONTRACT VIOLATION

In this case, it is considered that G5 of area-2 violates the
contract with Discos of area-1 and area-4. Instead of supply-
ing 10% of demand of area-1 (SMW) and 10% demand of
area-4 (10MW), it supplies only 5% of the load demand of
area-1 and 5% of the demand of area-4. Due to this contract
violation, area-1 and area-4 have a power deficit of 2.5MW
and SMW, respectively. In the previous case, 4SMW of area-
1 power was met by the Poolco transaction, while in this
case, 47.5MW will be provided by the Poolco transactions.
Similarly, instead of 70MW of power in area-4, 7SMW of
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TABLE 3. Performance parameters for frequency deviations.

Controller Max. Max. Settling
undershoot overshoot time
(area-1) (area-1) (sec.)
NN-IMC -0.252 0.0 90
Mixed FO-PID -0.19 0.0 60
Transaction Controller Max. Max. Settling
Undershoot Overshoot Time
(Area-4) (Area-4) (Sec.)

NN-IMC -0.252 0.0 95
FO-PID -0.195 0.0 65
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FIGURE 19. Tie-line power deviations in areas (1-4) (MW).

power will be provided by Poolco transactions. This power
will be arranged by the system operator through Poolco trans-
actions. Frequency deviations with NN-IMC and FO-PID
control schemes from area-1 to area-4 are shown in Figure 20.
It is seen that frequency deviations in all the areas finally
settle to zero.

Due to the contract violation of G5, the following changes
will occur in the real power generation of different Gencos in
comparison to the previous case.

In area-1: The change in generation of Gl remains at
30MW, the same as in the previous case. The change in
generation of G2 has been increased by 2.5MW, i.e., net
7.5MW due to contract violation as shown in Figure 21. In
area-2: The changes in the generation of Gencos (G4, G6,
G7, and G8) of area-2 remain the same as in the previous
case. Only Genco G5 in area-2 changes output by 7.5MW
to fulfill 5% of area-1 load (50MW) and 5% of area-4 load
(100MW), as shown in Figure 22. In area-3: The change in
the generation of Gencos in area-3 remains same as in the
previous case. In area-4: The excess demand of SMW will be
supplied by G13, which changes its generation from 10MW
to 15SMW. The change in the real power output of G13 in
area-4 is shown in Figure 23. The remaining Gencos (G11,
G12, G14, G15) and D11 in area-4 change their generation
and load, the same as in the previous case. Figure 24 shows
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the tie-line power deviations among all areas. Table 4 com-
pares the performance of both control schemes for contract
violation cases.

V. NERC STANDARDS COMPLIANCE

In this section, the compliance of the NN-IMC controller

with NERC control standards has been checked [29]. Relative

compliance has been established on 75-bus four-area power

system. The considered load variation is given in Figure 25.
An average frequency deviation at 10-minute time intervals

for both the controllers is shown in Figure 26. The com-
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TABLE 4. Performance parameters for frequency deviations.

Controller Max. Max. Settling
undershoot overshoot time
(area-1) (area-1) (sec.)
NN-IMC -0.251 0.0 90
Contract FO-PID -0.1915 0.0014 65
Violation  Controller Max. Max. Settling
undershoot overshoot time
(area-4) (area-4) (sec.)
NN-IMC -0.251 .
FO-PID -0.1888 0.00135 75
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FIGURE 25. Load variation for area-2.

parative values of CF calculated for both the controllers are
shown in Figure 27. Using these values of CF, CPS1 values
have been determined for NN-IMC and FO-PID controllers
as given in Figure 28, which shows that CPS1 is satisfied
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FIGURE 28. Comparative values of CPS1.

for both the controllers but the relative compliance is better
in case of the FO-PID controller. The values of the ACE
average are shown in Figure 29. On comparing these values
with limit L, it is seen that no violation has been recorded
by the NN-IMC and FO-PID controllers. Therefore, CPS2 is
satisfied for both the controllers, as given in Figure 30.

VI. CONCLUSION

A general-purpose NN-IMC scheme suitable for deregulated
power systems has been proposed in this paper. The NN-IMC
scheme has been implemented to meet the Poolco and bilat-
eral transactions. This scheme has been successfully tested on
a 75-bus, 15 generators (four-area) power system. Two cases,
i.e. normal and contract violation, have been simulated to
investigate the performance of the designed control scheme.
It is seen that the frequency errors are eliminated at a steady-
state, as well as Gencos and Discos share the demand as per
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their mixed contracts. The results show that the NN-IMC
control scheme has good performance and improves system
responses effectively. Further, the NN-IMC control scheme
results have also been compared with the results of the FO-
PID control scheme. It is observed that the performance of
both the control schemes is satisfactory. However, NN-IMC
outperforms FO-PID in terms of settling time and maximum
overshoots/undershoots. The compliance of the NN-IMC
scheme has also been checked with NERC standards. It is
seen that the NN-IMC scheme also satisfied the CPS1 and
CPS2 control standards. Therefore, NN-IMC can be suited as
an LFC scheme for multi area power systems in a deregulated
environment.
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